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AsSTRACT

In recent years, as more ínformation has become avaílable through re-
search, atteupÈs have been made to extend simulation techniques Ëo nore

complex areas. The idea of using computer símulation for evaluat.ion of
land is very ner{. Use of models for such purposes has been developed as

parË of an extensive program recently inítiated by the Land Resource Re-

search InsÈitute of Canada.

The goal of the present sËudy was noË only to present a technique for
a quantitatve description of certain processes within the system of in-
terest, but also to study the possibilities of siurulation itself. The

model was based on a program for simulation of niÈrogen flow under field
condiËions developed by Vithayathil et a1. (1977). The model uright be

defined as a limiting factors type. The major liniting factors consid-
ered were water, nitrogen and Ëemperature.

The prediction of yield, ês a result of the combined effect of cli-
mate, soil and management factor, r.ras expressed in terms of above ground

dry rnatter. For validation purposes, as a first approximation, dry mat-

ter production was converted to grain yield using the harvest index apr

proach.

A partial validation and verification of the rnodel was realízed using

data fron a farming system and from a field program carried out during
1979 on two farms (on clayey Chernozemic soí1 and a clayey Gleysolic
soil). Under these circumstances the overall output of the model in
terms of both graín and above ground dry matter Ì{as considered reason-

ably good. The deviatíon of nodel prediction in terms of grain, as com-

pared with actual farming system ouÈput, fell in a range of *66 to -272

kg/ha. In terns of above ground dry natter, as compared with field pro-
gran data, the fína1 yield deviation was in a range of +48 to -1 I54 kg/

ha. The ¡nodel seems to underpredict dry natter productíon especially at
the begínnÍng of the growing season.

Some comprouises and rnodifications must be accepted in order to make

a model sirnple enough for a problem to be solved within a reasonable

- iii ,i-



tíme. l^Iith sorne improvement in prediction of soil water content, the

presenÈ model can be used for simulation purposes at a pilot plant
scale, i.e. land areas of about Èt¡o Ëowrtships.

-l_v-
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Chapter I
INTRODUCTION

Many concepts of Land Evaluation as well
have been proposed in the past. As a resulÈ
rently are employed.

as uethods for raEing land
several rating systems cur-

Sorne of them are based on ínherent characËerstics of the soil and re-
guire the competence of soil scíentists ín order to be interpreted.
others are based'on the ernpirical eval-uatíon of soil survey information
and require, to some extent, special soil surveys.

Indeed, Land Evaluation may be expressed in socio*economic terms but
this approach is exceedingly cornplex. At the present tine Ëhere is con-
census in Canada that development of reliable productívity indices to
homogenous land units are a necessary fÍrst step ín developing a ration-
aI quantitatíve land evaluatíon program.

Two Èerms ( producËivity and capabilíty ) are very often employed Ëo

descri-be, in a general way, the relation between soil characteristics
and yield. The productívity is defined as the inirial soil capabilíÈy
to produce a certain amount of crop per unit area during a year. For
virgin land the productivity may be relaLed to natural fertility whereas
for cultivated land it is related nostly with present and past manage-
Dent. The second term, capability, ís euployed in the sense of produc-
tivity of soil when all possible improvements, re.gardless of cosÈ and
difficulty, have been made. Neither of the above concepts, alone, can
be used to evaluat,e various land units. In the real system there will
always be some characteristics which can not. be nodified even by pres-
ent day technology. On the oËher hand the Produetivíty can be increased
by practices such as fertilizer use.

rn recent years several attempts have been made Èo approach land
evaluation from a quantitative vÍew poínt and to extend simulation tech-
niques to this area' considered until no!¡ too complex and difficult for
such an approach. Basically, the aim of nodering is to predict quanti-
tative estímates frou some of the physical, chemical and bíological pro-
cesses.

rl-
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The objecËive of the present study trras to examine the possibility of
using compuËer sirnulatíon techniques Ëo evaluaÈe different land units in
Manitoba by means of crop yield. Therefore, the system of inËerest r^ras

crop;soil within which the mut.ual organization of smaller structural
parts determined the characteristics of the whole.

Since a particular organization of the system will occur wÍth each

crop or group of crops and because cereals constitut.e the nain group of
croPs in ManíÈoba, wheat was considered as the basis for development of
Ëhe model.



ChaPter II
LITERATURE REVIEI{

2.I SYSTEMS ¿ SYSTEM ANATYSIS

The evaluation of land by means of siroulation technique is very new

and there is a need for improvement in this area.

As Naylor et al. (1966) pointed out, sinulaÈion is a technique which

involves building a model of a real system and then performing experi-

menÈs on the model. It is obvious thaÈ the simulation studies can not

progress beyond the modeling phase before the model is proven to be sat-

isfactory.
The starting point in this activity is defining the system to be

studied. Forrester (I976) considered the sysÈem as a grouping of parts

whích operate together for a conmon purpose. Baker and Curry (1976) de-

fined a system, in general terms¡ âs a collecËion of identifiable parts

capable of interacting in such a way that the entire collecÈion func-

tions together to satisfy a set of specific requirements. From those

view points a system Etay be any socio-economic activity or any physical,

chemical or biological process as well as interactions between them.

Hor¿ever, it is not possible to build a model without knowing the struc-

ture of the system and how its parts are relatec.
Most of the information in this area comes from research work which

ernployed either analysis or a synthesis roethod in studying Lhe systems.

The analysis, whÍ.ch has been extensívely used, has Ëended to be concen-

trated on small parts of the system in isolation from the whole. During

the last century knowledge of sysEems at the micro-level has íncreased

substantially but few attempts have been successful in synthesizing this

knowledge into the context of the whole systen. As Ashby (1970) pointed

out, that is to be expected sÍnce the method of analysis, sometimes pre-

sented as obligatory, is in fact a strategy. By dividing the whole into

parts the amount of information with which one has to deal decreâses

substantially. By contrast, the combinatíon of parts to form a whole is

much more difficult since frequently the amount of information necessary

-3-
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to comprehend the whole does not increase proportionally to the number

of the parts, but exponentially. It is obvious that in rnodelÍng there
is difficulty in using existíng research data. Since this acEivity has

to deal especially with the process of synthesis ít is often necessary

to nodify existing data or even to synthesize relationships frorn only a

few or no data.
The fundamental assumption of system analysis is that the system is

organized in a hierarchy of eomplexity and the final behaviour of the

whole Ís a consequence of the actions and interactions of sirnple activi'
ties and processes. Since, within the system of interest, man is at-
ternptíng to control a biological entity in an uncertain envíronment to
achieve a desÍrable goa1, the system may be confounded wiÈh the farming

system. From the Land Evaluation vj-ew point it is more appropriate to
focus only short-Ëerm management decisíons (i.e. that set of decisions
which are taken by the farmer in order Ëo operate the plant-soil sys-
tem). The second type of policy or planning with v¡hich the farmer must

deal, namely long-term goa1s, 's7as not considered. Such decisions are

under socio-economic environmental control and to account for thern the

sysËem of interest becomes extremely cornplex.

2.7.L Boundary of the SysÈem

No systern is isolated. Every system interacts rqiËh other systems on

its ovm level of organízatíon as vreIl as at lower and higher levels.
Although to some exÈent system boundaries are arbitrary and a matter of
convenienee, they must exist. Other¡^rise the problem under study v¡i11 be

continuously moved from a lower leve1 of organization to a higher one

and never solved. However, Èhe boundary of Èhe system does not neces-

sarily mean a complete isolaLion of the system from iEs surrounding en-

vironmenË. The interactions with neighbouríng systems constitute the

overall input and output of the system being considered. Always between

the system and íts environment as r.rell as within the syst.em, between the

system components (sub-systems), exchanges of matter, energy and infor-
mation r¡ill occur.
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2.L.2 The Biological SysÈern and some of its Characteristics

Regardless of the boundaries which are chosen, any agricultural sys-

tem must ínclude in its structure the biological sub-system (i.e. Èhe

crop of interest). For convenience this sub-systern will be treated in

this chapter as a system.

The most convenient vray to treat the quantitative aspecÈs of any sys-

tem is t.o treat them in a mathenatical manner. This is not easy when we

are dealing with a biological- system. It is generally agreed thaL such

sysËems are very complex and that they are hierarchically organized with

particular relationships between levels. In addition the basic charac-

teristic of a líving system is its self-regulation mechanism (control)

and this aspect is dífficult, íf not impossible, to account for in a

mcdel.

Although biology and mathemaËics evolved simultaneously, specific
termínology and laws govern each of them. In the past many attempts

have been made to use these two sciences for a mutual benefit. The sub-

ject is very complex and has been reviewed elsewhere (Smittr, 1968; Rubi-

novr, I975: Pielow, 1969;Rosen, 1973).

A brief discussion of the terminology customarily used as well as of

several aspects of the mathemaÈical treatment of biological systems

rnight be helpful in developing the ídea of a model. Usually, ânY object

of interest within a system has been termed "entity" and its property'

"attribuËe'r. The staÈus of a system at one point in time (i.e. instan-

Èaneous condition) whích includes a descriptíon of entities, attributes '
as r^rell as Èhe processes that cause changes, has been called the state

of the system. Since any biological system is dynamic in nature, it is

obvious that its state is changing with tine. Ttre Ëerm employed to de-

sc-ribe such a process has been the rate of change with respect !o time.

GoId (1977) emphasized two importanÈ consequences of Èreating a biologi-

cal system in a dynanic manner.

I. The staËe of the system at any given time carries within it the

memory of certain aspects of what it has been and the condition

which prevaíled previous to that time.

2. The influence of any new input does not affect Èhe state at that

instant in time but affects Èhe direction and rate of change in

the time immediately following.
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In a dynamic condition, Èhe state variables of a bíological system as

wefl as the status of the entire systern considered will change with
time. ConsequenÈly, all entities, attríbutes and processes will change.

Pritsker (L974) termed those "statuses" as state variables. These state
variables and their rates of change are the most important aspects with-
in a system and their quantification is of great interest.

Two basíc mathernatical methods have been enployed in describing the
evolution of a dynamic system; Stochastic and Deterministic. The deci-
sion as to which description is valid is determined by the characteris-
tics of the system itself and/or by the assumptions made in analyzing
the sysÈem.

The Stochastic method has been applied Èo describe a system, subject
tr, a varieLy of uncerlainties, which presents a distribution of proba-

bilites of state at any given time. The set of possible behaviours of
the system has been based on probability. As Baier (1979) pointed out,
stochasËíc uodels are more adaptable to relating climatological data to
yield in a geographícal regÍon. Such a meËhod becomes extremely com-

plex when the rnodel must consider the variation of soil characteristics
in more detail.

The second method, Deterministic, might be applied to a system which
is, or at least ruay be considered, completely deterrni-ned by íts state
and by specified conditíons. In this case the rat.e change can be de-
scríbed by a derivative. One of the requirements for a derivative to
exist is that the curve ¡¿hich represents Èhe pathway of the system

through space must be continuous and smooth. Unfortunately most biolo-
gical systems exíst under unpredictable environmental conditions and

their changes occur in rather small steps. Therefore, a sÈochastic de-

scription is a mueh more correct representation. However, due to the
mathematícal sinplicity of deterrninistic description, it is often used

to descríbe a biological system when the uncertainty is relatively small
compared with the need for accuracy in representing the systern. In this
case an average expected behavíour of the system is considered. This
can be done sat.isfactorily if the scale on which the system is observed

is rather broad relative to the individual steps of ehange which occur.



2.2 MODEL - A GENERAL CONCEPT

7

discussed

meaningful

A variety of definitions of the idea of the rnodel have been

in the literature. One of Èhe sinplest, but perhaps the most

definítion, r,¡as given by Gold (1977).

"We may say that some object (ca1l it object M) is a model of another
object (ca1l it object S) if the following condítions hold:

i. There is some collection of components of M each of which corre¿
sponds to a component of S;

2. For at least some relationships, the relation between the compo-

nents of M is analogous to that between the corresponding conpo-
nenËs of S.tt

The word 'rmodel" has very much the saue meaning as its every day

meaning. At the same tíme, Gold's definítion overcomes Ëhe frequent
confusion which is made between system and mode1. It is obvious that
two objects M (nodel) and S (systero) do not correspond to each other Ín
every deËaÍI, unless they are identical objects. But in this case the
concept of nodel loses its usefulness.

As Ashby (i970) pointed out, vze have Èo realize that every model is
inferior to a real system. Nothing can equal the truth and accuracy of
the real system itself.

If that is the case, a pertinenË quesËion night arise: Why do v¡e deÅ

.velop the nodels? Basically, we develop nodels for theír convenience in
saving money and Èime and to gain some insight about what might happen
to a real sysÈem under extreme conditions.

2.2.L Mat,henaËícal Modeling of processes

The highest logical and abstracË hray to describe a system is the
maËhematical approach. ThÍs particular description of a real world sys-
tem is generally termed a mathematical nodel.

Usually, in analyses of a system the whole is broken dorrm into a conÈ

venienË number of parts and then one searches for relationships between
the parts of int.erest. A sinilar procedure is enployed through synthe-
sis, only in the opposite dírectíon. In model buildÍng both nethods are
used; analysis is concerned mostly with the sysÈem of interest whereas

synthesis is related to model building itself.
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If the Ínput/output actl.vltles are Èreated as relationships between

systeE partsr any siuple equatlon is a model. some of l-ts symbols stand

for parts and other synbols stand for relationshlps' llowever' such a

description is to ËoDe extent an oversinplificatlon since biological

sysÈems operate on the basis of process relationships rather than on re-

latlonships of Parts of the system'
rtBiological modelt' is another teru

Smith (1975) defined such a model as a

an actual organism.

In dealing with a large system such as crop growth both model types

uust be coËsidered since uathematlcal and biologlcal models complement

one another. A unílateral mathematÍcal Èreatment leads to nodels thaE

wÍllbedifficult,ifnotinpossible,toaPPlyduetotheirhigherde-
gree of abstraction and generality. on the other hand, in the absence

of a mathemaËÍcal treatment, the general relevance of a particular biol-

oglcal model is losÈ and the t.echnological strength of a computer is

helpless.
A large number of nodel tyPes as well as schemes for their classifi-

cation are discussed in Èhe literature. From a philosophieal- point of

view, Harré (Ig72) catego rízed models into homeomorph (nodel forn) and

paromorph (nodel function) ' In the first category he lncLuded ¡nodels

related to the art whereas the second category included uodels of sys-

tems characterized by physical, chemícal and biological processes '

Beckner (1959) described models as beíng nonexplafiatory and explana-

tory. Gold (Lg77) followed up Beckner's idea and made a comparison be-

tween the two model tyPes. He names nonexplanatory uodels as correla-

tlve types. A schematic representaÈíon of those uodel types and sorne of

the relaÈionships between theur is presented 1n Figure I' Basically' a

correlative model only describes and summarises observed relaEfonships

between variabres within processes. An explanatory nodel, ln addition'

reflects some concept of the causal mechanLsm that underlies the rela-

tlonship.
de wiE and Arnold (1976) pol-nted out thaÈ explanatory nodel types

have gaLned wide accePtance Ln describing research as well as EanagemenÈ

ecosystems. The baslc assumpt.Lon r¡lthLn such a model type fs that the

often used Ln the llterature'
laboratory ecosysten comPosed of
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BÈete of systems or subsystems, âÈ any point in time, can be quantita-
tlvely characterized and the change Ín the state can be mathemaÈl-cally

described.

2.2.2 Modeling ActÍvitl-es in Agriculture
In the past Èvto decades there has been a good deal of fnÈerest in ag-

ricultural sciences, in the use of computer techniques to descri.be vari-
ous physiological processes. Relatively complex revier,¡s on this subject
have been given by Hesketh and Jones (1975) and Nye and Tinker (1977).

Some of the existing models of processes are presenEed in Table l.
It níght appear paradoxical, but models which describe a similar

physiological process are not necessarily the same. There are several
reasons for this. First, the difference anong models is due to the dif-
ference ín the objectives. Second, even when objectives are identical a

difference may occur due to the selection of sysÈem charact.eristics
which are represented in Èhe model. Finally, the dtfference between

models nay occur even if both the objective and selected characteristics
of the sysËen under consíderation are similar" Such a difference may

occur due t.o different theories chosen to describe a particular process.
Although, it is true that the biological system cari be described more

realistically in terus of processes, some inconveniences occur due to
the incomplete understanding of most of the bíological processes. For

example, even an EvapoÈranspiration mode1, considered the Eost success-

ful, ís to some extenÈ empirical indicaEing an incomplete descriptíon of
how the system works. As Visser (1974) pointed ouÈ such models assume

that the yield (or yield fncrease) is directly proportional to the open-

ing of the stouata and the uptake of CO¿. The entry of CO, is consid-
ered to occur at the same moment as \üater vapour flows from stomata to
the atmosphere. Consequently, such models assumed a direct relationship
beÈween evapoËranspiratíon and growth. According to Meldner (I975), the

maJor path for lrater vapor diffusion 1s from inner eplderroal and guard

cell walls to stonata pores whereas the paËhs for CO, lead frour stomata

vía substomatal cavltíes to mesophyll cell walls ín the interior of the

leaf and, therefore, are considerably longer. If Meidner's findings are

true, the stomatal opening, essentlal for photosynEhesls, can be initi-
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II

TABLE 1: MODELS OF PROCESSES

PHOTOSYNTHESIS (de l.Iit,I970;Hall and Bjorkman ,I975
;Nobel et al . ,I975; Sestak et al. ,
1971;Rosenburg ,L974)

-Leaf nodels;
-Canopy models.

RESPIRATION(Peenning de Vries,L97 2)
-Gas exchange and growth models;
-Maintenance and growth models.

III TRANSPORT-TRANSLOCATION(de Wit and van Keulen,1972
; Canny,I97 3; Pee1,I97 4)

-The nost used hypotheses: Mass-flow;
Diffusion;
Active transport.

MVAPOTRANSP IRATION (Mon rei rh, L97 2 ; Ba ier, I97 l, l 9 7 3 ;
De Vries and Afgan, 1975)

SOIL-PLANT I,IATER TRANSPORT(Taylor and Klepper,1975
;Físcus,I97 5;Hiler and Hawel1- rL9T 4;
van Keulenrl975;Morgan et al.1980)

-Root rnodels;
-Whole plant models

PHYS IOLOGICAL DEVELOPMENT (Rob er t son, I 9 68 ; I.iil I iams
1974;McArthur et al.,1975)

-Degree-day phenologícal uodels ;
-Degree-day-photoperiod models .

VII STRESS PHYSIOLOGY(Jensen,l97L;Minhas et al.,I974;
Hiler and' Clark,l97l)

-I^Iater stress models ;
-Nutrients stress uodels.

VIII SOIL CHEMISTRY,ROOT UPTAKE,PLANT NUTRITION(01sen
and Kemperrl968;Beek and Frissel,
L973;Baldwín and Nye,l97 4;Tanj i-
GupEa,l977;Frissel and van Veen 1977)

-Nítrogen Èransformations models ;
-So11 chemistry-water flow-íons uptake models.

VI
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ated and maintained over a wide range of overall leaf vrater potentials

since the epidermis contains its own trater supply route and provides a

major evaporation site r¡ithin the leaf air space system. Therefore, the

theory behind evapotranspiration models must be considered wiÈh caution.

Hor¿ever, a second step has been taken in agricultural rnodeling in or-

der Eo explore the possibílities of studyíng whole plant behavior by

integrating information describing various physiological processes ' de

I,rrit et al. (1970), after developing a model for photosynEhetic process-

€s, construc¡ed a comprehensive Plant Growth model. Others followeC,

and several six-letter computer Program âbbreviations denoting large

models appeared: SIMCOT (cotton), SIMAIZ (corn)' SIMSOY (soybeans), etc.

The technique frequently eroployed in constructing a large model is

based on subprograms (subroutines) already in existence which describe

one or a group of physical, chemical and biological processes. Since

natural systems are capable of providing a great varÍety of models with

no one of them having absolute priority, when a submodel is needed a

nar ti nÊnr ñncsti,on arises: I^/hich one shal1 r.re choose?
Hu! !rr¿srre

Unfortunately, the selecLion is to some extent arbitrary. Baker and

Curry (1976) suggested some of the most important factors that night be

considered in selecting the nodel structure as follows:

1. the purpose of the nodel (objective);

2. the avaílabilitY of data;

3. the accuracy and precision of output which is required.

The objective of the study and availabilíty of data rnrere the main

reterence points in selecÈing the structure and subroutines used in the

DresenË model.

2.2.3 Plant Growth * Process

The mosÈ concise and powerful pararneter used to describe an agricul-

tural sysËeu ís yield. Yield rnakes possible a practical interpretation

of scientific data and basically closes Èhe gap in understanding and

conrmunication between soil scientist, plant scientist, clÍmatologist'

agronomist, economist and farmer. Factors deÈermining yield are complex

so that it is not possible to produce a definition broad enough and ex-

plicit enough to cover the entire spectrun of processes and Ëheir inter-

actions which, in facÈ, this parameter represents. However, it is unan-
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inously reeognízed that the yield of a planË depends upon climatic
conditions, physical and cheuical 'properÈies of the soil and the pres-
ence and absence of adjacent. planËs. I.Iithin the agricultural system,
the yield is strongly dependent on human activities. llithout a farmer's
activíties the crop yield is virtually zeto.

In its everyday neaning grovrth is a progressive development of
something in tine. VegeÈative growth is perhaps the uost convenient
overall term that descríbes all activities concerning formation and ex-
pansion of any parÈicular part as v¡ell as of a whole plant. One of the
most frequent measurements .used to express vegetative changes is weight
of above ground dry naÈter per unit area.

Since the beginning of the present. century two theories have been

proposed to describe plant growth. T.B. Robertson advanced the so

called I'auÈocaÈalytic theory'r which described plant growth as:

dwldt=Ghr(c - w) (r )

Ifhere: Gaa consËant;

I^I-initial plant weight;
c-plant final dry weight;
wÉplant dry weight at time t.

A particular interest Íras shor¿n in V.M. Blackman's plant growth equa-

tion:
dr¡/dt=GI,l (2)
Atl terms have the same meaning as for equation (l)rexcept that

Blackman treated G as a parameter and termed it relative growËh rat.e.
In order to relate soil properties to yield it has been common to use

mathematical and graphical representations of relationships between es-
sential soil nutrienËs and plant growËh known as "yield curve". one of
the most extensive reviews on Èhis subject was published by Steenbjerg
and Jakobson (1963). They concluded that by smoothing the experimental
results, some of the suggest.ed yield curves rnight be successfully used

for practical purposes. In order Èo improve the reliability of such

curves, they have Èo be designated on the basis of working hypotheses

concerning a knowledge of transformations and movement of nutrients in
the soil and root growth as well as a knowledge of metabolic processes

Ëhat occur within the plant.
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2.2.4 Consldered

In a dynamic biological system all of Lts stete variables change with
tine. Using digítal-computer models, which are based on finite-differ-
ence techniques, the new value of any state variable of interest can be

determined by calculating the rate of change. In order Èo deËermine Èhe

tlnal va1ue, the Process Ls repeated at chosen time intervals for the
entÍre given Eime. Basically, this approach is similar to the nethod
used in models to represent the industrial system.

As Forrester (1976) pointed out, since'in Èhe systen energy and mat-
ter are characterÍzed by accumulation, storing or dissipatíng, the new

value of the entity that descríbes the state varíable r¡ill change by
adding and/ar substracting to or from the previous value a certaÍn
amount formed and/or dissipated during the intervening time interval.
This stateqent is expressed in differentiar form as follows:t

(3)

Lo-level at previous time (t-I);
(Ra - Rd) -rate of change over smal1 tine intv.;

Equation (3) is the so called level-equation and is frequently used
in lndustríal nodels. "Level" uright be defined in more general terms as

the value of the attríbute of a state variable.
concerning plant growth, the rate of change, i.e. the rate of growth,

very often is computed based on the Blackman's equation. A general form
of computing growth night be considered as follows:

dB/dt=RGR * B

I{here: dB/dt-clíange in biomass/unit tine;
RGR -relative growth rete;
B -blomass.

For s¡0a11 differences in tine (¿t), the so called tíme interval or
tfne step interval, equation (4) is expressed:

dB/dr-^Blat=18¿ - Bt)l(t. - r¡) ( 5)
By substftution of equatíor (5) in equarton (4)
(B:- Bt )/4t=RGR * B¡

Rate of Change and Some of the Hvpotheses
EõmpuEne TiõntE-TaTe fn

L=Lo*Jfn"-Rd)dr
0

Itrhere : L-level, at any time ( t ) ;

Ra-rate of accumulation,

t Rd-rate of dissipation.

J -operator (ac./ais. from inirial to final time)î

(4)



grovrth:

1. The relative growth rate (RGR) ts constant, only during a small

interval of tine ( t) and is controlled by the environment and by

the physiological status of the crop.

2. The value of RGR can be calculated for each tf.me interval.
Finally, the amount of bíonass (dry natter) at any given time (t ) 1s

computed by nsunmation of quantities accumulated during each time step.

Ba=Br* RGR * B¿* at
lwo further assumDtions are made in

Bn=Bo+fncn¿ *B¿-r *¿t
HLrt

This method, stepping time and suumating rate,
Eangular inÈegration type or the Euler rnethod.

l5
(6)

order to compuÈe accumulation of

( 7)

ls knor¿n as the rec-

Consequent-

in the model

starts with

In a large model, plant growth is one of the most dynauric processes

and the rate of growth constiÈutes the central core of any planÈ growth

model. The rate of planÈ growth appears to be the most important coûrmon

element anong plant growth nodels developed, regardless of the objec-

tive. Since the growth rate may be based on dífferent existing theories
each model structure and its development is to a large extenÈ a reflec-
tion of the ¡¡orking hypoÈhesis adopÈed by each individual modeler. Some

of the most frequent working hypotheses used to express plant growth and

assocÍated rnodel types are described briefly.

2.2.4.I Precursor Pools Hypothesis

This type of nodel focussed on the urajor soil nutrients.
ly, plant-soÍl parts of the system r4rere represented

in more detail than other parts. Basically, such a nodel

two preroises:

t. First, the plant is assumed to consist of two pools:

a) Structural materíal produced by Eetabollsm and

b) Precursors to atructural naterÍal:
f) Fixed carbon (slnple carbohydrates);
11) Absorbed nitrogen (free nítraËe).

2. The second prenise fs that the structural material fs
reaction between precursors at a given rate.

produced by
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NAR -net assiuilation rate;
LA -leaf area.

Net assimilation rate is assumed Èo be proportional to the increment

rn carbon (dC) and the relation between Èhis and the increment in nitro-
gen (dU) is controlled by the C/N ratio in Èhe structural tíssue.

du= (c/N) :t dc ( e)

In this nodel type it is necessary to assess influx of C and N inÈo

the pool of precursors. This was represent.ed in different degrees of

complexíty and detail.
Several models have been based on this working hypothesis: Baldwin

and Nye, I97L;Nye et al.,1975;Baldwin, 1976; Brewster et al.,1976.
Baldwin (I976) ran a sensitivity analysis for several factors (plant

and soil) considering a whole plant mode1. From Èhe value of sensitivi-
ty coeffieienÈs, i.e. an overall measurement of change for a change in a

given factor, he concluded that the net assimilation rate, root exÈen-

sion and nitrogen concentration in Ëhe soil were the most important

characteristics affecting the magnitude of crop yJ-eld.

In accordance with the above

nutrients are in adequate supply,

in computing the raÈe of growth.

dl^I/dt=f (NAR * LA)

Where: dW/dt-plant growth rate;

2.2.4.2 Element

Based on the

concentration of
in assimilation,
oriented model:

çy=fLl/rt
I,lhere: Cl-labile element concentraÈíon

/L-total 1ab1le element in plant

/t¡-totaL biomass (g dry weight).
By dtfferentiatfng equation(10) with

other mathematical nanipulations the total
dMt/¿r= Drcu - H.,Y)

I,Ihere: dMt/dt-change in total biomass;

16

mentioned premises and assuming other

the precursors âre the driving force

( r0)

in plant (e/e);
(e) ;

respect to time and applying

biouass was expressed as:

(r1)

Assi¡nilation and CelI Biochemistry Hypothesis

assumption that the plant growth rate is controlled by

labile constituents stored by the plant and used later
Surith (I976) developed a comprehensive, theoretically
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GM -accounts for new groe¡th;

HM -accounts for all loss processes.

Slnce G (i.e. Ëhe growth rate) fs itself a funcÈion of the l-abile el-
ement concent.raÈion (Cl ), Smith developed a global cell synthesis pic-
ture based on cell cheuisÈry reacÈion equations.

The ceII chemisÈry is too complex Èo be fully described mathematical-

ly. Thereforer the submodel of cell chemisÈry was simplified. Even

wiÈh such sinplification, the model qras exÈremely complex and considera-
ble speculatíon was needed in order Èo compute the rate of growth as a

tunction of substrate concentration. Finally, the growth function was

related to the rate of production of nee/ biomass which was assuned to be

proporÈional to reactÍon rates from cell chemistry at quasi-equilibrium
given by Ëhe following equation:

G=a6EC1H ClpClrClo I a, lasCI¿CIpCl" * a"latcl,.C1,.Clr+
asla5clilClpC15 + a6la5c1pClKCl3 + ar/ arcl,.ClpCls
(1 + ao /a-+ cLr) + cl,,CleCls (L + as/a-e Cl¡ *
arola-ro Clx) l't (12)

Where: E -substrat.e concentratíon;
Cl -labile element concentration in the plant;

ll rP, l( r 5 -Eacronutrients;
â¡ yãz, ... ,ato -reacÈion rate constants.

AlÈhough such a model is very elaborate, based on true premises.,and

is logically valid, its value is theoretical rather than practical.
This model type as well as Èhe one presented earlier (2.2.4.I) can not

be used for practical purposes on a large scale. There is always a dan-

ger in nodeling of trying Èo be too fundamental; theoreÈical complexity
must be commensurate r¡ith detail and consistencr¡ of avaLlable data.

2.2.4.3 Evapotranspiration - Plant Growth Hypothesis

More practically oriented nodels frequently use an equation developed

by de I.Iit (1958). BasicaLLy, the working hypothesf-s considered by such

models assumes a certain relationship between the amount of srater tran-
splred by a particular crop during the growing season and rnagnitude of
yield. This hypothesls Ì¡ras eurployed mostly in the so called hydrologi-
cal models which focussed on water balance fn soll.
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using dara published in 1913 and 1914 by J. BrÍggs and H. ShanÈ2, de

!¡it (1958) concluded that dry matÈer yield in Ëhe semi'arid Great-Plaíns

areas was related to the amount of water transpired dÍvided by the

amount of water evaPorated from an open pan.

Assuming constarit fertility, the amounÈ of dry matter produced was

expressed as :

Y=k'(Tr/Ee) ( 13)

Where: Y ådrY matter Yield;
Tr -water transpired during Èhe growíng season;

Ee -t¡ater evaporated from evaporation Pan;

k' -crop specifíc constant.

Many regression-type models have been developed on the basís of equa-

tion (13). An extensive review of relationships between plant growth

. and Lranspiration has been published by Arkley (1963). It is perhaps

worthwhile to refer to some of the conments emphasized by Arkley as vir-

Èues and weaknesses of this approach. By applying equation (13) to nore

hurnid climates some conflicting results occurred. In order to overcome

the inaccuracy of the equation under different clirnatic conditions a

correctíon, in the term for relaLive hu¡nidiËy, was proposed as follows:

Y=k'{Trl(100 - H)} (14)

I^Ihere H stands for mean relative atmospheric hunidity (in percent-

age).

Further modificaÈíons have been proposed in order to account for var-

iations ín soil fertility since it was found thaL in a soil of. 50% of

the optinum fertility level the plant produces only about 70% as much

dry matter per unit of water Ëranspired as in soils of optirnum fertili-

ty. I{ith these improveqents, and assurning that de Wit's equaÈion holds

al-so at daily tÍme sÈep levels, this approach has been used in develop3

ing several field models. For example: Visser (1974); van Keulen

( 1975) ; I,Ialker (I977) .

It seems that vrhen the prediction of transpíration and evapotranspi-

ration during the gro\.¡ing season is based on relatively precise measure-

ment of weaÈher and crop variables (as was, for example, done in van

Keulen's rnodel) de l^lit's finding can be applied successfully. Accurate

measurenents of climatic inpuÈ variables can be made only for relaÈively

snall areas (let us say a particular irrigated area).



2.2.4 .4 Liniting Factors llypothesis

Some other practically oriented models are based on

liniËing factors hYPothesis '

l9

the so-called

The starËing point for this hypothesis is the general assumption that

plant growËh ls affected by its genetic constitution and its or¿n envi-

ronment. In an ideal environment there will be an ideal growth rate

whichisgeneticallycontrolled.Inarealworldsystem,i.e.under
fieldconditions,theactualgrowthrateisneverequalÈoÈheideal
rate.ItsrnagnitudeisdirninishedbyanumberoffacËors.Inasírnple
forn this maY be exPressed:

GR=IGR * LF

I^Ihere: GR-actual growth rate;

( 1s)

IGR-ideal growth rate;

LF-effect of lirniting factor'

Theselectionofenvironmentalfactorswhicharetobeconsideredas
lirniting is not easy and it is much more dífficutt to obtain data on

theirSeparaËeeffects.Usually,thesímultaneouseffectsofenviron-
mentalfactorsarelacking.Therefore,theirmutualactioncannotbe
programmed verY PreciselY'

The second Problem concerns

considered are combined in order

f ect. on the growth Process ' Tr'ro

One apProach consídered onIY

mosÈ limitíng factor):
LF=AMINI (f.7,f 2, . . ., fn)

The second aPProach considered

all lirniting factors:
LF=f 1* f zo. -.* ftt

Ilhere f yrf 2...fo are Èhe

Ëors affectíng Plant growth'

Basically,thesetwoextrerneviewpoinEsfollowtheideabehindtwo
well-knor^m nutrient plant growth theories: Liebig's Minimum Law and

Baule,s product Law. The corollary of Liebig's theory is that plant

grohTthcanbeimprovedonlybyincreasingnutrientconcentrationofthe
nutrient in minimum supply. The corollary of Baule's theory is that in-

the manner in which the factors being

to obtain a measure of Èheir total ef-

approaches r'lere customarily ernployed'

Èhe minimum value among Ëhe factors (the

( I6)

the final effect to be a Product of

(17)

percenÈage adequacy of the considered fac-
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creasing the supply of any one of the deficient elemenÈs alone will im-

prove growth in proportion to Èhe degree of deficiency of that element.

It seems that the second theory faÍls to account for the so called
negative feedback fnteraction. If two nutrients are simult.aneously de-

ticient and only one is increased, assuníng Èhe growth increasedrthe

other element becomes even more deficient; therefore, it will tend to
l-irnit growth to a larger extent. Some of the experimental work reported

in the literaÈure indicates thaÈ plant growth is much lower than the re-
sult expecÈed according to Baule's Product Larv (Wood et al., 1972;

smirh, 1976)

Much less is known about the effect of environmental factors (other

than nutrients). Frissel and van Veen (1977) suggested that a more bal-

anced view might be obtained by grouping the environmenÈal factors and

considering the effect of each group and both theories rather than the

eftect of each individual factor and only one theory. This problem has

noÈ yet been resolved.
However, several models have been developed on the basis of the lim-

iting factors hypothesis. A few examples are: Greenwood et al. (1g74);

Barnes et al. (L976); Vithayathil et al. (1977); Selirio and Brown

(1977, 1979); Morgan et al. (1980).

2.2.5 Verificiation and Validation of the ïlodel

The first requírement of a model is that it be useful. Before simu-

lation, some test of the nodel relative to the real system which it rep-

resents Eust be undertaken since the model results are obtained from

mathemat.ical rather than from physical, chemical or biological experi-
Dents. Therefore, no model is compleËe unÈil tested.

Either in every day ueaning or in a literal- context Èo verify means

"to establish the truth, accuracy or reality of ...". In order t.o "ver-
ify[ a model relative to the real system which it is intended to de-

scribe, two proeedures termed ttverification" and ttvalfdaÈiontt are cus-

tonarily used. The use of these È!¡o terms interchangeably and sometimes

synon)nnously 1-eads to confusion about the stage reached by the intended

simulation study.
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A useful distinction between these two activities has been suggesËed

by Baker and Curry (1976). Basically, both verification and validation

are tests made for Èhe same reason: to find out if the model ís a cor-

recÈ representaËion of the reality. The main difference between them

consists in the fact that they test the rnodel aÈ two different levels.

Verification night be considered as a test relating to performance of

a hypothesis on which the nodel was developed. The verification can be

made for any hypothesis considered. The information from such verifica-

tions is very useful in interpreËation of nodel logic and assessing the

accuracy of parameter values. In practice this testing phase was often

avoided because of the lack of observed data and difficulties of a sta-

tisËical ínterpretation.
validation is concerned with tesËing the performance of the model, as

a whole, against real data. The typieal approach is the comparison of

ouput daÈa from Ëhe rnodel (run vrith input data recorded for the real

systen) with real sYStem output.

2.3 SU},ÍMARY

Natural systems are very complex and are eapable of being represented

by a great variety of models. Any model is " a second rate - represen-

tationil of the real system and can not equal the true behaviour of a

real system.

Although highly theoretcal and sophisticated Plant gro\'Ith rnodels rep-

resent more correctly the natural systems, they can not be used to solve

practical problems such as the one r,¡ith which this study is concerned'

This is mostly due to difficulties in measuring or estimating the re-

quired input variables over a large land area'

A less eomplex model is a more suitable approach for practical pur-

poses. Such rnodels represent a high degree of sirnplification of the

real system. Therefore, under such circumstances testing for both val-

idation (which is concerned with the usefulness of the rnodel) and veri¿

fication (which is concerned with t.he truthfulness of the rnodel) rnust be

considered before simulation is possíble.



Chapter III
MODELING AND DESCRIPTION OF TIIE MODEL

3.T OBJECTIVE

As Cooper (L976) pointed out, ín constructing a model one of the

first jobs is to decide which characÈeristics of the sysËem of interest
are going to be represented in the rnodel. This in turn requires that
the purpose of naking the model be defined as clearly as possible. Oth*

ers went further and consídered it to be necessary to decide what ques-

tions the model has to ansrtrer and also who is going to use it.
The purpose of the present study nas to examine the possibilíties of

using sinulation techniques for evaluation of productivity of various
land units in Manitoba by biological means using wheat as the test crop.

In a general sense, the model had to predíct the behaviour of the system

of interest as a consequence of different conditions. More precisely
the rnodel was developed to predict the wheat yield that night be ob-

tained fron different land units.
Although sinulation must consist of two phases: nodeling and experi-

mentaËion (application), it is obvious that no simulation study can

progress beyond nodel buílding until the nodel proves satisfactory.
Recently trrro aÈtempts vrere made to use simulation techníques for land

evaluatíon in Canada: STMFOY and SIMCOY developed by Selirio and Brown

1L976,1977 ) in Ontario and I^IIITMOD developed by l,Ialker (1977 ) in Saskat-

chewan.

The models mentioned above have many virtues. Therefore, without
minimÍzing the significance of whaË has been done, the following com-

ments will point up some of the linitations of these nod.els.

SYIíFOY and SIMCOY were based in essence on the liniting factors hy-
poÈhesis. The central axis of the models night be considered the ideal-
ized growth curve developed on the basís of the Corn Heat Units concept

(i.e. energetic in nature) with available soil moisture as the l-initing
factor.

-22;.
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IIIIITMOD was based on de I,Iít's finding. Therefore, it was based on re;
lationships between the amount of water Ëranspired by ¡.rheat during ¡he
growing season and the magnitude of plant yield.

From t,he validation poinÈ of view srMcoy, a corn yield roodel, and
more particularly srMFoy, which predicts forage dry maÈter
yieldrprovided good predictions of yield. Thís \47as to be expected since
the computed liniting faetor, expressed as available moisture, affected
daily growth rate only to a lÍrnited extent. Daily growth rate was bal-
anced in a dynarnic manner by the ideal growth rat.e which vras, in es-
sence, dependent on geneÈíc characteristic of the crop. By contrast, in
I,TIHTMOD the crop characterísÈic r¡7as treated as a static factor (,m, ) ,
which I¡Ias constant over the entire season, and the dynamíc adjusÈment
was made based on intermediate variables such as transpiration and po-
tential evapotranspiration. consequently, the correctness of daily
growth raËe depended largely on the precision of predicting intermediate
variables (i.e. Ëranspiration and actual evapot.ranspiration).

In the last three years more work has been done in order to validate
and to verify the above mentioned nodels. Some of the more significant
conclusions r¡rere;

Concerning SIMFOY and SIMCOY- "Although considerable progress has
been made ín rnodel development and testing, major problems remaín to be

solved before the rnodels can be used for this purpose (Land Evaluation).
Some of these problems are in the models themselves, some are related to
data availability and some are related to Èhe applications of the models
to land evaluation ... Three aspects which have yet to be included in
the nodels are excess moj.sture, fertility and managemenË,,(Miller et al.,
t97e) .

Regarding I"IIITMOD- "The results show that Èhe rnodel does require some

improvement, but at the same time some cauËi.ous optimism is justified
regardíng the basíc approach" (lJard, L97g).

rn 1íght of the above comments, development of the presenÈ model
named PIXMOD was undertaken. The rnodel was based on the liniÈing fac-
tors hypothesís. It accounted for climaËe and management. factors and
focussed on soil characteristics. The study dealt mosÈly with the first
phase of sÍnulation-model building and parÈial valídatíon and verifica-
tion.
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3.2 SYSTEM OF INTEREST AND ITS BOI]NDARY

I.Iithín physiological models, the plant as a natural unit constitutes
the whole system. Due Èo our goal of evaluating land, the system of in-
terest sras expanded to include soi1, in particular soil properties with-
in the root.ing zone of wheat. Although the system of interest \¡tas rep-
resented as sinply as possible in the roodel, Ít was stil1 very complex.

Consequentl.rz, it \{as separated into several natural parts (sub-systens).

The parts interact with one another and only for the sake of expressing
their quantitative contributions do ¡^re consider them as independent con-

stituents. This separation is, of course, somewhat arbitrary.
Since all ecosystems are open systems, there is always some exchange

of matter, energy and information between them and the exterior environ-
nent. The environment of the system as it was defined is probably best

considered in three distinct parts: weather, management and soil (that
part of the soil beyond the root zone). A sinplified diagrarnatic repre-
sentation of the system of ínterest and its neighbouring systems is pre-
sented in Figure 2.

Although important and always present within the system, the energy

and information exchanges were further neglected. Our effort was fo-
cussed on the matter exchanges and flow within the system. Al1 incom-

ing/outgoing entities v¡ere treated as overall INPUT/OUTPUT. Within the

system the entities considered r^rere treated as state variables.

3.3 CONCEPTIIAI, FRAMEI.IORK

If Productivity is defined as the maximum yield that can be obtaÍned
from a certain land unitrthen some of the environmental variation from

year to year must be neglected. Otherwise, productivity r.¡ill be differ-
ent from one year to another nrithin the same land unit. In order to
have an objectíve comparison between different land units, our aEtention
was focussed on spatíal variations of the system characteristics and en-

vironmental input/output. The dynamics of the processes considered was

restricËed to one growing season. If this assumption is not too criti-
ca1 for soil and management characteristics some problems arise relative
to qreather. It varies in both space and greatly in time in the long run
(fron year to year).
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In order t.o overcome this difficulty, for simulation purposes, the
climatic factor has to be Ëreated as a history of weather over a large
number of years and weather element.s of interest as averages and fre-
quencies of occurrence.

Some of the aspects wíthin the management facËor have to be consid-
ered in a similar manner. For example, seeding time is one of the most

crÍÈical parameÈers in the system since iË establishes the initial posi-
tion of the biological sub-system (crop) in time. Although it is well
knov¡n that in Manit.oba as well as in all the Prairie Provinces the seed-

l-ng date nay vary widely due to climatic conditions and to some extent
tarmer decisionsr âû average seeding date must be considered, at least
aL the level of each climat.ic region, such as BlackrDark Grey and Luvi-
soli-c soil zones.

A second important decision that. must be made, before model building
proceeds is the land unit upon which a soil productivity index is to be

applied. This is perhaps one of the most critical aspects in developing

a model for land evaluation. Such a decision must consider: the hetero-
genity of the soil, which has to be described; the accuracy desired of
the model output; and the objective of the nodelri.e. it has to evaluate
a large land area.

Many of the strong theoretically orienËed type of models were based

on a rigid, but otherwise correct, statement that natural heterogeneity
does not permít accurate soil physical measurements on a large scaIe.
The applicability of these rnodels ís reduced to laboratory experiments

or small land areas such as one square meter. By contrast, the so

called ttcrop-weathertt type of models, which ürere concerned mostly wíth
variation of crop yield from year to year due to weather factors paid
less attentíon to soil heterogeneity.

A more realistíc view point was adopted in the STMFOY, SIMCOY and

I'IHTMOD models where soil series \das considered as the unit basis. The

assumptíon of homogeneity q¡ithín a soíl series holds as long as a nut-
rlent factor ís not considered in the model. The present model was ln-
tended to take into aecount the effect of soil nltrogen on yield. The

quarter section was considered an appropriate land unit on which to as-

sess Èhe effect of past management on soil fertility in the Praírie re-
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gion. Reliable data describing nitrate¿nitrogen content in soil are

stored in various provincial soil testing laboratory data banks on the

basis of the quarter of section. In addition, many farm field units
are frequently of this size or nultiples of this síze. Therefore, Èhe

assumption Èhat the effect of past management on soil fertility utight be

considered uniform on Èhis size of field unit seems to be reasonably

sound. It provides a homogenous land unít of very useful and practical
size to which productivíty indices can be applied.

Finally, the possibilites of using the nodel for predicting the yield
of crops other than v¡heat is very important. Since different crop spec-

ies may behave in different ways under the same soi1, climatic and basic

Eanagement conditions, it is not realistic to compute a land productivi-
ty índex based entirely on the yield prediction of a single crop. One

solution suggested was to build several models for different crops or

crop groups. It was considered a more appropriate approach to use only

one basic model for all crop species of major interest. Indeed, for a

crop other than wheat sone parameters and functions must be changed ,

but input/output variables as well as the main processes within the sys-

tem should be the same. Thís represents a gain not only in the time re-
quired to build a model but it seems to be a realistic assumption that
most of the processes involved in the sysÈem will be affected by the

same soil characteristícs in the same manner regardless of v¡hat crop is
growrt. These considerations lead to a separation of the system into
sub-systems ín a natural way. Any desirable changes required for a dif-
ferent crop species can be readily aehieved.

In developing the presenÈ model, the necessity of expanding the model

to include special problems that exisÈ hTithin Manitoba was consid-

eredre.g. excess moisture and water balance for the entire year. In
subsequent chapters some consideration rras given to these even though

they lie beyond the scope of the model presented.
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3.4 STATE VARIASLES AND PROCESSES CONSIDERED

Ihe number of variables within the system is very large. Only a few

state variables that could be roughly quantified ín tirne vrere monitored

in the system.

Since a desirable eharacteristic of the rnodel was that plant-vrater

and plant-nutrienÈ be represented as dynamic processes raËher than as

static relationships to plant demand and soil supply, the following
sËate variables !¡ere considered in the model:

1. biomass (above ground dry matter production);

2. water conËent of Èhe soil;
3. amount of nitrogen in the soi1.
Soil was considered to be only thaÈ part included ín Ëhe systen (the

root zone).

The nurnber of activites/processes (physical, chemical and biological
in nature) that affect the magnitude of selected state variables is so

large that. for a model to account for all of them is not realistic.
Therefore, only the following proeesses hrere considered ín some detail:

1. plant grovlth;

2. root extensíon (in a vertical direction only);
3. evapoÈranspiration;
4. hrater movement in the soil;
5. NO3-N transformations and movement.

An overall view of the sysËem represented by the rnodel is shown in
Figure 3. The focus of interest r.ras Èhe soil profile from the soíl sur-
face to the maxirnum possible depth of rooting. Any exchanges across Èhe

boundaries (top of the canopy and botËom of the root zone) were consid-
ered as either an overall INPUT or OUTPUT.

Having defined the main state variables and processes, a time sËep

(Át) was chosen. Most existing models designed for a practieal purpose

employed a Èime step of one day, one week or even longer whereas more

Ëheoretical models used one hour or minute as the tiue step. From a

theoreÈÍca1 poínt of view, a shorter time step is better choice since a
smaller error is íntroduced by assuming that derivative of an equation

which describes a process which remains constant throughout each tiroe

step. From a practical poínt of vÍew, even a day is considered a short
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time step and presents some inconvenience since the state variables are

not currently testable. Consequently, verification of the model becomes

difficult. Since the present model included several ernpirical equa-

tions, increasing the accuracy of prediction was of primary concern.

Consequently, one-half day Ëirae step v¡as ernployed in the model .

3.5 MODEL STRUCTIIRE

de I.Iit and Arnold (1976) considered a uodular type of rnodel more manr

ageable than a single model. Consequently, the system of interest was

broken down into components separaËed in natural way. As a result the

model consisËs of several structural parts, some of them maEerial and

some of them conceptual. This structure led to a program with subrou-

tines u'hich has several acivantages of which the most important are:

1. The rnodel/program can be relatively easily assembled and disas-

sernbled;

Z. The error produced by some particular part as well as its irnpact

on other parts can be deEected and more accurately estimaÈed;

3. Any desirable changes can be more easily achieved.

Basically, the model was physically oriented. It focussed on vrater

and nitrogen, tvro entites vital for crop development and closely related

to soil properties. Consecluently, three major processes llere considered

in Ëhe model:

I . \^rater movement through the soí1;

2. nítrogen transformations and transport;

3. plant growth.

Each of the above processes constítuËed a separate sub¿mode1 (nodule)

and they were treated ín the program as indívidual subroutines named

MOIST, NITRO and PLGRTII, respectively.
Other processes such as evapotranspiration, root extension, runoff,

etc. qrere included in the ¡oodel but these were described in less detail.

A logical seguence of processes rlras considered in order to define the

model at work. The priurary cause of disequilibrium in the system/mode1,

or the driving variable, rrras considered to be loss of water by evapora-

tíon and by evapotranspiration. Although the photosynthetic process

\.ras not represented in the rnodel , it existed r,rithin the system and Èhe

real driving force in planÈ growth was energetic in nature.
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As the plant starts to grow, roots proliferate. For convenience,

only the vertfcal exÈension of the root was considered. In order to
keep Èhe model sinple and because of lack of better information, the ex-

tension of Èhe root lras assumed to follovr an empírical pattern based on

a model described by Gerwitz ar.d Page (L974). I,later and nutrient uptake

was assumed Èo be a consequence of plant growth and evapotranspiraÈion.
Finally, the levels (state variables) were considered to be a result of
the simultaneous effect of planÈ uptake of water and nutrients, erater

movemenÈ in the soil- profile as well as due to the overall ínput/output
variables such as precipitatíon and drainage or leaching. The main pro-
gran flow chart, which represents a general vier¿ of the model structure
and ho¡s iÈs parts are connected, is given in Fígure 4. Beside the pro-
cesses mentioned, three other subroutines were incorporaÈed withín the

strucÈure of Èhe model. They are as follows:
I. Inltializatíon of the parameters;

2. Ptot;
3. Atgen

Tne tirst subroutine was related to parameters involved in the model.

This rvas further split into Èwo dístinct parts: soil paraneters and

plant parameters. It is obvious that when the ¡nodel is needed for a

crop other than wheat, Èhe main change rs-ill be the plant parameters

whereas the soil parameters will be consÈant. The latter two subrou-

tr-ries r¡rere formal . The Plot subroutine graphed the value of the dry

matter variable with respecÈ Eo time. Afgenra computer library subrou-

tine, was basically an interpolation function r¡hich was used in model

subroutines when a value had to be drar¿n from a graphical representa-
tlon.

The model rùas based on a program developed by Vithayathil et
aL.(I977) for simulation of nitrogen flow in field conditions.

3.5.1 Some Important Soil Parameters and theír ComputatLon

There are rnany aspects of lnterest wfÈhin soil water-plant relatl-on-
shlps. Some of the factors that control r¿ater balance are better ex-
pressed in terms of energy. Other factors, bfologlcal fn nature, are

treated mostly by physiologlcal models developed on micro-sca1es.
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Nevertheless, physical soil properËies play a major role in soil water-

plant relaËionshíps. In models which account conËinuously for the

amount of rvater in the root zone, soil properties must be carefully con'

sidered.

In a general way it was emphasized that the soil root zone ÍIas con-

sidered as part of the system. A more precise definítion of that part

of the soil included in the system of interest and that part of the soíl

which r^ras treated as a neighbouring system was required. The depth of

the profile considered differs anong existing models. A few examples of

depËhs which have been used are: Musick et al. (1976)-,120 cm; van Keu-

len (L975)- I50 cn; Jackson et al. (tsll¡- 110 crn.: Morgan eË a1.

(1980)- 100 cn. These values r^rhich represent. the maximum depth of root-

ing were treaied as constants and were related to crop species charac-

terÍstics. Although Nye and Tinker (1977 ) showed that root distribution

depends more upon soil properÈies Ëhan genetíc composition of the plant,

no uodel successfully treated root distríbution from a full knowledge of

soil and plant characterisËics. For several reasons it was considered

better approach Èo treat the maximum depËh of soil as a parameter rather

than a consËant. In ManiÈoba, as well as in the other Prairie Provinc-

êsr there are at least three soil characteristics (relatively easily

ídentified) which raay restrict root penetratíon:

1. a shallow profile (bedrock near the surfaee);

2. a high \.rater table;
3. the exístenee of a "Bnt." horizon.

Many environmental factors as well as genet.ic plant characterisÈics

affect the root patÈern. Among soil characteristics, temperaturer oxY-

gen concentration, nutrÍent 1evel, bulk density and soil \,Iater potential

have been consídered. Mírreh and Ketcheson (1973) and Míller et al.
(1979) attempted Èo relate the root penetration pattern with soil bulk

density; Hurd (1967) emphasÍzed some effects of soil temperature and

soil moisture levels on the root pattern; Nevnnan (1966) and Lawlor

(1972) related root groqrth to soil water potential. The roain problem in

developing a mathematical roodel that accounts for such effects is that

"relevant variablestt are often difficult to measure or control and some-

times it is hard to identtfy then explicítly.
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In deciding the naximum rooÈing depth, crop species characteristics

r¡rere considered. Usually, for wheat, 110 - 120 cm \{as considered to be

the maximurn depth. van Bavel and Ahned (1975) concluded that abouË 30%

of the \¡rater used by a crop during a dry period comes from below the

root zone. Hurd (1968) shovred that Marquís wheat roots reached to

depths of 120 to 150 crn. Consequently, since none of the earlier men-

tioned restrictions occured the maximum rooting depth considered was 150

cm.

Hol¡ever, as Taylor et al. (1970) pointed out, for any crop species

there will be a general increase in rooting depth with tiroe' Therefore

the active soil layer frorn whích plants can exËract vlaËer and nutrients

will vary during the growing season. Since the soil properties vary

with depth, the soil profile was divíded into disËinct individual lay-

ers. Indeed, the number of layers into which the soil profile is split

is a function of the maximum root,ing depth consídered and the layer

thickness chosen. In developed models the layer Ëhickness chosen varied

from one to 30 cn. The selection of layer thickness is to some extent a

subjective decision. Theoretically, dividing the profile into thin lay-

ers is not wrong. From a practical view point it is hardly possible to

distinguish soil layers less than 5 - 10 crn in thickness. The second

extreme ,using very thick layers following Èhe natural horizons, night

appear appropriate. Hotrever, such an approach night bring about some

problems regarding the transport Process. For insÈance Frissel et al'

(1970) pointed out that the use of too thick layers creates "pseudo-dis-

persíon effectsrt which nay lead to an underesÈimate of actual diffusion.

In the present rnodel the rooting zone was divided into 10 equal lay-

ers, each of 15 cn thick.
Tqro concepËs, trField capacitytr and ttPermanent wilting percentrr r some-

tiues ter¡ned "soil physical constantsrr ' 
are very helpful in describing

soil water avaílabiliÈy to plants. These traditional concepts have fre-

quently been criticized since Èhey describe soil moisture status with

ambiguous terms such as "negligible" or I'practically zetott and because

Èhe redisLribution process of water r¿ithin soil is, in fact' continuous

and does not exhibit a static level (Richards, 1960). All these com-

ments are Ërue but no beÈter concepÈs have been suggested to replace

Ëhem. Consequently, both concePts are frequeritly enployed ín nodeling
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in order to compute water availability to plants as well as to deternine
\^7ater balance in soi1.

In addition to overall INPUT/OUTPUT of water into the sysrem/model
(i.e. precipitation/drainage) the amount of water available to the crop

is affected by several processes among which the most important might be

considered as follows:
1. r^rater storage capacity of the soil;
2. evaporation/evapotranspiration;
3. redistribution of water within the soil profile.
These processes interact wíth one another and their present.ation as

independent constituents is to some extent arbítrary. Hov¡ever, each of
the processes ment.ioned is more or less affected by soil characteris-
tics .

fn order to define the quantity of water that might be stored in the
soil in Ëhe available form for the plant, the concepts field capacity
and permanent wilting percent are usually used. For any particular soil
these values are usually determined in the laboratory using either equi-
Iibration of the soil samples in a centrifuge or in a suction apparatus.

The methods have some weaknesses. First, the methods are static whereas

the redistribution process is essentially dynamic (Hittet, i971). Sec-

ond, as Slatyer (1957 ) pointed out, there is experimental evidence that
permanenL wilting percent does not correspond to a unique suction of 15

atmospheres.

Several invesËigators attempted to predict field capacity and perma-

nent wilting percent from more basíc soil componenÈs. Shaykewieh and

Zwarich (i968) investigated 112 sarnples of soil varying widely in physi-
cal composition. The r.esults of their study showed thaË there is a

highly significant relatíonship between soil components and each soil
physical constant. They found Ëhat nrhere values for the components -
sand, silt, clay and organie matter I are known it is possible to pre-
dict field capacity, permanent r,rílting percenÈage and bulk density fair-
ly accurately.

The following equations, developed by Shaykewich and Zwarich have

been used in the rnodel to compute soue of Èhe most Ímportant soil param-

eters:
FC=9.8708 + 0.i182(Si) + 0.2741(C) + r.26s5(O.l"r.) [n=0.S78] (i8)
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pr^rp=3 .7960 * 0.0375(FS) - 0.0334(VFS) + 0.2202(C) +

0.6646(o.r'r.) [3=0.943] (i9)

Where: FC &Fíeld Capacity (percent by weight);

PWP'Perroanent Wilting Percentage (1[ by weight);

FS -fine sand(O -25-0.1 rnrn);

VFS-verY f ine sand(0 .I-0.05 rnn) ;

Si *silt(0.05'0.002 m¡r. ) ;

C -claY((0.002 uun);

O.M-organic matter.

All the above component,s are expressed on a percent by weight basis.

For rnodeling purposes the water content is more appropriately ex-

pressed in terms of volumetric water content (0). This permits an easi-

er conputation of the quantity of water added and/or subtracted from

each soil layer.
The conversion from water content on a weight basis (w) to r,laÈer con¿

tent on volume basis (0) was realized using the equations:

FC(v/v)=FC(w/w) * B.D.
(20)

PI^IP(v/v)=PI{P(w/w) * B.D.

Where B.D. is bulk densíty. Values for bulk density were compuÈed us-

ing the followíng equation:

B.D.=I .7756 - 0.0016(VFS) * 0.0017(Si) - 0.0047(C) -

0.0707(o.i.l.) + 0.0008(c)*(o.M.) [R=0.805] (2i)

The terns have the same meaníng as for equaÈions 18 and 19.

3.5.2 Evapotranspíration (Evaporation and Transpiration)

A1l roodels concerned with water transport ¡.rithin the soil-plant-at-

uosphere system have treated the evapotranspiration process ín a more or

less detalied way. Two terms, concePtually justified' are frequently

ernployed to describe this process: Evaporation and Transpiration' Basi-

cally, Evaporation refers to the process that occurs at or near the soil

surface or from the exterior of plant surfaces whereas Transpiration re-

fers to the process that occurs in sub=stomatal cavities and is contr

stomatal guard cells. From the point of view of the phase

r¡rater fron liquid to gas, the process is physically identical
rolled
change

by

of
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ot where it takes place (1.e. soil or external or inÈernal plant surfac-

es).
the physical requirements for evaporation to occur are:

1. energy (latent heat of vaporization);
2. exÍstence of a vapor/pressure gradient;
3 . availab il ity of rüater .

Consequently, evaporation was Èreated either as a component of the

energy balance or as a part of the transport process. A summary of
methods available for estímating evaporation by means of ttEnergy bal-
ancett, ttAerodynamíc methodtt or by a ttCombined method" have been given by

Rose (1966).

3.5.2.I Evapotranspiratíon - The Driving Force of Èhe System

The great importance of the evapotranspiration process in nodeling is
that, very often, it is considered to be the primary process determining

the disequilíbriurn of the systeu; that is, it is the driving force with-
1-n the systen.

Most of the informatíon on Èhis subject has come from models devel-

oped to det,ermine water use efficiency under irrigation. Two najor mod-

el types can be considered in Èhis Broup: Hydrological and Agro-hydrolo-

gj-cal.

The tÍrst type is based on t.he law of conservation of maËter l¡hich

Ieads to water balance model-s. The main goal of such models is t.o de-

termine waÈer use efficieney, generally described by an equqtion as:

I.]UE=Y/ET...

Where: I.IUE-water use ef ficiency (Kg/Ha/mn.);

Y -yleld,often as grain (fg/Ha);

ET -seasonal evapotranspiration (nm.) .

Since under field condiÈions plant evapotranspl-ratíon 1s dífficult to

ueasure, lrater use has been associated with total evapotranspiratlon.

As }Iowell and Hiler (1975) poÍnted out,fn nost of the mod-

els revapoËranspiraÈion is deterrnlned by balanclng lnpuÈ, storage and

ouÈput of r¿aÈer ln the root zone usíng an equatlon of the general form:

TWU=ET=ISIIC - FSI,¡C + PREC + IRR - RUNOFF + DRj.IN (23)

Where: TIJU 'total water used;

(22)

ET -evapotransplration;
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ISWC-initial water conÈent in soil;
FSI.IC-final water content in soil;
PREC- precipitation;
IRR -frrigaÈion;
RIINOFF-f íe1d runof f ;
DRAIN -flow of water IN(+) and/or OUT(-).

The agro-hydrological type of models are based on a diffusion equa-

È1on and this often leads to the limiting factors growth law. A general

mathemaÈical equation has been given by Visser (1974) as follows:

[r, - (r -to)/'or * ,q7q + (r/q + r/(a - qì] *

(24).-,1(L I ql q,)
nf 

-+
Where: gf-growth factor;

ps-plant size;
oy-optl-mun yield;
go-zero growth of ripened planÈ;

a -aeratÍon;
e -evaporation;
mf-nathematical factor t ,

j-'integration constanÈ;

Si-sign of integration constant.
Equation 24 is relatívely complex and only two terms (rrarr and "e")

are of interest.
Term "a" states that yíeld increase ( Aq) depends on moisture

stress (V) whictr determines the air content. Diffusívity is consídered

to be linearly related to air conEent. Therefore, the equation for

plant growth was reduced to:
aq=cå v c' (25¡

Term "e" states that the yleld increase ([q) depends upon CO. uptake

whtch in turn depends upon opening of the stomata. Based on the assump-

tion that C0¿ and srater follow the same pathway, plant growth as a func-

tfon of evapotranspiration becomes:

Aq=f Er Q6¡
1Þo possible situations lrere considered further:
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onl. Eveporatl-on nas llnited by clfnate in ¡shich case it depended

potentlal evaporaÈion.

Er=gPE t27)
2. In the second situaÈion evaporatfon depended upon the noisture

cont.ent of the soil and was calculated from the soil moisture
stress.

Er=Kr V*' (2g)
The oecision as to whích situation was valid lras deterrnLned by solv-

lng a system of equations that described capil-lary rise and Eoisture
sÈress. Such a model, fn fact, relates soil water supply to atmospheric
denand.

However, the evapotranspfratlon process is much uore complex and a

Plant under a water-stressed condiÈion may affect the magnitude of eva-
potranspiration. The vrater deficit within a plant depends upon several
soil and plant characteristlcs:

l. the water deficft Ín the soil (root zone) ;

2. soil hydraulíc properties;
3. water distributíon pattern wíthin the soil profile;
4. plant characterístics among which the most iurportant is perhaps

the suscepcíbility of the crop to a certain trater deficit level
aÈ various stages of groivth.

All models account for the soil characteristics 1n some detail. In
orcter to account for plant characterist.ícs (4) a factor has been comput-

ed and integrated wlthín a complex daily evapotranspiration equation.
this factor etas computed and named in different erays. Jensen et al.
(1971) terned it rrwater deficitsrr; Mínhas et al. (1974) calred Lr "sen-
sitfvity factor to water". Hiler and Clark (f97f) developed their nodel
based on ttstress Day Indexrr. 8asically, stress factor rras a measure of
degree and duration (for certaLn crop species and stage of developnent)
ot plant ttater deficlt. Orie of the probleus encountered ln using such
an aPProech fs that rrstress day factor" uusÈ be determfned ln a prelimí-
Dary exPerLuenÈ r¡here the soll r¡ater varlable can be at least partfally
conÈro1Ied.



42

3.5.2.2 Estirnation of Evapotranspíration
Essentíally, each model attempts to include in the general equation

some soil and plant factors which affect evapotranspíraÈíon as well as

to calculate the variables of the equation from a srnall amounË of input
data. In the present study the last criterion r^ras extrernely inportant
since nost input data were not readily avaílable.

Baier and Robertson (1965) and Baier (1971), using data from several
locat.ions over Canada and based on a nultiple regression analysis meth-
od, proposed a set of equations r^rhich predict LatenÈ Evapotranspiration.

LE=-53.39 + 0.337 TIIAX + 0.531 RANGE + 0.0107 Oo *
0.0512 Qs + 0.0977 I,J-IND + 1.77 VPD

Where: LE -latent evaporation (cc/day);
(2e)

TMAX-maximum Ëemperature (f") ;

RANGE.(TMAX-TMIN) in (rO) ;

Qo -total solar radiation on a horizontal surface
at the top of the atmosphere (cal/spz¡.

Qs -total energy received (ca1/cn'-day);
I,trIND¿wínd run at 5 f eet (niles/day) ;

VPD -vapor pressure deficit (e* - e¡ ) in (nb).
The above equation is complex and requires input daÈa Èhat ís not re-

corded at üany weather stations. A simpler equation is frequenÈly used

in order to predict Latent Evaporation:
LE=-87.03 + 0.928TMAX + 0.933RANGE + 0.0486Qo ( 30)

Although equation 30 predícts laËent evaporaËion with less accuracy
than equation 29, it has the advanËage that the Ínput variables required
are available. Therefore equaËion 30 was used to predict further Poten-
tial Evapotranspiration in cn/day.

'PE=0.0086 * LE ( 31)

In a real system, over the growing season, Ëhe actual evapotranspíra-
tion is usually a function of crop species as well as a function of its
development stage. In order to account for the effect of stage of dei
velopnent the potential evapot.ranspiration was multiplied with the ratio
of Actual Evapotranspíration/Potential EvapotranspiraÈíon as a function

tfrí ttÌ{¡vàft-dof tirne during the growing season.
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ET=PE * RATIO (3ra)

Tne value of the RATIO (ET/PE) \ùas derived from a tl-me functl-on de-

veloped by Hobbs and Krogman (1968), Figure 5.

As the growing season progresses and the planÈ develops, the RÀTIO

:.ncreases up to a poinË and Èherefore EvapoÈranspiration (ET) as calcu-
lated tron equat.ion 31a increases. In a dry land crop production sys-

tem, the plant frequently undergoes a rùater stress and this reduces Eva-

potranspiration. To account for that a ttSÈress Day Indexil is perhaps

E.ne best approach. Since an experimental index to describe this does

not exist for wheat, following the approach suggested by Shaw (1963) and

used by Vithayathil et al. (t977), a stress factor qras considered as

tollo\^rs:

E'I=PE x RATIO * fSTRESS (Sz¡

-tne value of the sÈress factor was derived from Figures 6 and 7 using

the AFGEN interpolation funcÈion. Since the stress factor was expressed

as a functíon of the water content in Èhe root zone, the actual percent

ot availabls mgísture (PAIY) was computed as follows:
ss-

PAIY= ¿lICl LWCFC (3r)
'{\'

l,lhere z )-llC -sum of the water contenÈ in the rooÈ zone

trom soil surface to Ëhe bottom of the

rb rooE zone;

\-r"le¡'C-sum of the Ì.rater in the same zone when
/Jãvt

tne soÍl is at Field Capacity.

3.5.3 Transport Processes

Wilson (1972) pointed ouÈ that the processes that occur within a

growing crop can be described in terms of two basic actíviÈies:
I. physical transport;
2. chemícal conversion.

In general, the first activity leads to changes in strucÈure while

tne second leads to changes in composition. Two componenËs were furÈher

dtstinguished within physical transport:
1. movenerit wl-thin the plant (translocation)

2. exchanges between the plant and its own Ímmediate environment

(r.e. water and salts)
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Since we are interested especially in those changes that affecË the

Ëotal plant weight, the last group of conponents are the most important.
At Lhe same tirne, due to the fact that the soíl profile to the depth of

root penetration has been considered as part of the system, physical

transport processes wíthin Èhe soil musË be represented in the nodel.

The transport of heat and water and Èhe transport of solutes in the

water are considered to be the nost inporËant transport processes in
soi1. There are several comprehensive reviews which treat different ast
pects of Ëhese processes from a modeling point of view (de I^Iit and van

Keulen, I972, described transport processes in soil; Makkink and Heemst,

1975, referred Ëo simulation of the waËer balance and Nye and Tinker,
1977 , focussed on \^rater transport in the soil*root systern).

As de Wit and van Keulen poínted ouË, the main assumption in treating
transport processes in soil is that Èhe fríctional forces during move-

ment of a substance are proporËional to the velocity of flow and compen-

sate the driving force in full. Therefore, uniform motion results r^rÍth

a velocity in the same dírection âsr and proportional to, the driving
force. Based on this assumption Ehe rate of flow was descríbed in a

very sinple way by the following general equation:

FLOW = TRANSPORT COEFFICIENT * DRIVING FORCE

Although there is a similarity between transport of heaÈ, water and

solute ¡+rithin the soil there are some díf f erences. For example, it 1s

generally agreed that for diffusion of heat or solutes Èhe transporÈ

coefficients (conductivity and díffusion coefficient) do not depend, to

a great exÈenÈ, upon concentrat.íon of the diffusing agent. For water,

under unsat.urated condition the dÍffusivity will decrease as the volume-

trÍc ¡¡ater content in the soil decreases due to increasing frictíonal
forces per unit volume of water since the pores that remain filled with
water have smaller radií.

3.5.3.1 !üater Movement

In order to account for different possible combinatíons of soíl, cli-
mate and plant conditions at an instant in tine, the movemenL of waÈer



wr-thln the system seems to be one of the most pertinenÈ
cesses that have to be consídered 1n a model.

4l
physical pro-

There are rnany conceptual models on thls subJect described in Èhe

literature. The Vithayathil et al. (1977 ) program and earlier ment.ioned

revievr constítuted the basis for representation of waÈer Eovement within
the soil profiler âs described in the model by the subrouÈine program

MOIST. .

The tirst decision made was concernlng the t¡rpe of water flow. Since

t.he model descrÍbed a dry land crop productiori system during the growing

season, only unsaturaËed water flow was considered, assuml-ng Èhat ín the

tield the soll is unsaturated most of the tíme.
In Ehe first place, de Wit and van Keulen (1972) considered horizon-

tal tlov¡ as a functíon of diffusivity. This assumption holds if the

force of gravity is neglected. In order to accounE for thatr'by conbin-
rng the Iaw, of conservation of Eatter with Darcy's law they expressed

the water flow in the soil profíle in a vertlcal dfrection as follows:
ö=Dd0/dx * K

Where: ù 'flow rate (cm/day);

D-diffusivity (cn/day) ;
0-water contenË (cc/cc);

x'distance (cn);
K-conductivity (crn/day) .

Equation 34 was used to describe water transport. Hovever, equation

34 holds only withín a uniform soil profile and wiÈh an initial lrater
content which is uniform Èhroughout. This is not the case with the real
system. ConsequenÈly, the movemenÈ of water was calculated Ín steps

rrom one layer to another, assuming thaÈ withl-n each layer the soÍl was

unltorm and that the expressíon of diffusivity and conducÈivity over tvro

adjacent layers r.ras correcÈly represenÈed by an average for the layers.
¡'or layers r¡ith símilar boundary condÍtlons, that Ls frorn the second

Eo Ëhe tenth layer, equation 34 was wrlÈten as a dl-fference eguation as

follows:

(34)

4y¡={DIFN(r - r) +DrFN(T)r/2
AVC=(CDUT(I - T) + CDUT(T)}/2

FLRT(I)=AVD * {I,JC(I -I) - }tc(I)}/I5 + Avc

wnere: I -number of layers from 2 to l0 ;

(35)
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AVD -average diffusivity (en? / day) ;

DlFN-diffusivity (cn3/day) ;

AVC -average conductivity (cm./day);

CDUT-conductivity (cn. /day) ;

I^IC åwater conËent (cc/cc).
All layers had the same thj.ckness.Therefore, the distance between the

centre of two adjacent layers was constant (í.e. dx = 15).

Flow raÈe for Èhe first and last layer úrere computed differently be-

cause of their particular boundary condítions. For the first layer, the

flow rate was computed as a function of the overall input (i.e. precipi-
tation) less the loss by runoff.

Hiler and HowelL (1974>, using a set of curves (figure 8) developed

by Mockus (L972), expressed runoff as a function of rainfall and water

content in the soil.
Q=(R * ÍA)" / (R - IA + Sp) (36)

WHERE: Q -runoff (nrn.);

R -rainfall (nn.);
IA-initial abstraction :

IA=116 - 0.41SI^I (37)

SW-soil r"rater content (rorn. )

PS-max.pot.difference (rainfall-runof f ) ;
PS=(25400 /CN) =254 (38)

CN-curve number

CN=50 + 0.15Sw (39)

This can be an appropriate method if precipitation is intense or if
soil r¡aÈer contenË ís high.

Duffy et aI. (1975) proposed a simpler manner of computing runoff of
precipitation using an empirical equation.

RUNOFF=O .344 t PREC - 0.344 (40)

Equatíon 40 was used Ín Ëhe nodel for the dry land cropping system. A

sinilar approach to thaË of Hiler and Ho¡¿el1 can easily be incorporaËed

into the model if excess moisture is to be considered.

The first layer inflow raËe r{as expressed as:

FLRT(I)=PREC * RUNOFF (41)
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the outflow rate from the last layer
systen) lras computed fn a similar manner

to l0 by naking tt¡o more assumptÍons:
l. water content fn the layer beneath

)U

( ttre overall output frour the
to that described for layers 2

the maximum depth remains un-
altered; '

2. the flow at the boundary of the system is dor¿nward only.

3.5.3.2 Soil Eydraulic properties
ln using equation 35 to describe urisaturated water flow, a fundamen-

tat problem arfses. This concerns the behaviour of the transport coef-
ficients (hydraulÍc conductivity and diffusivity) relative to the status
ot the soíl. lJithin a dynanic framework, the soil water content, that
r-s a sÈate variable, is affected by overall input/output (i.e. precipi-
tation' evaPotranspiration, draínage) as well as by the flow proeess it-
selt. Of the many soil characteristics that are altered over timer Eâ-
trlc Potential, volumetric rsater conÈent and transporÈ constanÈs are of
the main fnterest

Under isoÈhermal conditíons, hydraulic conductivity fs defined as the
ratÍo of the flux ro hydraulic gradienr (f = q/AH =q/LAH/AX|. The slope
ot the tlux (q) vs. hydraulic gradient (ÁH) is not unique and it varíes
¡¡ith average suction (V) .

chílds and collis-George (1950), by an analogy with Fick,s law, de-
tlned diffusivity as the ratio of Èhe hydraulic conductl-vity to the spe-
cr-ric waÈer capacity D( 0 )=K(9> lc(g ) where ¡¡ater capacity c(o) Ls the
slope of the soil moísture characteristics curve (1.e. ehange of waËer
contenÈ per unit of change of matric potential). Thereforerc(0) = d0/drv
ano D(0) = K(0) * dV/d0.' The probleu of deteruining the transporr con-
stants becomes more conplex since the processes of rsetÈing and dryÍng
occur simultaneously within the soil profile and sequentía1ly fn the
varlous layers fnto rùhich the soil profile has been subdÍvÍded. Conse-
quently, a hysteresis effect occurs so that there fs not a unique rela-
tlonshLp betr¡een matrlc potentfel (v) an¿ soil wetness (0).

As Phlltp (1970) pofnted out, hydraull-c conductivity and hence diffu-
slvity are affected simultaneously by some sofl characteristics (pore
geometry), fluid attrlbutes as well as by the directfon of the processwlthin cyclic drying and tretting.
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Tne values of unsaturated hydraulic conductivity and diffusivity at

dlfferent suctions and l¡aËer contenÈs must be experLmçntally measured in
order to accurately apply mathematical theory to water flow. The labo-
ratory nethods and fíeld techniques available for measurement of suc-
tion, hydraulic eonductivity and diffusivity have been reviewed by Klute
(r965) and Rose (f966).

Although Ëhere is not. a sat.isfactory Èheory, several attempÈs have
Þeen made to relate unsaturated eonductívity to suctLon and wetness and

to predict the hydraulic conductívity value (K) from more basic soil pa-
rameters. IIilleI (I971) presented several existing empirical equatíons
as tollows:

K=a/V-

K=a0t (42'¡

0 is the volumetrlc rrater content; Ks

degree of saturation and arbrm are ern-

K=a/ (b + .y")

K=KsI^Ii

Where V is the matric suction;
is saturaÈed conductivity; I.Is is

rcr - f)Jç
* e+b

pirical constants.
It ls obvious that all these parameters and constants must be experi-

mentally det.ermined for each soil of interesÈ. The values of exponen-

tial constants are the most important since they control the slope of
the curve that represents conductiviÈy vs. suction or weÈness.

In tne Past, Dany staÈistical models for determining the hydraulic
conductivity have been proposed. Mualem and Dagan (1978) reviewed these

models and concluded that there are three general equations that might
oe applied to predict unsaÈurated'hydraulíc conductiviÈy as follows:

I Childs and Collis-George (f950)
o I osat

Kr(o)=s{-(e.-r)Jr-/[ (e

J r¡n r'- I ¿

0 l0
II Burdine; I.Iyllie and Gardener (1958)

o lo sat

rrter=sd+lt de
t, * '-l d qr a'b

(43)

(44 )

III Mualem (1974) 
_ 2

[e tosac l-
Krlo¡=5.flf+l( " I

L' 'll *'."J (4))
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I,Ihere Kr fs the relative hydraulic conductivity; Se l-s effective
saÈuration; f is a variable of integration representing the effecÈive
water content as a function of u| betv¡een boundary liurits (0 and 0 );

Ofs volumetric r¡ater content; 0sat. Ís volumetric water content at. sat-
uration; r|lis suction and x and b are constants.

A]l statistical models rrhich use one of three generalized formulae
(equation 43 '44,and 45) assume a partÍal randomness between the pores ac

the tr.¡o cross sections of a soil slab of a thlckness Ax. I^Iithin this
tramework, the rreffective radiustt depends not only upon radíus r -+r*dr
on one side of the slab (at x¡ and pores of radius p ---rp*d on the other
side of the slab (at x + dx) but also upon Èhe intermediate pores. Re-
gardless of variable type, uacroscopic or a microscopic term, the depen-

dence of effective radius (rø) on r, p and R 1s expressed using a "tor-
tuosity factorrr. The ways of accounting for the tortuosity effect
dlffer alnong Èhe above equations. Ilowever, by accounting for the tor-
tuosity effect the various Kr equations gaÍn an additional degree of
freedom; therefore, they nay better represent the variabilíty of the
soll properties. Equations 43 r44 and 45 are perhaps the best statisÈi-
cal methods for predícting the value of hydraulic conductivity. Never-
theless r âs Mualem and Dagan suggested the values of x and b coeffi-
cients have to be determined experimentally before these formulae can be

used as predícÈive too1s.

Sinee it is difficult to obtaín such measurements for a large area,
Clapp and Hornberger (f978) suggested several empirical equations that.
nig}.t be used for estiuaÈing the hydraulic conductívity as follows:

V=VsW

k=K/Ks

k=wtbtt

hI= 0/0 s

(46)

(47 )

(48)

(49)

I.lhere V is suction; {s is saturated sucËion; l,I is 'soil wetness'; K

fs unsaturated hydraullc conductivity; K5 Ls saturated hydraulic conduc-
ElviËy; e Ís volumetrlc water content; 0s is saturated volumetric waÈer

content and b is an enplrical coeffl-cíent.
Since some confusLon might arise relative to the term "!1", which was

named and expressed in many different ways in the lfÈerature, a few

brlef cotrments night be r¡orÈhwhile.
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Clapp and Hornberger (1978) termed

w= 0/0s

Brakenseik (f979) used a Èern named 'reffective saturationrr (Se¡

se=(0 - 0r)/(0s - 0r) (50¡

He accounÈed for residual saturatíon (0r). rf thís last Eerm (gr) is
negleeted then equaÈion 50 is equivalenÈ to equation 49.

Mualem and Dagan (1978) use the term "Se" defined as:

ttüItt as ttsol-1 vletnesstt

(4e )

se=0/0 sat

Where 0

Oand Or are

fng some of
tion 49.

( 51)

was considered effective moisture contenË (9=O-er) where

actual and residual water conÈents, respectively. By chang-
abbreviation terms, equatl-on 51 becomes equivalent to equa-

rn fact, all these terns (!¡;Se) differently named and expressed, rep-
resent the degree of saturation and are sirnply and well defined by Hil-
le1 (L97I) as:

0s=vw/vf=Vw/(va + vw)

T.Ihere 0s is degree of saturation, whl-ch

to t00Z in a completely saturated soil; Vw

(52)

ranges from zero ín dry soil
fs volume of v¡ater and Va is

volume of air.
Equation 46 gives Èhe relationshíp beÈween suction (V) and degree of

saÈuration (lI) and equations 47 and 48 provide the value of the hydrau-
lj-c conductivity (K) if the saturated hydraulie conducrivity (fs) and

coeffícient b are known.

Clapp and Hornberger (1978) used a data set reported by Holtan et al.
(1968), consistíng of 176 sampled soil types, collected throughout Èhe

United StaËes, with a total of 1800 horizons, to compute some soil hy-
draulic parameters as related to soil texture classes (Table 2). The

tigures presented are ¡lean values. CoefficienÈs b and .V" (saturated
sucÈ1on) have been determined for each soil textural class by Ëaking the
logarithrns of both sldes of equation 46 and performlng a linear regres-
slon.

BrakensÍek (1979) coumented on the above approach. some of the com-

ments concern alternative ways of derlvíng equations 46,47r48 and 49.
The main problem polnted out by Brankensiek concerned the estimation of
saturated hydraullc conductlvity (Ks), and lts magnítude, which ís crit-



T
A

B
LE

 2
z

S
O

IL
 T

E
X

T
U

R
ER

E
P

R
E

S
E

N
T

A
T

IV
E

 V
A

LU
E

S
 F

O
R

 T
{Y

D
R

A
U

LI
C

 P
A

R
A

M
E

T
E

R
S

(A
fte

r 
C

la
pp

 a
nd

 H
or

nb
er

ge
r,

ig
T

S
)

S
A

N
D

LO
A

M
Y

-S
A

N
D

S
A

N
D

Y
-L

O
A

M
S

T
LT

 -
LO

A
I'Í

LO
A

M
S

A
N

D
Y

-C
LA

Y
-L

O
A

M
S

IL
T

Y
-C

LA
Y

-L
O

A
M

C
LA

Y
.L

O
A

M
S

A
N

D
Y

-C
LA

Y
S

IL
T

Y
-C

LA
Y

C
LA

Y

N
o.

0F
S

A
M

P
LE

S

13 30
20

4
38

4
r2

5 80 r4
7

26
2 19 44
r

14
0

M
E

A
N

 C
LA

Y
F

R
A

C
T

IO
N

.0
3

.0
6

.0
9

.1
4

.1
9

.2
9

.3
4

.3
4

.4
3

.4
9

.6
3

* 
In

 p
ar

en
th

es
es

**
 K

s 
va

lu
es

 w
er

e

E

4.
0s

(1
.7

8)
4.

38
(1

.4
7)

4.
90

(1
.7

5)
5.

30
(1

.9
6)

5.
39

(1
.9

7)
7.

L2
(2

.4
3)

7.
75

(2
.7

7)
8.

52
(3

.4
4)

10
.4

0(
1.

64
)

10
.4

0(
4.

45
)

11
.4

0(
3.

70
)

A
S

 A
 F

U
N

C
T

IO
N

 O
F

 T
E

X
T

U
R

E

Ú
s

(c
m

' ¡

t 
L2

.1
(1

4.
3)

9 
.0

 (
 1

2.
4)

21
 .

g 
(3

1 
.0

)
78

.6
(5

1.
2)

47
 .8

(5
r.

2)
29

 .
9 

(3
7 

.8
)

3s
.6

(3
7.

8)
63

.0
(5

1.
0)

15
.3

 ( 
L7

 .3
)

49
.0

 (
62

 .1
 )

40
.s

(3
9.

7)

ar
e 

pr
es

en
te

d
ta

ke
n 

fr
om

 L
i

0s
 

K
s*

*
(c

el
cc

) 
(c

m
/n

in
)

.3
95

 (
.0

56
) 

1.
05

6
.4

10
(.

06
8)

 .g
3g

.4
35

(.
08

6)
 .2

09
.4

85
 (.

05
9)

 .0
43

.4
51

 (
0.

78
) 

.0
42

.4
20

(.
05

9)
 .0

38
.4

77
 (.

05
7)

 .0
10

.4
76

(.
05

3)
 .0

15
.4

26
(.

05
7)

 .0
13

.4
92

(.
06

4)
 .0

06
.4

82
(.

05
0)

 .0
08

st
an

da
rd

 d
ev

ia
tio

n 
va

lu
es

.
et

 a
l.(

19
76

).

tJ
l

F
.



55

lcal in estimating the value of unsat.urated hydraulÍc conductivity using
equaÈion 47.

For predfcting Èhe value of Ks he proposed the following equation:
rs=270ÕäÆ3 rlt (b + 1) (2b + r) ) (53 )

Where iÞe is effecÈive porosiÈy which was taken as equal Èo the volu-
meÈric water cont.ent at saturation ( 0 s) . All other symbols have the
same significance as given for equaÈions 46 to 49. The value of Ks de-
teruined for each soil textural class using this equation was quiËe dif-
ferent from Èhose used by Clapp and Hornberger. Brakensiek tested pre-
dicted Ks values against observed data and found a reasonable agreement.

Therefore Ks values used by Clapp and Hornberger presumably are incor-
rect. Consequently, we believe that it is more reliable and efficient
to Ë,est aII hydraulic paraneters suggested by Clapp and Hornberger be-
tore using Èhem as a practical tool.

In the recenË studies, the redistríbution of soil water after infil-
tration has become one of the more importanE and active topics of re-
search. The numerical procedure for predicting the redtsÈribution of
water has been successful and some of Èhe information from Èhese pre-

dictions were used in the node1.

Staple (I969) measured and computed moisture profiles using such a
numerical method. lle developed curves for diffusivity (D) and hydraulic
conductivity (K) vs. volumetric \¡rater content (0) for three soils wíth a

tairly wide range in texture and propertíes of hysteresis: Uplands

sand, CasÈor loam and Rideau clay (figure 9 and 10). , For diffusivity
values (Figure 9) there are two different curves: comput.ed and estimaÈ-
ed. The computed curve refers Èo computed profiles uslng an explicit
tfnite-difference form of the flo\.r equatÍon where the mean values of D

were used dlrectly along with gradients of 0 . The estlmated curve ú/as

graphed usl-ng an irnplicit equatlon where Èhe .values of D \ùere converÈed

from the corresponding values of K, defined as function of r[r gradÍents.
Ilowever, fn princlple, within equation 35, which describes t¡ater

tlow, dl-ffuslvity and hydraul-fc conductiviÈy are given funcÈions of 0

(volumetrÍc water cont.enÈ) and flow ls a functfon of 0 and tfme. There-
fore Èhe curves developed by Staple have been used in the nodel. The

values of K and D r¡ere estimaÈed from Figures 9 and I0 using the ínter-
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poletion functl-on Atr'GEN. It should be noted thaÈ by choosing Staple's
data, the accuracy of the nodel predlctions depended only upon the phys-
ical soundness of Èhe approach sl-nce no data for Manitoba soils ¡¡ere
used.

Having obÈained overall input/outpuÈ variable values as v¡el1 as in-
flow-outflov¡ values computed for each layer, the uoisÈure content was

updated daily in the following nanner:

I,IC(r)= OSM(r) + FLRT(r)/rHr - FLRT(r + r)/rwr -
ETL(I) /INT

Wtrere: I -layer number;

WC -water contenE (cn);
OSM -r¿ater conÈent on previous day (cm);

ILRT-flow rate (cm/day) ;

ETL -evapotranspirarion (cm/day) ;

INT -integration time (l/2 d.ay).

(s4 )

It was assumed that the vrater contenÈ in each soíI layer was always

betv¡een field capacity and permanenÈ wl-lting point. Consequently, a re-
stríction has been inposed in the model as follows:

r,J.rLT ( r )4r^rc ( r )4Ï¡cFc ( r ) (54a)

Although it is not always true, the initlal water content in each

soil layer v/as assumed to be at the field capaciÈy. The general flow
chart of water movement is presented in Figure 11.

3.5.4 Nitrogen - Nutrlent ElemenÈ Considered in the Model

Based on experience of the effects of najor nutríents on important
crops ' nitrogen fs consldered Èhe most líkely nutrienÈ to límit crop
growth. In the past decade the use of nl-trogen in agricultural practice
has increased speetacularly. In addÍtion the available nitrate nítrogen
cont.enÈ in soil was the only quantltatíve daÈa available that descrbed,
even fn relatively narror.r terms, the relaÈionshl! of crop groe¡th to soil
fertllfty. Comprehensive reviev¡s reported by Mclaren (1976), Beek and

Frl-ssel (1973), van veen (L977) and TanJi and Gupta (L977) are rhe more

recent relevant studfes deall-ng wl-th modeling of Èhe behaviour of nitro-
gen in so1l.
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Although some of the theoretical models presented in this chapcer are
rrot strl-ctly related to present model, they are discussed to some extent
due to their ímportance in providing a fundamenÈal explanation of the

nitrogen cyele within a soil.

3.5.4.1 Initial Nitrogen Level in Soil and Transfornations within the
Nitrogen Cycle

The niÈrogen cycle is so complex and dynamic that Eeasurements of the
amounts and forms of nitrogen present in soil may be considered only as

snapshots of the actual situation. Ilowever, Ehe nitrogen r.ras an entity
of interest in the system/nodel.Its initial level and the changes occur-
ring duríng the growing seasori must be known. There is no doubt that
the distribution of nitrogen within the soíl profile ís affected by well
knorsn pedogenetic facËors. I^Iithin cultivated land, nanagement practices
alter the forns and amount of nitrogen quantitatively and qualitatively.
Consequently, esÈimation of the inítial nítrogen level can not based en-

tirely on inherenE soil characteristcs. Past and present managenent

practiees must also be consídered. The quarter section, ' chosen as a

unit base, vras assumed to be the smallest homogenous land unit from this
poinÈ of view and data generated by Èhe SoiI Testing Laboratory r.ras con-

sidered to be Èhe quantitative figure for the inÈial level of available
soil nitrogen.

HavÍng estimated the initial level of niErogen, the second decision
concerned the selecËion of the processes that occur wiÈhin the nitrogen
cycle and the nanner of Èheir descríption.

Based on a study by Beek and Frissel, van Veen (L977) described a

computer símulation model where mineralization, niÈrífication, denitri-
fication, volatilization, fixatíon and leaching processes were t.reated
1ri separate subroutines (submodels). Since the nitrogen transformations
are uicrobial fn nature, he focussed on the biol-ogical aspects using the

followlng klnetlc rate eguatl-ons:

Zero - order rate -ds/dt=Ko
l'lrst - order rate -ds/dt=Kr * S

l{íchaelís-Menten -ds/dt=Kn * S/(Xs + S)

Í.Ihere ds/dt ls substrate Èransformatíon rate; S fs substraÈe concen-

Èration; Ko 1s the zero order rate constant (fndependent of substrate

(ss)

(s6 )

(s7 )



6t
concentratfon) i Kr 1s the first-order rate constant; KE is the maximum

transformation rate; Ks is the sat.uratlon constant (Èhe concentratl-on of
subsÈrate where ds/dt = l/2Xn).

Although such an approach is fundamental, due to the numerous parame-
(

ters incorporated within the model, as well as because of many hypothet-
ical environmental characteristics consLdered, the nodel can be used in
research, at a micro-scale level, rather than as a practical tool.

Mehran and Tanji (1974) accounted for the same processes but they
eoncluded that iÈ was not a serious error to consider the reaction rate
for mosÈ mierobially nediaÈed processes Èo be first - order. conse-
quently, they devel-oped a mod.el foeussing on No3 and ugl as the most

trequent fons present in soil, based on an equation of the following
form: ¡ñ

d(Nc) ldt=- f ri{H") + I*j(**)T¡ J.¡
I,Ihere Nc is the concentration of N species of interest.; Nrn is the

concentratíon of other N species; Ki and KJ are the first - order rate
constants; dt is the time step considered.

A schematic representation of the possible transformation of nitrogen
considered in their model is given in Figure 12. The nunber of the pro-
cesses, numerically equal to the number of rate constants (x + xx), is
very large. To accounÈ for all possible relationships between ions in
the exchangeable, solutíon and imnobilízed phases is still a difficult
task for a model that has to be applied to a large land unit. As Tanji
and Gupta (L977) pointed out, even with a complex approach, there is no

way of presenting the dynamic behavior of soil nitrogen correctly in a

model. However, an extreme view, to ignore all these processes com-

pletely can riot be considered a better approach.

Data from nitrogen balance sheet (411íson, 1966) shows that the main

nitrogen input cotes from exísting soil organic matter and fertilizer
applted whereas the najor output consists of removal by crop, ímmobili-
zatLon and denitrl-flcation. Most of these processes rrere considered and

were described fn the model to some extent.

(s8 )
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3.5.4.2 Net lfineralLzatiou

Net ml-neralization Ls the result of two opposing processes, immobili-
zatíon and mineralizatl-on, thaÈ occur sLmultaneously and boÈh are inti-
mately related to mierobial activities. For these reasons mosÈ models
are microbiologieal in nature and hence are very complex. They are im_
porÈant nostly from a theoretical point of view.

van Veen and Frissel (1976) described mineralizatÍon, taking inro ac-
count dead bioslass, fresh organic matter and soil organic rnatter usÍng a
general equation of the following forn:

Ni=ui + ni + ul (se)
Each term from the right slde of equation 59 represenÈs the amount of

nftrogen mineralized from the sources nentioned. FurÈher computation
!¡es very eraborate and this uay be lllustrated by showÍng step by step
the calculations involved in computing the amount of nitrogen mineral-
fzed from dead biomass (N? ) and from soil organic marter (N: ).

N=JKc*rf¿t (60)
I'lhere K is rate constant/day; rf is amounÈ of N in dead biomass (ng

N/e soiJ).
r?= J Ka * ndr (61)
I{here IO is the rate constanÈ for dead biouass/day; n is the amount

of nitrogen in biouass (urg N/g soil).
rD=ct * n. (Z¡
Where c¡ 1s the N concentration/cell; n is number of cells/g of soil.
From the growth rete equetion:

In=dnldü (ó3)
l|áeref is the growth rateld,ay.It r¡as expressed using the Michaelis-

Menten kl-netic - type equation as follows:
,/ /r"*1Sl (rs + s) ) (64)
vfnetey'max 1s maximum growÈh rate consÈanÈ; S fs the growth limiting

eubstrate (carbon); Ks fs a coefficíent.
The amount of nftrogen mineralfzed fron soil organf.c naÈter g,,as rep-

resenterd by the following expresslon:
gf

N;= JKh * Hr * dr (65)
Iühere ur 1s a rate constant/day and Ht fs the amount of N in soil or-

ganLc metrer (ng N/g soil).
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Equation 65 appears to be relatively simple. This is not the case.
van Veen (1977 ) reviewed the values of the net mineralizatíon rate con-
stants reported 1n the líterature and found. that irs values ranged. from
2'58 * 10-2 to 6.59 * 10-5. Therefore, the value of Èhe rate constant
must be experimentally determined for each particular soil.

Mclaren (f970) proposed a more complex description of microbial pro-
CESSES:

-ds/dr=Adn/ar + arn + KßS/(h + S)

rg N .åt aay' rcl)

_7 _4
ng N cn day (68)

(6e)

(66 )

Briefly' the terms on the right side of the equation accounE for eon-
sumptíon'(microbial growth), maintenance and waste metabolism, respec-
tively.

Although such models probably represent Èhe mineralization process
uost corectly, they can not be used as subroutines rrrithin a large model
with a practical objective. The reason for this is that such model sub-
routines require a very large number of coefficients, which vary widely
in space and which can not be easily determíned for field conditions.

A sinple but very useful approach to account for mineralization pro-
cess vras suggested by Duffy et aI. (1975). They considered that Èhe net
No3-N gain varíes with time during the year in a certain manner. Fol-
lowing this approach and using some data from the Prairíe region, net
mineralízation \.¡as represented in the model in a simple way.

Accordíng to Nyborg et al. (1976) the amount of nÍtrogen released
from the soil duríng one year is about 50 lb/ac. IIaIf of thís amount

vras assumed to be released during the growing season and Ëhe other half
during the remainder of the year (early in fall and late in spring).
consequently, the mineralization rate r¡ras computed as follbws:

For 15,05<T<I5,08 : 
_

RNMIN=25 Lb / ac.=0.3077 Kg/Ua-day=0.00308

For 15 ,O4LT<I5 I 05 and 15 ,08<1¿31 ,19 :

RNIÍIN=25 Lb/ ae.=0 .2617 Re/Ua-aay=O. 00263

Otherwíse : RNIÍIN=O

ï.Ihere RNlfrN ls mfneralization rate and T is the day of the year.
The ml-neralízatÍon process was treated in a less dynamic manner than

1n the biological models and several other assumptíons lrere considered:
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1. the value of RMÍIN reflects the effects of temperature and nois-
ture on the process;

2. mLneralization rate l-s constant over the growing season;

3. the process occurs only near the soil surface, fn Èhe ffrst 30 cm

of the proflle. Thereforerthe lncrement of NOt-N was calculated
only ln the first two layers.

It should be noted also that the LnformatÍon used ln the model was

from an area located in North-Central Alberta assumed to be representa-

tfve of the Prairie Provinces. If better information was obÈained for a

particular area, changes in the above raÈe values r¡Lll be reguired.

3.5.4.3 NltrificaÈion and Denitrification
One of the uain processes which affects the fate of nitrogen applied

as fertilizer (1.e. tnanagernent lnput variable withÍn the sysÈem) is ni-
trÍfication. The biological character of this process was discovered

more than a century ago. Two dominant microbial autoÈrophic genera (Ni-

trosomonas and Nitrobacter) are generally considered to be involved in a

ttstep conversfon processtt in which reduced inorganf.c nitrogen forms are

converted to htgher oxidatíon sÈates. There is no doubt that the nost

suítable model to describe thÍs proeess fs a microblological Eype.

There are several such models described 1n the literature. Basically'
these nodels described bacterial growth using ïlichaelis-MenEen kinetics

.L

rate and NH+/NO¿ as liniting substrates. Although Èhe nitrificatÍon
subroutine fs considered one of the mosÈ successful 1n mlcrobiological

models, the approach has a theoretical rather than a practical value.

Agrononíc experience has shown Èhat uost of the n1Èrogen fertiLízer
applied 1n reduced forms nÍtrifies r¡iÈhin a few weeks. Duffy et al.
(L975) concluded, on basls of experimental data, thaÈ ln lllinois abouÈ

801- ot spring-applied WUf tertilizer is nitrlfied 1n the first 20 days.

Experiuental data are not avallable under field conditions ln Manitoba.

SÍnce the nftrfficatÍon process is tenperature dependenÈ and because in

llanltoba temperature durl-ng the sprLng fs relatlvely lower than in Illi-
ooLs, the nitrfficatfon rate rùas computed 1n the nodel as follows:

DNFM=(4/5) * FERT/45 * 0.1 ; Tf<TSTf + 45 (70)

(71)DNIII=.005 ; T>Tf + 45



Where DNFM Ís the

L|zer applied (rg/Ua)

T f.s day of the year.
According to equations 70 and 71, in the first 45 days 809l of. ferti-

Lízer is nitrified at a rate that depends only upon the a¡nount of ferti-
lizer applfed regardless of the type (i.e. ammonium sulphaÈe, urea).
After 45 days the nitrification process continues at a lower rate until
all the fertillzer is nitrified.

When attemptÍng Èo obtain a soil nitrogen balance, only seldom is all
of the niÈrogen recovered. Loss ís attributed largel-y Èo denitrifica-
tion. BasÍcally, denitrification refers t,o the microbes use of NOo as a

terminal electron acceptor r¿iÈhin the generally aceepted pathway:

NOI --+NO¡ ---+NO¡ +N¡ (72)
Most models discussed in the literature treat denitrification as an

enzymatic Process described by a compeÈitive ìlichaelis-Menten kinetics-
type equation. Some models considered teurperature, pH and oxygen ef-
fects on denitrification

Cho and Sakdinan (1978) and Cho and Mills (1979) found that the dis-
appeararlce rate of NO¡ is independent of the initial concentration of NOl,

that is the rate was nearly constant (zero-order kinetics). They

pointed out that N¿0, formed as an íntermediate product, competes with
NOa as an electron acceptor. As a result, the formation of N2 gas takes
place earlier with a lower concentration of nitrate.

Since no rigorous model can be used as a subroutine, the denitrifica-
tion process r.ras empirically represented in the model. From many fac-
tors whích affect denítrification, only the levels of nitrate in the
soll and the water content rüere considered. It was assumed that deni-
trification will occur at a constant rate, only if the following condi-
tions hold:

1. The niÈrate within the soíl Ís at a hfgh level;
2. The water content l-s at or near fteld capaclty.
Cho et al. (1979) related denítrlfication to soil depth based on oxy-

gen dlffuslon and temperature. For several irrigated soils from Alber-
tã, Èhey found that denttrification decreases almost linearly wLth

depth. Even 1n the day with the highesÈ soLl temperature (22 July) den-

itriflcation at 150 cn was very smalI. consequenÈly, wíthin the mode1,

nLtrif ication rate (rng tt/crnz-day) ;

; Tf is the day v¡tren the fertilizer

66

FERT is ferti-
was applied and



denitrlflcation was assuned to occur only in the top parÈ of
profíle, and changes were made only ín the first 30 cm.
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the soil

There are many other processes that occur within the very complex ni-
trogen cycle. Arnong them clay mfneral flxatlon of NHI and volatLLLza-
tion of NO¡ can be important in some circumstances. AIso soil proper-
tles such as caÈion exchange capacity and pll as well as the type of
fertill-zer used, time and methods of application mighr alter the 1evel
of nitrogen within a particular land unit. In order to keep the model
símple enough to be applicable to a large area, Èhese aspects vrere not
considered.

3.5.4.4 Nitrogen ìfovement

Nitrogen transport ín soil is a very complex process due to the large
number of N-compounds and Lons involved (org-N, Nfìr-N, NH¡, ,NO¿-N,N?,'

,etc.) as well as because of the various forms ín which they exlst i.e.
insoluble, soluble, exchangeabl.e, etc.

However, tvTo species, nitrate and ammonium, were considered to be the
most important fn plant nutrition" Ammonium can be absorbed by the neg-
atively charged soil complex, and hence very slowly leached. By con-
Èrast, NO; -N is not. absorbed and thus it is quite mobile. Therefore,
by comparison, the movement of NH| can be practÍcally neglected relative
to NO;.Consequently, the model focussed only on nitrate movement wiÈhín
the soil.

Transport of salt, diffusion of íons and transport of ions in soil
have been described in many scientiflc papers. From a modellng poin¡ of
view the de Wit and van Keulen (1972) and Beek and Frlssel (L973) models

are perhaps Èhe best.
Following t.he Beek and Frissel approach, in the present model Èhe

movement of nltrate v/as consldered to be caused by rnass flow, dfffusion
and dlspersion as follows: '

FLRN= MI.L + DIFF + DISP (73)

Where FLRN is the total nitrate flow; MFL accounts for nass flov;
DIFF stands for dlffusion and DISP sLancls for disperslon flow, All
terms are expressed in mg N/c*'-day.
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As water flows through the soil it carries nitrate and the mass flow
rate rras computed as a function of the water flow rate and NO'-N concen-

tration. The NO,-N movement was related to NO';N concentration in the
layer being considerd (I) as well as the concentration in the layer
above (f -t).

In the real system (field conditions) cracks and relaËively large
holes are almost always present. Under such conditions an incornplete

contact of water with the soil is to be expected, leading to lower uo-
bility of nitrate. To overcome this, several models (Beek and Frissel,
1973; Duffy et al., 1975; Vithayathil et aI., 1977 ) ernployed a weighting
factor. This soluËion has been adopted in the present model and nitrate
movenent under mass f low r¡ras reDresented as f o1lo¡¿s:

MFL(I)=ELRT(I) * CNORT(I) * WT(I) ; FLRr(I) 0

MFL(r)=FLRT(r) * cNoRT(r - 1) * wr(r) ; nRT(r))O (74)

Basically, the movement by diffusion depends upon the concentration
gradient (the driving force) and upon the díffusion coefficient (the

constanË transport). In an unsaÈurated soil a few particular problems

must be considered when Èhe díffusion coefficient in soil is related to
the diffusion coefficient of water. First of all, diffusíon is re-
stricted Èo thaÈ part of the soil r.rhere pores are fi11ed with vrater.

Therefore the diffusion coefficient in water must be a dirninished func-
tion of r.rater content. The second problen concerns one of the charac-
Ëeristics of porous media - Ëortuosity or the labyrinths factor. The

paÈhway of v¡ater through soÍl is always longer than the straight path

denoted by the distance between two chosen poinËs. Its preeise measureÁ

ment is a very difficult Èask and only an approximate magnitude can be

considered in nodeling. Some confusion relative to the nagnitude of
this dímensionless geometric parameter of porous soil arises because of
different interpretations given in the literature. Scheidegger (1957)

defined tortuosity as Ëhe ratio beÈween the actual and apparent. paÈhway.

Therefore its value will ah^rays be greater than one. By contrast Fris-
sel et a1. (1970) considered Èortuosity as the inverse of the above-men;

tioned rat.io. In this case the value of tortuosity is always less than

one. The latter view point was considered here. By considering the
above factors, nitrogen transport by diffusion üras represented as fol-
lows:
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DrFF=DrF:r TORT .5 * {WC(r - 1) + WC(r)} *

{cNoRr(r - r) - cNoRT(r)}/r5 . (7s)
During the flow of water through the soil some dispersion effect on

nítrate DovenenÈ is to be expected. Accordlng to Reiniger et al. (Ig72)
the nagnÍtude of dispersion is a function of the concentrat.ion gradient
and the absolute flow raÈe of waÈer,Consequentlyrdispersion tras repre-
sented by the following expression:

DISPF=ABS{FLRT(I)} * DISP * {C¡¡Onr(r - l) -
cNoRr(r) )/15 ' (7 6)

By substitution of equations 74,75 and 76 fnto equation 73 the Ëotal
nl-trate e¡as couputed according to the followíng expressíon:l-]tlFLRN(I)=IFLRT(I) * CNORT(I) * I^]F(I) I + II NISP * A3S[L .-] rr ll I

L,n*T{r)l + DrF * roRr * .s lycCi-- r)) + r{c(rl
/rnrl * þuonr(r - r) - cuoRr(r)] /ts I e7)t-l

Irlhere; I =the layer number (I=lr2r...rI0)í
FLRN-total flux (ng N/cmr-day);
FLRT-flow rate -rüater (cn/day);
CNORT-nitraEe concentration (ug N/cc soil);
l,,rF -we ight ing f ac t.o r ;
DlSP-dispersion coeffícient- NOr-N in water;
DIF -diffusion coefficient of NO3 -N (cm'/day) ;

TORT-tortuosíty coefficient (dimensionless) ;

WC -water content (cc/cc);
INT -integration time (day).

The above equatioo (77) holds for the 2nd to the 9th layers, with
similar boundary conditions. For the first and the last layer within
the soil profile the expression r.¡as modified slightly.

The flow chart of nítrogen movement and transformaÈion processes con-
sidered in the nodel, presented in the program under the name NITRO is
shorsn fn Figure !.3.

3.5.5 Plant Growth

There ls no doubt that plant growth f"s a very importanÈ process in
the system. since the nodel Íntends to focus on soil aspecEs, plant
growth has not been descrfbed ln deta11.
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The deÈail chosen to descri-be this very complex process

such a way that the plant should provide:

1. a connection between different sÈructural parts of
interest;

2. a sink for water and nitrogen;
3. a biological means of describing the differences

74

vras treated in

the system of

of soil condi-
tíons among land unírs.

As Milthorpe and Moorby (I97 4) pointed out, in a general sense, dif-
ferentiation of plant parts (regardless of its complexity: cells, organ,

etc.) appear to be under fairly strict internal conËrol. The changes in
form, over a range of conditions, are relatively small. The nain dif-
ferences Ëhat occur are in sizes and in the tirne-interval reouired Eo

reach a given size - i.e. the rate of growth.

Indeed, it is very helpful to be able to identify the tÍmes (phases

of the vegetation) during ontogenyri.e. when a certain change takes
place. The identificaËion of critical events can be useful in conparing
and understanding crop behavíour. The Biometeorological Tine Scale
(Bì'ÍTS) developed by Robertson (1963) for wheat $ras proven to be a useful
approach f or deterroining growth stage. As l,lillíans (I97 4) pointed out ,
the main objective of BIfIS was to relate crop development to r,reaÈher

condÍtions. This does not mean that BMTS can not be used ín a Complex

model with another particular objeetive. The problern is how Èo use it.
By treaÈing phenological development of the crop as a state variable

within the system, the yield (dry natter or grain) reflects especially
Èhe effect of weaËher condiÈions and management input (expressed by a

iarticular seeding tirne). If seeding time is fíxed the yield will re-
flect among oÈher factors the weather patÈern of a particular year. By

averaging weather data over a large nuuber of years in such a way that
weather data represent a general trend of climate, then Èhe growÈh stag-
es within phenological crop development become parameters. Their values

will differ only from one clinat.ic zone to another. Consequently plant
development stages in the present nodel were used as parameters based on

data published by Baier and Robertson (1968)

Basically, the plant growth subroutine follows an approach suggested

by Frere, Jensen and Carter (1970). The increase in dry natter over
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tíne is considered to follow an "S"*shaped curve sinilar to the integral
of a normal curve. The rate of plant growth under ideal conditions vras

descrÍbed by a normal bell-shaped curve (Figure 14) and by a general
equation of the following form:

Y=Ymax Exp{- (¡t - x) /s } (78)

I^Ihere Y is the ideal growth rate on day X; Ymax is maximuu rate on

day M and B is half of the width of the peak at 377" of. the maximum.

The logistic type of curve is widely used to express yield of either
parts of the plant or the entire plant. However, the continuous func*
tion which provides the main feature of plant growth over an entire sea-

son can not be a perfect represent.ation of crop growth. The function
represents only the general trenci; short term fluctuations are ignored.

The cumulative growth curve and the growth rate \,rere based on data
from four wheat cultívars (unpublished data McVetty ,I976). Since the
experiment \^/as conducted on a irrigated area and a high fertilizer rate,
the maxímum yíeld (dry matter) approached a value of 20,000 Kg/Ha. This
value is in agreement with that published by Milthrope and Moorby (L97 4)

as a record obtaíned in Netherlands (20 t/ha).
The authors pointed out that, as an average for a large area, maximum

yield rarely reaches half the record values reported in experírnental
work. Barnes et al. (1976) referring Ëo data in the literature pointed
out that the vegetative crops such as, wheat, barley and grass attained
the same ceiling (10/ha). Assuming a maxirnum yield of 10,000 Kg/Ha and

a normal curve distribution, equation 78 hras expressed in the form:
rGR=210 * EXp{ -(52 - T)*x2/27xx2l (79)
trrlhere IGR is ideal growth rate (Kg/ha-day) and T is the number of

days after seeding.
Under field conditions ideal growth

Recalling Blackman's equation (2) for
environmental factors the rate of gro\rth

dw/dt=G(xl,x2,. . . ,xn) (80)

Two questions arise: First, what factors uust be considered since
Ëheoretically the number is extrernely large. Plant physiology identi-
fíes several important facËors such as: light, CO, temperature , r^rater

and nutrients. Due to the ínitial objective of this study, only the
last three factors r^rere consídered ín the nodel. The second cuestion

rate ís virtually never reached.

plant growth and considering the

becomes:
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lras hoet to relate the factors in order to obtain a unlque val-ue for the

liniting component. In pracÈice it has been shovm that r¡hen one factor
Ís seriously limiÈing, a change in other factors has a relatívely surall
effecÈ on plant behaviour as a whole. Consequently, Liebig's Minimum

Law was extended to Íncluded environmental variables other than nut-
rÍents.

The general form of the actual growth rate used Ln the model was:

GR:IGR * A¿YINI(LMI^I,LMN,LIIT) (8I)
I'lhere GR is the actual gror/Èh rate (xe/ha-day) ; IGR is Èhe ideal

growth rate (Xg/ha-day); AYIN1 is a computer library functíon thar se-
lects the minimum argument and LMW, LMN and LMT are limitíng factors
which account for r¡ater, nítrogen and temperature ,respectívely.

All three limiting factors were chosen to vary beÈween values of zero

and one. At zero value it was assuoed that plant growth ceases whereas

at a value of one the actual growth rate equals the ideal groth rate,
that is, all factors are optimum.

The eomputation of growth rate and parameÈers for limiting factors is
a very complex process. A separate relatíonship between an individual
factor and growth raÈe must be established when all other variables are

held constant.
dlr/dt=I17c (xl ) rr rå=cons tant
Due Èo nonlíneariÈy in the relationship of plant growth to a very

large number of envíronmental factors which can not be controlled, and

because of the complex adaptive behaviour of biological systerns, Èhe pa-

rameters for growth rate equatíons can best be determined using several
years of experimental data.

The equations used in the model were based only on values reported in
the literaÈure and for lack of betÈer information, the normal curve was

sometimes enployed.

3.5.6 Gral-n Yield
As a result of the plant growth approach used (equatlons 79 and 8l)

the main ouput varfable within the rnodel Ls the yteld of above ground

dry natter. Nevertheless, for validation purposes the fLnal yield fig-
ure must represent the marketable yteld.

(82 )
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Grain growÈh is too complex e process to be represented accuraLely by

a sirnple planÈ subroutfne. Even the most sophistlcated models, which
split up the plant fnto numerous subroutines and accounted for different
relationships beÈween theu, have not been successful.

However' among the sirnple methods, two are tnost frequently ernployed.

Some models predict graín yÍeld based on the rat.io between grain and

grain plus straw which is knovm as the Harvest Index (HI). Other models

predict graLn based on the relationship between accumulatíon of dry nat-
ter from anthesis to Baturity.

According to l.Iil1íams (1966) ttre development of the inflorescence of
r*reat' which obviously will affect the grain yield, starts as early as

16 days after sowing. Therefore the yield, that is Èhe aumber of tí11-
ers which forrn inflorescence, is determined at an early stage. FurÈher-
more' Milthrop and Moorby (L974) pointed out that the environmenÈal ef-
fects aPPear to work in opposite ways on the two paraneters t.hat affect
the magnítude of yiel-d - growth and development of spikelets and number

of spikelets formed "... the greatest number of spikelets will form when

the conditíons for growth of spikelets are least favorable."
Under these conditions the use of HI to convert predicted dry matter

int.o grain may not be seriously in error. consequently, using a set of
experÍmenËal data (unpublished data Raez, L975) for Neepawa cultivar, arl

average harvest index was approxímated (HI=O.40). Its value was derived
from experímental plots harvested by hand. In order to obtain HI where

the crop is harvested with l-arge- scale farm equipment an average t'com-

bíne losstt tras employed.

Ffnally grain yield lras expressed as follows:
GRAIN=DRY MATTER * 0.38 (83 )

Indeed, under unfavorable climatic condÍtÍons for harvesting and/or
fnappropríate operatfon of harvesting equipnent, the value of III night
be signlficanÈly reduced. Such a siÈuation will affect the valldation
Process but will affect the simulation fÈself to a smaller extent sínce
none of the above conditlons are related to so11 characteristics.

The complete program for the modelrlrrÍtten in FORTRAN,ís presenÈed fn
appendlx A.



Chapter IV
REST]LTS AND DISCUSSION

No model is complete without testÍng its perfornance relative to the

real system 1t is to describe.
lwo data sets were required in order to do this. The first set was

the data required by the model as ínput, data that reflected the condi-
tions under v¡hich the real system operated. The second set referred to
the output(s) of the real system that eras to be compared wiÈh the out-
put(s) of the model. Usually, the field data recorded as the grain
yield obtained by the farner constitute the overall output of the sys-
Èem. Such data pernit only a partíal testing of the model (i.e. valida-
tion of the model ín terms of grain yield). Due to the approach taken

in building the nodel under consideration (i.e. above ground dry matter
predictions at one-day timestep) as r¡ell as the importanee of verifying
some hl4potheses used, several entitíes had to be measured over tíme.
Consequently, data from a field prograu r¿as considered the uost appro-
priate mearrs of testÍng the model.

4.T FIELD PROGRÁH

Duríng the summer of. 1979 ra field progam was carried out on tr.ro farms
(8i11 Ridgeway and John Vis ) locaÈed in Èhe l.Iinnipeg region.One of the

reasons for selecting these farms was thaÈ a relatively detaíled Soí1

Survey Study and a soil map (L2L261720) are available for the l.Iinnipeg

region. The locatíon of these farms and some detaíl of t,he outline of
the field progran are shown ín Table 3. Under each agricultural prac-
tíce a strip of land (10 x 150 rnetres) received addltíonal nitrogen ap-
plied broadcast as ammonium nitrate at the tlme of seeding. Sufficíent.
nitrogen rcas added to these strfps to bring the 1evel of applied nLtro-
gen Èo 90 Kg/tta on fallow land and 135 Kg/Ha on nonfallow land. In each

case, phosphorus, the only other element consf.dered to be deflcient, was

applied at recommended rates at seeding tfne by the farmer.

-79-
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In order to have a valid comparison among sites, the iniÈial positlon
of the biologícal subsyÈem of interest (i.e. crop) was fixed in time.
I'Jheat was seeded on the same day (09 June) on boÈh farrns and on all man-

agemenÈ practices. Basically, there lrere t!¡o climatic patterns due t,o
the dlfferent geographic location of the farms (sw 33-12-rE and sI,I

30-9-IE) and two soil series (Marquette and Osborne). I.Iithin each c11-
mate-soíl pattern four differenÈ management practices (past nanagement.

expressed by fallow as conpared to nonfal-low and preserit management ex-
pressed by amount of fertílízer applíed) were considered.

For valídation and verifLcatíon of the nodel four main entities were

monitored during the gro!¡ing season:

1. Above ground dry natter production;
2. Soil traËer content;
3. NO3-N concentration;

4. Fina1 grain yíeld.
In order to minimize errors resulting from the heterogenity of the

soil (rapid spatial changes in soil characteristics), sínee by sanpling
different parts of the system were removed, two plot areas ( 20 square

meters) were delinited at random in each site, before seedlng. Sanpling
times during the growing season followed the Phenological Developnent

stages of wheat as definied by Robertson (1968):

Plantl-ng (0) - the date of seeding;

Emergence (1) - the daÈe by which 50 energed p1-ants per
plot could be seen;

JoinÈing (2) - the date when the ffrst internode elon-
gatlon in Èhe sten had oecurred in at
least tr¡o of Èhe first l0 plants exa-
nined;

Headlng (3) - the date when the base of the head had

reachpd the same height as the base of
the shot blade 1n 50 plants 1n a plot;

Soft-Dough(4) - the date when at, least five kernels in
the center part of I0 heads examLned

could be easÍly deformed;
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Ilaturiry (5)
(Harvest) - the last stage was delayed to llarvest

date.
starting wiÈh the jointÍng stage, the above ground portion of plants

from a square metre, in each plot area, were cut, air dried and weighed.
At harvest the total plant yield and grain yield were obtained. At each
stage of development, as defined above, soil samples were also taken at
five depth" (o - 15 cm, 15 - 30 cm,30 * 60 cm,60 - 90 cn,90 - r2o crn)
from two spots. One hole was nade within the square metre from which
plant material was harvesËed and one vras made on the adjoining area.
The tv¡o sauples for each depth were míxed forming a composited sample.
Gravimetric water content and No, -N content were determined on the com*
posited sanple from each depth.

ïn the present study, the site will be referred to by the farmer,s
name associated with soíl series, agricultural practice and managemenË
input.

4.2 MoDEL INPUT DATA AND THEIR soURcES

Input data required in the model were the uncontrollable variables
that musË be inpuË in order to run the rnodel for a particular land
unit/site and a chosen time inÈerval.

The input data can be characterized frorn many different angles, oo
the basis of availability, reriabirity, age, etc. The main considera-
tion in the present study was the availability of the daËa since this
rTas one of the more impoltant aspects in naking the ¡nodel simple enough
for problem solving withín a reasonable time. However, even for a sim-
p1e nodel and a relatively large unit base (quarterosection) most of the
input data can not be directly measured and some compromise and estima-
tions musÈ be accepted.

The input data required by the present model can be categorized in
three distinct. groups: clirnatic (weather), soil and management data.
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4.2.L Weather Data

Three nain daily weather variables rrere required by the model: maxi-
mun teupereture (fV¿X); mfnimum tenperature (TMIN) and precipitation
(PREC). The basic source for these variables constituted data reeorded
by Atrnospheric Environment Servíce statfons. In order to relate land
units of interest with a particular station, a weightíng method suggest-
ed by KrafÈ and Senkiw (1979) was considered. A detailed description of
the method can be found in the mentioned reporÈ. Basícally Èhe method
permits one to relate weather data from AES statíons over the Prairie
Region with any particular land unit of interest.

For maximum and si¡lprrm temperatures, Ridge\ray - Uarquette sites qrere

related to the Gross-Isle AES station and Vls - Osborne sltes lrere re-
lated Èo the Starbuck AES station. The next variable, precipitation,
¡¡as measured using rain gauges fnstalled on each farm near the field
sites. lwo factors rùere consídered in deciding to Eeasure precipitation
more Preclsely. First, \¿eter content rùas one of the most important. en-
titíes r¡ithin the syst.en/nodel . The second factor considered r¡as that
showers make up about half of the rainfall on the Prairies and frequent,
ly faIl in a very random pattern on a given day (ttte step interval used

in the nodel) and oft,en vary greatly over short. distance in a given
yeat. As wilI be discussed further, this variable becomes less critical
when an average value is used for simulation purposes. In this case,
using the weightíng patterns meÈhod suggested by Kraft and senkiw, pre-
cipitatlon data recorded by AES statíons can readily be used.

An additional clfmatic variable required by the model as input daÈa

was solar Energy at the Èop of the atmospher (sR). Its value nas a

function of latitude and day of the year and was taken from a sËandard
table

The weather variables for the summer of 1979 were grouped under a

"¡veather fÍlett f,ormed for each farm. An exarnple of the r¡eaÈher lnput
data file, f.or Rtdgeway - Marquette, ls given ln appendix B.
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4.2.2 Soil Data

The main soil f.nput data requÍred by the nodel were water content at
seeding tiue, available molsture and N03-N concentratl-on values for each

layer considered in the model.

I.Iith the exception of l-nitial NO3-N content for the 0 to 60 cm depth,
soil input data !¡ere not readlly available. They r¡ere estimated from
basic soil properties based on thro major assumptlons. The first assump-

tion made was that at seeding Èlne the soil water cont.ent vras at. Fteld
Capacfty. The second assumptÍon made was that available moisture for
plant growth was the water content between Ffeld Capacity (WCFC) and

Permanent l{ílting Percentage (H"ILT). Therefore, these t\.¡o parameters
rsere determined first.

The starting point in estimating WCFC and IfrILT values constituted me-

chanfcal coruposition and organic matter content data (Tab1es 4 and 5)

tron the soil survey Report (ïfichalyna et al.r1975). Based on these
data and using equatíons 18r19 and 21 developed for Manl-toba soils,
Field Capacity, Permanent llilting PercenÈ and BuIk Density paramet.ers

\rere coEPuted for each soÍl series. The last parameter was used as an

intermediate varíable-function in order to convert Èhe gravimetríc water
content values to a volumetric basis. Computed values of the above men-

Ëioned paraneters are presented ín Tables 6 and 7.
Due to the subdivisions of the soil profile used ln the rnodel, the

couputed values of soil paraneters could not be dfrectly used in the
nodel. rn order to obtain the values for each soil layer, a graph was

dra¡sn for each parameter of interest (Figures 15, 16, 17 and 18) using
data from Tables 6 and 7. Frou these graphs the values of Field Capaci-
ty' Permanent I.Iilting Percentage and Bulk Density were estlmated. Field
Capacíty and I.IíIting Percentage rùere converted to a volumetrlc basis us-
lng equation 20. the values used in the model as soil variables fnput
data are presented f-n Tables 8 and 9.

Finally, the lnitlal NO3-N content must be knom for each sofl layer.
For the Ridegeway-MargueÈte sl-tes these values ¡¡ere couputed using re-
sults frou samples subnltted to the Provincial So11 Testlng Laboratory
by the farmer. SÍnce for the VÍs - Osborne sites such data l¿ere noË

available, the results from soil samples taken before seedlng were used.
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TABLE 6z SOIL PHYSICAI PARA}TETERS.

SOIL SERIES MARQUETTE.

TABLE 7:

FC
(on w/w

33.9
3r.0
26.9
r8.3
17 .8
10. I
L7 .9

FC
( on w/r+

39.9
37 .7
32.9
34.0
33.7

PWP

basis)

17 .8
17 .8
r5.8
7.7
5.8
3.3
6.5

PWP

basis)

22.5
23.7
16.3
20.8
21.2

B.D.
(e/ cc)

t.22
I .39
L .47
1.61
t.62
1.76
t.62

B.D.
(g/cc)

l .33
I .35
r .45
I .39
r.37

DEPTH
(cm.)

0- 27
27- 35
3s- 42
42- 54
54- 83
83-r 04

> 104

DEPTII
(cm.)

0- t0
10- t5
15- 30
30- 60
60- 90

SOIL PHYSICAI PARAMETERS "
SOIL SERTES OSBORNE.
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TABLE 8 : SOTL PARAMETERS USED IN MODEL
SOIL SERIES MÄRQUETTE.

LAYER
N0.

t
2
3
4
5
6
7

8

9

10

DEPTH
(cn. )

0- 15
15- 30
30- 45
45- 60
60- 75
75- 90
90-r 05

r05-120
r 20-1 35
I 35- 150

DEPTH
( crn. )

0- 15
ts- 30
30- 45
45- 60
60- 75
7s- 90
90-1 05

105-t 20
I 20-1 35
r 35-r50

0.39
0.42
0.31
0.27
o.26
o.2I
0.23
0.25
0.27
0.27

0.2r
0.24
0. I5
0.tt
0. 10
0.07
0.08
0.09
0. 11

0.tl

B.D.
(g/cc)

I.20
r.37
r .55
1.60
I .60
1.75
I.75
I .65
t .55
1.50

I,ICFC l,lILT
(on v/v-cc/cc)

TABLE 9 : SOIL PARAMETRES USED IN MODEL
SOIL SERIES OSBORNE.

LAYER
NO.

I
2

3
4
5
6
1

8
9

t0

WCFC I^IILT
(on v/v-cc/cc)

0.46
0 .44
0.46
0.46
0.45
0.41
0.40
0.38
0.33
0.29

0.30
0.20
0.29
0.27
0.29
0.26
0.25
o.23
0.21
0. 19

B.D.
(e/ cc)

r .30
t.45
I .40
I .38
r .38
r.32
1.30
r.28
1.20
1. t0



90

For deeper layers considered in the uodel, for which data were not
available, initial NO3 -N concentrations were assumed to decrease with
depEh and to be a functíon of concentration in the upper layer of the
soil profile. These values rüere conputed as follows:

CNoRTX(I)=CNoRTX(I - 1) - 0.0005 (84)

I,Ihere I stands for layer number and CNORTX is NO3-N concentration (ng

N/cc).
The conversion of NO3-N content expressed in Kg/Ha to Eg Nog-N/cc (as

used in the model) was made using the observed waÈer content values
(I^ICX(I)) according to the following expression:

NO3-N(I)ng/cc=NO3-N(I)Kg/Half500 ¡t wCX(I) (85)

The input data used fn the model for NO3-N concentrations (CNORTX)

are given in Tables 10 and 11.

4.2.3 llanagement Data

Management input data requlred in order to run the nodel trere:

I. Seeding data (PLANTX) ;

2. Tfroe of application of fertilizer (FERTIÍAX);

3. A¡oounÈ of fertílizer used (FRTX).

Usually such data are not recorded on a quarter-section basis. For

testing the rnodel these data were collected during the FÍeld Program.

Ilowever, for simulation purposes on a large scaler âS t¡ill be discussed

later, these data can be treated as parameters. Therefore, manegement

data on a small scale (quarter-section) rüere required only for valida-
tion and veriflcation of the rnodel.

It should be noted also that due to weather conditions in 1979 (low

t,emperature and frequent precipitation 1n May) seeding dates in Manitoba

were delayed. At both farms the crop was seeded on 09 June.

Soil and rnanagement input data as well as some details relative to
the progran ttsálf, such as number of fntegrations per day, desirable
variables to be printed and/or plotted, etc., nere grouped Ln a file un-
der the name SMPDATA (appendix C).
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4.3 VATIDATION OF THE MODEL

Model valldation, generally, refers to the comparison of overall out-
put of the real system with overall output of the model. FirsE, the
grain yields obtained under farning conditf-ons were compared with Èhe

model predictlons.
Since neíther farmer harvested nonfallow and fallow areas separately

they could only provide Èhe actual yields as an average for two Eanage-
ment practices and an estimeted difference in yield between nonfallow
and fallow. Based on each farmer's information the yield was computed

for each farm and each management treatment.
Using weather, soll and management input data characÈeristic for each

farm and agriculrural practfce, the nodeL eras run for each fndividual
site. The grain yields obtained by the farmers and predlcted by the
nodel are presented in Table 12.

. Generally, there was good agreement in overall ouÈput of the real
system and model. BeËter predictions were obtained for the Rfdgeway -
Marquette sites. For Vis - Osborne sites the nodel tended to underpred-
l-ct grain yield, especially on fallor¡ed land. The deviatÍon was as much

as 272 fg/na.
However, the main output varíable of the uodel was above ground dry

matter productlon since this was the variable Èhat reflected daily ln-
fluences of clinate (weather), soil and managenent factors on the biolo-
gical subsystem (crop) over the entire growing season. Therefore, a

more realistic estlm¡te of the nodel's perfornance can be made by com-
paríng field Progran data and model predictions fn terus of overall out-
put of above ground dry natter on grain yields (Table 13).

In order to have comparable grain yield values, the predlcted values
were obtained by using an llarvest Index unadjusted for mechanical loss-
es. Thls was the reason why the predicted values srere hfgher than those
presented fn Table 12, when an allowance rvas nade for a harvestfng loss.
Although the devlatLons of modeJ- predictlons of graln ylelcls Íùere not
exactly Èhe Eame as those obtalned versus Èhe acÈual farning system,
their general trend and order of nagnitude are close Èo each other.
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AgaÍn, a better agreement was obtained beEween actual and predicted
yields for the Ridgeway - Marquette sites, than for the vis - Qsborne

sites.
In terros of above ground dry natter yie1d, wiÈh the exception of Èhe

Vis - Osborne, nonfallow, farmíng sfte, the nodel underestinated d.ry

matter producÈion by 419 to 1154 Kg/Ha. These nay be accepÈed as rea-
sonable estimates considering sanpling errors that inevitably exist.
However, the largest, deviation occurred within the Vis - Osborne fallow
sites. Since it was assumed that aÈ seeding tlne the soil uoisture con-
tent was at Field CapaciÈy, regardless of treatment, beÈter results were

expected wiÈhin fallow siÈes for which Èhe above assumption is rnore

likely to hold. Some of the reasons for these unexDected results will
be dlscussed in further subchapters.

4.4 VERIFICATION OF SOME EYPOTIIESES USED IN THIE MODEL

Even t¡ith a siuple model, such as the present one, which described
plant growth as affecÈed by clinate, soil and managemenÈ factors , a

large nuuber of hypotheses lrere used. Therefore, compleÈe verification
rcould have been a very dÍfficult and time-consuming task. rn the pres-
ent sÈudy only a partial verificat.lon was possible, focussing on the
nain hypotheses considered in the plant growth process as affected by

the staÈus of the two major liniting factors accounted for (water and NO.

-N).
For testing PurPoses rwithin a dynamic systen, the state variable of

interest had be measured at different points in tiue. Therefore, the
entire verification was based on observed data from the 1979 field pro-
gram.

The nodel vras run uslng appropriate inpuÈ data for each site. Every
second day (t) during the growing season the value of three entitites to
be compared with actual data were printed out. They were as follows:

1. Above ground dry matrer (PLGRX);

2. VolumeÈric water conterit (I.JCX); and

3. N0¡-N concentration (CNORTX).

The last two varLables were predlcted for each layer consldered in
the model. Sfnce for depths below 30 cn the observed data did not cor-
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responde exactly with layered profile of the mode1, the predicted values
chosen for comparisons qlere an average of Èwo adjacent layers v¡iÈhin the
thickness and depth of interest.

A sanple of output data for the Ridgeway - MarquetÈe, nonfallow,
farming site is given in appendix D.

4.4.L Ridgeway - Marquette Sites
The differences considered among sites within each quart.er-secÈion

were iniÈial NOr-N levels, as an effect of past mânagemenÈ and fertiliz-
er added under Ëhe present management. I.Iith all other variables (weath-
er and soil) constant, the moder sras run for each site by changing Noå-N

content and/or anounE of fertilizer applied.
The comparisons between actual above ground dry matter production

(Table 14) and values predicted by the model are presented l-n Figures
L9r 20r 2l and 22. The nodel seemed to be sensitive to different condi-
tions among sites (Table 14). The highesË yields were predicted for
falIos¡ vs. nonfallow farming sites, as a result of hlgher initial NO3-N

concentrations on the former, and for field program sites vs. farming
sites r âs a result of larger amount. of fertilizer applied on program

sites. However, the nodel underestÍmated dry matter production through-
out the growÍng season. The largest deviation occurred early in the
vegetatÍon stage. For nonfallow sites Ëhe rnodel gave a good prediction
of dry EaÈter yield over the entÍre growing season (Fígures 19 and 20).
Predicted values ranged fros 827. to 967 of those observed. The predict-
ed values for fallow sÍtes were loner relative to the actual values
(Figures 2l and 22) than for the nonfallow sites. However even wÍthin
these sites, with the exception of program site aÈ the jointing stage
(547.), the predieted values were reasonably good.They ranged from 747" to
937" of. the observed data.

Actual soil nolsture content vs. predicted values for the five layers
1n which the largest fraction of the rooÈ !¡as expected to be found are
presented in Fl-gure 23. Observed gravimetric water content data were

converted to a volumetric basls as they were predicted by the model us-
lng Èhe appropriate Bulk Density for each layer. l{ithin the upper part
of the profile, the predÍcted values showed reasonably good agreement

wíth actual data.
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Frour the 30 cn depth down to the 120 cn the ¡nodel underestimated mois-
ture content, especially for fallow sltes. This night be one of the
reasons why lower dry natËer yields were predicted for fallow sites than
were actually obtained. Since differences beÈween actual and predicted
values showed little change as the season progressed, underpredicted
values nay be the result of higher actual initial sraÈer content Èhan was

approxinated as fnitial values in the model. Indeed, such an error
night have occurred for many other reasons among which heterogenous soil
properties and saupling errors can not be excluded.

The NO5-N concentrations observed as compared to those predicted were
plotted over the growing seasori (Flgures 24 and 25). Since the uost dy-
namic changes !¡ere assumed by the model to occur in the upper layers of
the soil proffle, the comparisons (observed vs. predicted) were made

only for the first three layers. Due to the simplicity with which ni-
trogen transformations I{ere represented in the model, the predicted val-
ues did not show good agreement wlth observed data. However, the gener-
al trend of NO3 -N concentration changes as well as theír relat.ive
rnagnitude during the growing season qTere considered to be acceptable.
Generally, the roodel overest.imated NO.-N concentration in the top I5 cm

and underestimated the values in the 30 - 60 cu depEh.

4.4.2 Vis - Osborne Sltes
The quarter-section on the Vis farrn rras manured in 1977. As a result

the initial NOr-N concentration for both nonfallow and fallow was higher
than would otherwise be expected. Also due to a large variation in NO,

-N concentration from one square meter to another, comparisons betúreen

actual and predicted data vrere not made.

The comparison between measured and predicted dry matter yields, for
each site, are presenÈed in Table 15 and Figures 26r z7r 28 and 29. The

predicted values were almost the same in all sites(the shape of predicÈ-
ed curves were sfmilar to each other) due to the high initial level of
NOå-N (a11 other variables were constant,). Generally, the nodel under-
predicted dry natter at each site. The largesÈ devlation occurred at
Èhe beglnning of the growing season.
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Predicted values ranged from 502 to 747" and from 467" to 63"/" of. those ob-
served for nonfallow and fallow sites, respecÈively. Later in the sea-
son' after the heading sEage, the predicted values were closer to t.he

observed data.
Some of the reasons why the nodel underpredicted dry nâÈter yields

nay be explaf-ned by a conparison of observed soil moisture content with
predicted values (Figure 30). the eonputed values of initial soil water
content corresPonded with observed values. The relat.ionship was good

throughout the season for three depths, namely, o to I5r 60 to 90 and 90

to 120 cn. The nodel consistently underestimated moisture content at
the other two depths as the season progressed. This was particularly
true at the 15 - 30 cn depth r¿here a large fracÈl-on of the roots are as-
sumed to be found especially in the early grourth stages.

In a more deEailed analysis of rnodel outputs it was found that the
values of transport coefficients (diffusivíty and hydraulic conductivi-
ty), as they were Èaken from stapre's work (1969) and applied to Manito-
ba soils' nere very high, especíalty in Èhe higher range of water con-
tent. As a result, the flow of hrater over the relatlvely large time
lnterval selected increased. IÈ seemed thaÈ, I/2 day integration used
for water flow was still too large. The transport coefficients as a

function of water content could not be adjusted rapidly enough to avoid
instability that perhaps occurred within erater flow.

The better predictfon withln the first layer was perhaps due to peri-
odic water lnput from precipitation whereas for the last layer it rsas

due to relatfvely lower range in nater content and therefore the hydrau-
lic parameter changes, as a function of water conÈenÈ, varied to a less-
er extenÈ
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4.5 CONCLUSION

The nodel was based on the Lírniting Factors hypothesis and accounted
for the effects of weather, soÍ1 and managenent factors on crop yield.
Although the nodel was quite siuple, combining the lnfornaÈion on clima-
tology, soil physics and plant physiology was required. Most of the pa-
rameters used were taken from the literature and only partially from
earlier experimentally derived functions for Manitoba conditions.

Due to the lack of input data the nodel was only tested for two soil
series during 1979. Under such circunsÈances the overall output model,
both in terus of grain and dry matter yields ¡ âs cornpared with actual
farming system output and field program data, tras found to be reasonably
good. There elas sone disagreement between predicted and acÈua1 values
of above ground dry natter production, especially at the beginning of
the growing season. Due Èo the approach used for computing dry natter
yierd as a function of daily gro\{Èh, which in turn was described by an
exponential expression, underestinated values ín the earlier stages of
crop development had a relatively srnall effect on final predicted yield
values.

As v¡as to be expected within a complex system, there ¡sere discrepan-
cies beËween uodel predictÍons, which were based nostly on theoryrand
the experímental data. The most serious one occurred in the soil mois-
ture predictions. The model underestimated soil moisture content in
soil layers ¡slth a relatively high Field capacity valueri.e. erirh a high
iniÈlal vrater content. The luportance of an accurate prediction of soil
moisture was tr¿ofold. FirsÈ, from a detailed analysis of daily model
outpuÈ it v¡as found that over t.he growing. season Èhe effect of soil
moisture (linitation) on potenÈía1 growth occurred when the potential
grol'lth tras exPected to reach the highest values. Second, the estimatLon
of water content seemed critical for predicËing final dry naEter and
grain yields. This ¡sas because soil moisture content r,ras one of the ma-
jor variables wlthin the system/model that connected weather parrern
(precipitatÍon) and soil characteristÍcs with the biologícal subsysten
(crop growth). A ¡nore accuraÈe predlctlon of sofl molsture nfght have
increased the sensitlvity of the nodel relative to the effect of soil
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factors on yfeld and that fn turn might have permttted a ¡nore realistlc
evaluatl.on of the productivlty of a relatively large land area based

nostly on soil properties.
Horrever, at the present tirne the nodel nay be used:

l. for further validation and/or verifiction;
2" as a basls for developing a better or rnore comprehensive model;

3. as a tool for sinulation purposes aÈ the experinental level
(i.e.pilot piant scale).

l. Since the nodel vras tested for only two soll series in one year

1t is desirable that it be further tested against data collected for
wheaÈ groln on oÈher sofl series and under different weather conditions.
The exÍstfng output data from a real system w111 establish the coordi-
naÈes in tfme and space. An l-nput data file 1n terms of weather, soil
and managenent variables must be formed ln order to run the nodel. It
is quite unllkely that pasE experimental data lncludes records of the

entities required to perforn some verificaÈion of the model. Therefore,
by uslng data fron past experiments only a further validaÈion night be

achieved.

Z. Of. the many possible improvemenÈs that could be made to the model,

the most fmportant seems to be related to soil hydraulic paraneters.
There are sorDe available data (Shaykewich - personal communication) that
permit <ievelopment of soil water reLãntion curves and hydraulic eonCuc-

tivity and diffusfvity for several Manitoba soil series. Once these pa-

rameters are fncorporated into the nodel, a Dore accurate treatment of
nater distribuÈlon Ls expected, which night overcone some of the errors
ln predicted soil moisture content.

A second alternative for inproving t.he performance of the nodel l-n

this area may conslst of predlctfng water movement ln the soil using the

"Matric Flux Potentlal'r approach suggested by Shaykewfch and Stroosni-

Jder (L977). This approach has several vLrtues such as: a better esÈf-
matfon of water flow fn coarse-texÈured sofls; an fncrease in accuracy

of predictlon of moÍsture contenÈ for a thlcker layer as well as more

precfse computatfon of nean hydraulfc conductLvity as a result of reduc-
fng the tlne sEep f.ntegratfon in the range of hfgher naÈer conÈent. 41.-

though such an approach requfres subsÈantial changes in the nodel, ft
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should be considered since it night Íncrease the precision and general

applicability of the node1.

Other aspects such as \¡rater accumulation from snowfall, drainage type
and slope night be considered in order to increase the sensitivity of
the nodel. To account for them the nodel must be extended to a hydrolo-
gical type and predict water content over the entire year. The urodel

can easily accomodate such nodifications. The problens may occur rela-
tive to input. data. The weather file must contain a fifth varíable
(snowfall). Contínuous recording of this variable is difficult; snovr-

gauges have several catching problems due Ëo wínd and turbulence, and

the measurement of snow depth by rulers is not accurate due to uneven

snowfall distríbutíon and to the high variation in the water content of
snoh7.

3. There is no doubt that many compromises and rnodifícations musÈ be

accepËed in order to make a model síraple enough to solve a problern wíth¿
Ín a reasonable time. Indeed, the application of a model for practical
purposes largely depends on the truthfulness of the model itself. It
also depends on the degree of accuracy required and accept,ed by the
user. It is difficult, if not impossible, for a ¡nodel to predict. accu-

rately a large number of sÈate variables of a complex system.

After a more extensive validation is performed and some improvements

realized, the present model roight be used for simulation purposes at a

pilot plant scale. This can be realized at. the level of two townships

located in different climatic regions. Based on historical data, a

weather file would have to be prepared for existing AES stations within
the selected area. By using a relatively large number of years the ran-
dom pattern of shoner precipitation is snoothed out to soue extent. Us-

ing the extrapolation method suggesËed by Kraft and Senkiw each quarter-
section can be related to a particular weather input data set. Based on

Soil Survey Reports and Soil Testing Laboratory reports soil input data

can be obtained for every land unit. Although seeding dates do varyra
certain seedíng time must be established. Finally, the management data

fn terms of amount of fertilizer applied nay be computed either as a

function of an average ínput over the past fíve years or based on Soí1

Testing Laboratory recomandatíons.
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Having established input data, the simulation of the nodel nay be

performed for a given land unit and gíven circumstances. By choosÍng
the híghest predicted yield as a basis , a producitvity rndex can be

ascribed to each land unit within selected areas. Aft.er the simulation
is completed further analysis of the efficiency of the model night be

performed using overaÌ1 outputs of the real systens which are available
frorn Crop Insurance records.

If the nodel is to be used for evaluation of land subject to alterna-
t.ive uses, the sinulation must consider several crops and productivity
Indexes that are compared must represent, conplex factors. The structure
of the model ls such that a minimum number of changes are required to
run it for a crop other than wheat.
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C HODEL OF WHEAT GROIJIH IN HANITOBA
PIXMOD

c
IMPLICIT REAL*4 (A-H,J-Z)
cout'roì¡ lcoyn/

* HEAD,THEAD,T,[nFC, F(10),WCFC(10),SR,TMAX,TMTN
cotr'roì¡ lcotn/ AREA,cwHT
cour.roN lcouc/ pREc,RUNoFF,

* xx(I0) ,Dy( l0),Ky( t0) ,oprxx(7) ,opryx(7),tIrLT( I0)
colrltoN lcorol cNoRr.J,

* DENIT,DIF,DISp,NORN,TORT, VITSAT,SIF( l0)
coìruoN /coun/ TKX,cNoRTX(t0) ,FLRNX( t I) ,FLRTX( L l )
corîroN lcotrF/

I BOX,ìfOX,YOX , FERTID(, FERTX,
2 HARVTX,NITUPX,NTRATX,PLANTX, PLGRX,WIBX,DNTUpX( lO¡,
3 trTRTX(l0),SOILIH(10),WCX(10), TDENTX,HIW
cotr¡toN lcout/ AÂ(Bo3o),rNp
LOcrcAL*t FG( 42) l' (27X,F3. 2, 7X,2F3.0,3X,F5.1)' I
LOGTCAL*t FFfr( 14,3)/'(19.3) (9x,F7.4) ',/,ntre( t4)
DIMENS ION ETLX( IO), FRMX(3 ), FRTX(3)
DTMENSTON CROP( I ),CNORT( l0),IXZt (2), r_XZz(2\
DATA cRop (L) /' ctHT' | ,untnA/' HEAD' | ,spr.c/ 'spEc'/,lnEee/'AREA'/,' I c¡lox/'cNox'/
DI}ÍENSION I}rAGE(20)
CALL INIT
CALL INITX
I I=0
READ(5, 200)A, (IlfAGE(I), I:1, t9)

200 FoRlfAT(20A4)
IF(A.NE.HEADA) GO T0 t90
t\rRrTE (6,9878) (IltAGE(I),I=1, lg)

9878 FORXTAT(tHt, t8X, t9A4//)
CALL REREAT)

READ(5, 20I )N,WP,NL, IDAY, INTT, IFORM, IGI, TXZI,TGz,TXZL
201 FoRlrAT (A4,2F4.0,r4,I2,rI,22T2)

READ(99,9876) (r¡reCE(r),I=1,20)
9876 FoRifAT(20A4)

LEITE(6,9877) (fl:acn(1),I=1,20)
9877 FORHAT(IH0,20^4l')

IF(A.NE.SPEC) GO TO I90
rF(NP.EQ.0.) NP=2.
IF(NL.EQ.0.) l,¡L=2.
rF(rNrT.eq.0) tNrr=l
rF(rFoRt!.8Q.0) co TO 5
CALL REREAT)
RFÁD(5,202)FG

202 FORt'fÂT(42At )
READ(99,9876) (Ilt^cE(I),I=1,20)
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WRITE (6,987 7, (IMAGE(I),I=t, 20)
5 CONTINUE

CALL REREAI)
READ(5,206) A,CNORT

206 FOP.Ì.ÍAT (A4, 10F7. 5)
READ(99,9876) (rlHcr(I),I=1,20)
!¡RrTE (6,987 7\ (TMAGE (r), I=1, 20)'Ir(¡.NE.CNOX) cO TO 190
rF(cNoRT(l).EQ.0.) co To 15
DO l0 I=1, l0
CNORTX(I) =CNoRT(I)

l0 NTRTX (I )=CNSRT( I ) *SoILlD((I )
I5 CONTINUE
35 DO 145 IJ-t,IDAY

rF(T.cr. t59..AND.T.LT.26l .) Co ro 70
CALL REREAI)
READ ( 5, 204 )A, DAR EA, DChrHT

2O4 FOR¡ÍAT(A4 ,2F4 .0)
READ(99,9876) (IHAGE(t),I=t,20)
IfRITE (6,987 7) (Ii\fAGE(I),I=I, 20)
IF(A.NE.AREAA) GO TO I90
IF(DAREA .NE.0. ) AREA=DAREA
IF ( DCI.IHT. N E. 0 . ) CI,IIIT=DCIIHT
CALL REREAD
READ(5, 205)A,DPLANT,DTIARVT, IFX, (FRTMX(I),FRTX(I ), I=I,3)

205 FOP.ìfAT(A4, 2F4.0,rI,6F4.0)
REÂD(99,9876) (IlfAGE(I),I=I,20)
.wRlTE (6,987 7 ) ( Ilf.AcE(I),I=I, 20)
rF(A.NE.CROP(l)) CO rO t90
IF(NPLANT.NE.O. ) PLANTX=DPLANT
IF(DHARW.NE.0. ) HARVTX=DHARW
DO 40 I=l,IFX

4O IF(FRTX(I) .EQ.O.)FRTX(I)=50
ICX=0
WRITE (6, 2IO) ERg.A.CI.TIIT,PLANTX, (FRT}fX( I ),FRTX( I) )

2IO FORI.fAT(IHO I5X,' THE UNIT AREA IS',F4.0,'HECTARS."
I lsx,Fq.z,'FRou rHE AREA rs TJHEAT:,,
2 / 5x'PLANT.-D¡,y', 5x' FERT.-DAy,,5x,FERT.-AMNT.',
3 | /Bx,F4.o, I Ix,F4.o, I lx,F4 .o/ l)
IF(IGI.EQ.O) GO TO 70
Ln,rrE (6 ,900 t )IrcFc

9001 FoRlfAT(' I.¡CFC" 10F7.2)
I\TRITE(6,9002)WILT

9002 FORT.fAT(' WILT', , 10F7.2 )
65 t¡RrTE (6,22O)

220 FOR\I"/\T(IHI,' T PLGRX
70 T=T*l

ANCX, )

rF(rcx.cE. rFx.oR.T.NE.FRT.Ì'L\(lCX+l ) ) CO TO 8o
ICX=lCX+l
FERTX=FF]RTX+FRTX (ICX) * I . 1 2
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FERTIfX=FRTÌtX ( ICX)
80 READ( I I,FG,END=lB0)PREC,TIIAX,TIÍIN,SR

INT=2
IPREC=PREC
IF(IPREC.LE.2) GO TO 1234
INT=IPREC+l

I234 CONTINUE
C/ILL ETX (ETLX, PAIfX,HARVTX)
DO 95 I=l,INT
CALL MOIST(WCX, FLRTX,SOILMX,ETLX,T\ÌTBX, IKX, I,INT)
CALL 

, 
NITRO (!^ICX, FLRTX, SOILMX,IKX, CNORTX, FLRNX, NTRTX,Dì¡TUpX , FERTX,

* PLANTX, HARVTX, FERTI'IX,DNFl.fX,NTRATX, Il'¡T,TDENTX)
95 CONTINUE

IF(T.GE. PLANTX. AND.T.LT.HARVTX) CALL PLGRTH (PLANTX.},!OX,
I BOX,YOX,NITUPX, PLGRX,WTBX,PAMX, ETLX,IKX,
2 DNTUPX,CNORTX,OPTXX,OpTyX, l,tùCX,mLT)
IF(T.NE.HARMX) GO TO II5
DO 1.00 IZ=1,10

IOO DNTUPX(IZ)=0.
RZONEX=0.
NITUPX:O.

It5 rF(rct.Eo.0) co ro 140
rF(AtroD(t,Nr.¡.cr.0.) co ro 140
ANCX=0.0
DO 2000 IK=l , l0

2000 ANCX=ANCX+ìJTRTX ( IK)
ANCX=.{NCX't 10.0
SHC2:NITUP* I OO.
wRrrE ( 6, 360 )t, pLczux,ANCX

360 FOR\IAT( lHO, F5.,6X, 2Fg. 3)
DO t36 I- l,IGl
IXZ=IXZI (I)
co To(t3o,l3l),rxz

130 wRITE(6, 370)CNORTX
GO TO 136

t3t r,rRrrE(6,380)l.lcx
I36 CONTINUE
370 FOR¡:AT(' CNORT"3Pt0F7.2)
380 FORTfAT(' WCX"l0F7.3)
140 rF(rc2.EQ.0) co To 145

rF(AlroD(T,NP).cr.0. ) co To. t45
rfRtTE( I 2,400) PLGRX,NITUPX

400 FOR]TAT(0PF9 .3,zPF7 .î',)
tu\( I r )-T
I I=I I+l

I45 CONTINUE
GYIELD=PLCRX*llIW
BYI ELD=GII ELD*0 .0l.49
Ln,I TE ( 6 , 3 50 ) pt.CRX , cyl ELD, ByI ELD

350 FOR}IAT(I IIOX,'ÀV}ìIIACE YIELD- (OVF:RALL OUTPUT)' ,
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I / /5x' DR.-MATR.(KG/HA)' ,5X'GRAIN (KG/HA); (BU/AC)' 
'2 / | 9X,F9.3,9X,F8.3,8X,F3 .0,/ / )

rF(rG2.EQ.0) Go ro 999
INP=IDAY/NP
DO l/5 IX=l,IG2
REWTND 12
D0 l5U IZ=1,I4

150 FMTA( IZ) =P¡1'¡ç IZ ,IxZz(Ix) )
DO I55 II=I,INP

I55 READ( l2 ,Fì,ITA,END=156) AA( INP+II)
G0 'r'o 15 /

I56 INP=II
r5l CALL PLOT(IXZZ\IX.),2)
r/5 CONTINUE

G0 'r0 999
rEU WRITE(6,500)
5UO FORMAT(, INSUFFICIENT I,üEATHER DATA, )
190 I,TRITE( 6,550)
550 FORMAT(, CONTROL CARD ERROR,)
999 STOP

END

BLOIK DATA
II'IPLICIT REAL*4 (A-H,J-Z)
COMMON /cot{A/

* HEAD,THEAD,T,WTFC, F(I0),I^ICFC(10),SR,TMAX,TMIN
coMMoN lcoMc/ PREC,RUNOFF,

* xx( I0) ,Dy( I0) ,KY( I0) ,oPTXX( 7) ,OPTYX(7) ,}IILT( 10)
C0MMON / colúl/

1 GRAIX( 10),cRAly( 10), GRAX( 1 I ),GRA3L( I t ),STRESl ( I 1 ),STRES2 ( I I ),
Z STRE53 ( 1 1 ),TRESSl ( I 1 ),TRES52 ( 1 1 ),TRES53( I 1 ),PATN( 10, 1O),DATES( 1O )
DATA XX/ 0.t5,0.2,0 .225,0.25,0.275,0.3,0.35,0.4,0 .45,0.5/,

I Ky/ -5.5,-4 .57 ,-4. ,-3.33 ,-2.4 r-I .5 ,0. ,1. ,1.33 ,L.5/ ,
2 Dy/ -0.25,-0.1,0.15,0.6,1.3,I .9,2.5,3.2,4.,4.4/,
3 GRAIX/ 160.,169.,181 .,193.,203.,211.,218 .,227 .,245.,26I. /,
5 GRAIy/0.30,0.38,0.54,0.80,0.96,I .02,1.04,1.00,0.55,0 .32/,
7 GRAX/0.,0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9,I./,
8 GRA3L/0.,0.I,0.15,O.2,0.25,0.3,0.4,0.5,0.6,0 .7,1. /,
9 STRESI/0.05,0.15,0.25,0.4,0 .57,0.72,0.85,0.95,0.99,1 .,t./
DATA STRESZ / 0.13,0.23,0.4,0.65,0 .94,0 .94,0.97,0.98, I .,1 .,t . /,

r srRES3/0.35,0.65,0 .77,0.99,0.93,0.95,0 .97,0.99,0.99, 1 .,1 . /,
2 TRnSSI/0.0I,0.05,0.L2,0.21,O .32,0 .47,0 .62,0.7 6,0.99,0.98,1 . /,
3 TRESS2/0.05,0 .I2,0.25,0.4,0.56,0.7 4,0.85,0.94,0.97,I.,t. /,
4 TRES53/0.15,0.28,0 .42,0.6,0.76,0.96,0.94,0.96,0.99,1.,r./,
5 DATES/ 17 5 . ,180 . , 187 . ,I 9I . ,I97 . ,203 . ,2L0 . ,2L7 . ,225 . ,26r . / ,
5 PATN/ I . r 

g*0., 2*0.5 r9*0 . r2*0.4 r0 .2 r7 *0., 2*0.35,0.2 r0.1 r6*0 .,
6 u.35,0.3,0.2,0.1,0.05,5*0.,0.35,0.3,0.15,0.I,2*0.05,4*0.,
7 0.35 r0.3 r2*0.1 ,3*0.05 r3*0 . ,2*0.3,2*0.1 ,4*0.05,2*0. ,
8 2*0.3 ,0 .l ,6*0.05,0 . ,2*0.3 ,0 .l ,5*0.05 ,2*0 .025 /
DATA oPTXX/ 0.,2O.,45.,55.,65.,90 .,120./,

r opryx/ 0.03I ,0 .052 ,0 .029 ,0 .022,0.021 ,0 .022,0 .020/ ,
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I opryx/0.031,0.052,0.029,O.022,0.02I,0.022,O.O2O/,
z wcFc/o.39,0 .q2,0.31,0 .27,o.26,o.21,ó .2i,o.25,0 .2i,o.27 /,3 }¡rlT/o. 2 l,o .zA,o. 15, o. I l, o. lo, 0.07, 0.0g, o.09,o. I 1,0. I t /

ENI)

SIIBROIJTINE INIT
II'IPLICIT REAL*4 (A-H,J-Z)
coìrlroN lcoye/

*HEAD,IIIEAD,T,üIIFC, F(10),WCFC(lO),SR,TlfAX,TlfrN
cot'ltoN /co¡t¡/ AREA,cwITT
ColrlfoN lcow/ cNoRw,

* DENIT.DIF,DISP,NORN,TORT, I\TSAT,hrF( l0)
T=159.
NORN=0.001 i

DIF=1.
TORT=O.6
DISP=4.
DENIT=0 .0004
CNORI'Ì=0 .004
HEAII=0.
IHEAIJ= I
WTFC=0 . 2 7

LTSAT=O.33
CI,IHT=1.
AREA=64.
D0 l0 I=1,5
t'IF({)=6.6

l0 h'F( I+5 ) =0 .9
DO 20 I=1,2

2o F(r)=0.5
ÐO 30 I=3,10

30 F(I)=1.
RETUR¡i
END

SI.II]ROI]TINE INITX
I}fPLICIT REAL*4 (E_II ,J_Z)
colll.toN /colre/* ItEAD,IHE/\D,T,IfrFc, F(t0),ltcFC(10),SR,T]tAx,Tr.lrN
cotft'totr /co¡rc,l IKX,* ctioRT\( t0),FLRNX( t 1),Fr.RTX( I I )
coil¡foN /c0uF/

EOX , ìtox , Tox , FERTI f x, FERTX ,
I|^RVTX,NI'tUpX,NTRATX, PLANTX, PLGRX,tiTBX,DNTUpX( tO¡,
NTRTX( IO),SOILI.fX( IO),IJCX( IO) , TDENTX,HIhI

PLCRX=0.
ÌlOX=5 2 .
BOX=27.

I
2

3
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YOX=2 10.
NTRATX=0.
NITUPX=O.
l{TBX=500.
IKX=HINI ( lO.,tnBX / L5.\
FERTX=0.0
PLÂNTX=l 60.
HÂRVTX=261.
TDENTX:O.
Hrw=0.38
DO l0 I:l,IKX

l0 rrcx(r):r.¡cFc(I)
wRITE (6 , 1000)WCX

1000 FOR-tfAT(' WCX" 10F7.3)
rF(rKx.Eq.l0) co ro 30
IL=IKX*l
DO 20 I=IL, l0

20 I.'CX(I )=l.lCFC(I )+0.07
30 DO 40 I=1, l0

SOILIÍX( I )= I 5 .'kl'¡CX ( I )
DNTUPX(I)=0.
cNoRTX(I ) =0. 020-0. 001 0*I
NTRTX ( I ) :SoILl.fX( I ) *CN9RTX ( I )

4O COI'TTINUE
RETURN
END

suBROUTINE ETX(ETL, PAl.f ,HARVT)
I}IPLICIT REAL*4 (E_H,.I_Z)
cotflfoN lco¡n/* HIìAD,IHEAD,T,I+TFC, F(lO),I*ÌCFC(lO),SR,TtfAX,TMIN
colft.foN /co¡rH/

I cRÁlx( l0),cRetv( l0),cRAX( I t ),cRA3L ( t I ),srRES I ( I I ),srRES2 ( I I ),
2 STRES3(ll),TRESSI(tt),TRESS2(It),TRESS3(ll),p¡,rl.l(l0,tO),DATES(tO)
DL\ÍENSION ETL( I0)
CTIÍAX=TÌIAX* I .8+32 .
CTlf lli=Tlf IN*l .8+32.
LET=-S 7 . 03+ ( 0 . 9 2 8*CTlrAX )+ ( 0 . 9 3 3* ( CTlfAx-CTlrrN ) )+ ( O . 04 B6 *SR)
PET=LET*O.0094
IF(T.cE.l2l .AND.T.LE.288) cO TO l0
ET=0.0375
co To 40

l0 rF(T.cr.nÂRvr) co To 35
RÂTIO=ÂFCEN (cRA lX, cRAl Y, l0 ,T)
rF(T.cE.l78) CO TO t5
ET=PET*RATIO
GO TO 40

l5 IF(T.cE.2l2) co To 20
IF( PET.LE.0.4 ) ET=PET*RATrO*AFGEN(GRA3L, STRES3, I l,pAlf)
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IF(PET.GT. .4 .ÀI{D. PET.LE. .53 ) ET=PET*RATIO*AFGEN(GRAX, STRES2 , I I ,PAM)
IF(PET.GT.0. 53) ET=PET*RATIO*AFGEN(CRAX,STRESI, I I .PAM)
GO TO 40

20 IF(PET.LE.0.3) ET=PET*RATIO*AFGEN(GRA3L,TRES53, I I,PAM)
IF( PET. cT. . 3 . AND.PET.LE. . 4 I ) ET=PET*RATIO*AFGEN (cR^X, TRES S2, I l, PAM)
IF(PET.LT.O.4T ) ET-PET*RATIO*AFGEN(GRAX,TRESSI, I I,PA}I)
GO TO 40

35 ET=O.25*PET
40 DO 45 IJ=l,10

IF(DATES(IJ).CE.T) GO TO 55
45 CONTINUE
55 DO 50,I=1,10
50 ETL(I)-PATN(l,t¡) *Et

RETUR}I

END

SUBROUTINE ¡fOIST(l,lc, FLRT,SOILM, ETL, !rI8, IK,lt*Ì, INT)
I}IPLICIT REAL*4 (A-H, J-Z)
colflfoN /coue/

* IIEAD,THEAD,T,WTFC, F( l0) ,ItCFC( l0) ,SR,TMAX,TMTN
colfi'foN /co¡n/ AREA,cr,rHT
colf.\1oN lcoüc/ PREc,RUNoFF,

*xx ( I 0 ), Dy ( t 0 ), Ky ( l0 ),oprxx (7 ),opryx ( 7 ), r^rrLT ( I 0)
DIIÍENSION HC( l0),FLRT(t l),SOILlr(I0),ETL( I0),OStf( l0)
DIFN(X)= 10.**AFCEN(XX'DY, l0,X)
CDUT (X) = I 0 . **AFGEN (XX,KY, l0,X)
DO l0 I=1,10

I 0 oSl.f ( I )=SoI t-r.r( I)
IL=IK*l
IF(IK.LT.IO) GO TO 20
AvD: (DrFN (rJC( t 0) )+DrFN (WTFC) ) /2 .
AVC= (cDLrT (r,'c ( l0) )+cDUT(t,i"rFc) ) /2.
FLRT( I I )= (AvD*(t,IC( I0)-wrFC) / ( (trrB-r50) I 2.+7.5)+AVC) /rNr
IL=10

20 DO 30 I=2, l0
¡t¿¡t= (DIFN (IlC( I-l ) )+DIFN (I,rC( I') ) ) / 2.
Avc= (cDr.J-r(h,c( r_l ) )+cDUr(r,rc( r) ) ) / 2.

30 FLRT(I )= (A\¡n't(rr'C( I-t )-r.rc(r) ) /15.+AVC) /INT
IF( IIJH . NE. I ) GO TO 70
IF ( (PNEC+IIIìAD/II]EAD).GT.3.) GO TO 60
RIINOFF=0.
co T0 70

60 RUNOFF=o. 344* (pREC+rrEAD/tHeen)-0. 344
70 FLRT( I )= (l'REC-RUNOFF+llEAD/IHEAD*INT) /rxr
60 DO 100 I=l.lK

s0 r Llf ( r ) =o Su ( r )+FLRT ( r ) -FLRT ( r+t ) -ETL ( r ) /r Nr
tJC(I)=5e¡Llf(I)/15.
1p(NC(r).LE.r,rcFC(r) ) CO TO 90
FLRT (I+l )=FLRT(r+t )+(rr'C(r)-WCFC(r) )*15.
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WC(t)=1¡çFC(I)
SOILH(I)=15.*lJC(I)

90 rF(wc(r).cs.wrlT(r)) co To t00
SOILM( I ) -SOILH( I )+ETL ( I ) /rHr
IF( I.LT. IO) ETL(I+I )=ETL(I+I )+ETL(I )
ETL(I)=0.
WC(I)=SOILM(I) I15.
rF(t{c(r).cE.wrLT(r)) co ro loo
FLRT(I+l )=FLRT( r+t )- (WILT( r )-tJc( r ) ) *t 5.
t¡c(r):r.¡rLT(r)
SOILIÍ(I)=15*wILT(I)

IOO CO}TTINUE
RETURN
END

SUBROUTTNE N lrRo (I{c, FLRT, sorllf , rK, cltoRT, FLRN,NTRT, DNTUp, FER'I,* pL¡^ÎìT, HARVT,FERTIM,DNFt.f,NTRAT, INT,TDENIT)
I}IPLICIT REAL*4 (A-H, J-Z)
coltì.foN /cotíA/* ITEAD , IIIEAD , T, I.¡IFC , F( l0 ) , I^'CFC ( I 0 ) , SR, TIlÀ\ , Tt.tIN
colfi.foN /co¡al cNoRI.J,

* DENIT,DIF,DISp,N0RN,TORT,I{TSAT, I..rF.( lO)
DI}IENSION DNTUP(IO),I,JC(IO),FLRT(II),SOILI,f(IO),CNORT(IO),FLRN(II),

* NTRT(t0)
FLRN(l)=FLRT(l)*ruoRN
DO 20 I=2,10
ÐFL= (DrSp*ARS ( FLRT ( I ) )+DrF*TORT*O . 5* (hrc ( I_t )+rJC ( I ) ) /rNT )* *(CNORT(I-l)-CN6RT(I))/15.
IF( FLRT(I ) .l-8.0. ) ltn=FLRT(r ) *ClioRT(r) *1.rr,t,
IF( FLRT(I) .GT.O. ) IIN.=FLRT(I) *CNORT(I-I )*WF(I)

20 FLRN(I)=MFL+DFL
IìFL= (Dr sP*ABS ( FLRT( I t ) )+n rr*ToRT*0 .5* (hrc ( l0)+rlrs¿T) /rNt.)* *(CN0RT( l0)-Cxonlr) /757 .
IF(FLRT( I l) .rs.0.) Un =FLRT( I t)*CNoRtI
IF( FLRT( I I ) .cT.0. ) ypL=FLRT( t I )*c¡uo*t, tO,
FLRN(tl)=MFL+DFL
DO 80 I=t , l0
NFLRN=FLRN ( I ) -FLRN ( I+I )
NTRT( I)=}]TRT( I )+NFLRN_DNTUP (r) /r¡¡r
rF(NTRT(r).CE.0.) CO TO 80
hnITE(6,200) I

2OO FOR¡fAT( 126X,'**NEG.NO3_N BEI}IG CORECTED II.I LAYER' ,I3,':t*' ¡FLRN (I*I )=FLRN ( I+I )+NTRT(I )
NTRT(T)=0.

80 CONTINUE
IF(NTRAT.GE.FERT) GO TO 90
DNFl.l=0 .005
IF(T.LT. (FERTriÍ+45) ) or¡Ftt=FERT*0.0002
IiTRAT=}iTRÀT+DNF}f * I OO/INT
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NTRT( I )=NTRT( I )+DNFM/INT
90 DO 100 I=1,2

IF(WC(I).LT.I.ICFC(I) ) GO TO IOO
DENT=AHINt (DENIT,NTRT (I ) )
NTRT ( I ) =}¡TRT ( I ) -DENT/ INT
TDEN IT= TD EN IT+D ENT / I NT

IOO CO}ITINUE
rF(T.LT.t20.OR.T.cr.289) co To t30
rF(T.LT. t5l ) cO TO 120
rF(T.LT.228' cO TO lI0
NTRT( t )=NrRr( I )+0.001 3/rNr
NrRl( 2 )=NTRT( 2 )+0.001 3/INT
co To 130

I t0 NTRT( t )=trTRT( I )+0.0014/rNT
NrRr ( 2 )=tirRT ( 2 )+0 . 001 4/rNT
GO TO t30

I 20 t,rrRT( t )=NTRT( I )+0.0008/rNT
NTRT ( 2 ) =NTRT( 2 )+0 . 0008 /rNT

130 DO 140 I=1,10
140 cNoRT (r )=ì¡rRT(r ) /SOTLM(r)

RETURN
ENN

SUBROUTINE PLGRT}I(PIEHT,}fO,BO,YO,NITUP,PLGR,
* I.ITB , PAM, ETL , IK, Dì¡TUP , CNORT , OPTX , OPTY , II\IH , l.lc , IIILT )
IifPLICIT REAL*4 (A-H,J_Z)
INTEGER }fAXI
colofoN /co¡t¡/

* HEAD,IHEAD,T,WIFC, F(lO),I,'CFC(10),SR,TMAX,Tt"lIN
DrlfENS IOÌ{ r.¡C( I 0), ETL( t0), DNTUp ( t 0), CNORT ( I 0),OPTX ( 7 ),OpTy ( 7 ),* wrLT(t0)
RZoNE=3.0+( t 47 . | (l .0+EXP(s.-(8.*( (r-PLANT) /52.) ) ) ) )
IX=AllIN0(l.fÀ\t (RZ0NE, 15.) / 15, I0, IK)
I.l=0.
l{X=O.
DO l0 I=l,IX
IüX=Ì.JX+IìC FC ( I ) -tJI LT ( I )

l0 I,I=hr+l{C ( r ) -wrlr( f )
PAì.f=t,'/tùx
LlfH=Ar,oc I 0 ( I O0*pAlt+t . ) / z.oot+t
DO 20 I=l, l0
DNrUP ( I ) =ETL ( I ) *CN6RT (I ) *F( I )

20 lIITl.lP=N ITUP+DNTUP ( I )
IF(PLGR.GT.O) GO TO 60
Llfl{=1.
co To 90

60 TP=T-PLÂNT
oPt{IT=ÂFcEN (OPTX,OPTY, 7,TP)
R=A}f IN' I ( I OO. *N ITUP/PLGR, OPN IT)
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80 LltN-EXp (-(OrHrr-R) :t*27 (0. 75*OPNIT )**2)
. 90 TAIR=((rNex+rrflN)/2)+273.

LlfT-EXp (- ( I .02721 **TAIR* ( ( ZSA . -TArR) /rnrn)'r*2 ) )
Llf=AlfIN I (LlfT, LMW, LMN )
GRELH*YO*EXp (- (MO-T+PLANT) * *2 /BO**2 )
PLGR=PLGR*GR
RETURN

END

c
FUNCTION AFGEN (AnC, I'UNC, IDIM,X)
I}ÍPLICIT REAL*4 (A-H,J-Z)
DIMENSION ARC (IDIY),FUNC (IDIM)
DO l0 I=l,IDIlf
IF(ARG(I).CE.X) GO TO 20

IO CONTINUE
rJRrrE(6, 30) x,ARG (rnry)

30 FORÌÍAT('THe VALUE"Fl0.4,'IS OUTSTDE OF ARGUÌ.ÍENTS OF THE TABLE;'/
* ,IT IS SET EQUAL TO LAST ARGUMENT IN TABLE:,,FI0.4)

35 AFGEn'=FUÌ{C ( IDIM)
RETURN

20 rF(r.EQ.t.) co ro 45
J=I-l
AFGEN=FUNC( J)+(FUNC ( r )-FUNC (J) ) / (ARG (r )-Anc (J) ) * (X-ARC (J) )
RETURN

45 AFGEN=FUNC( I )
RETURN

. END

c
SUBROIITIN}.: PLOT (NO, M)

coìflfoN /corrt I A(8030),N
DrìfENStON ylf (2),ypR( t l) ,Jp( t0)
DATA Ylf / 10000. , I 50. /
LOGICAt,*l 

^NG( 
l0) /' *123456789' / ,BLANK/' ' f ,OVER/',+', /

LOGTCAL*I OUT(t0l)/ 101 *'' I
L¡cICAL*l ¡uAD(ZO,Z)/,çtrner cRorrTH(KG/HA) N_trpTAKE (KG/HA) , /
[T.trE(6,:00)No

200 FoRr.rAT( lHl ,60x,7H CH/\RT ,I3, I l)
l'IRITE(6,300) (Hr:¡o (I,N0) ,I:l ,20)

300 FOR¡IAT( 57X, 20At, /)
TIIIN=0 .0
Tli,Ax=Tì1( NO )
YSCÄL= (T}IÀX_Y}Í IN) / I OO. O

YPR(l):rrtrr,¡
IJO 20 l=l ,9

20 TPR( I+1 )=Tl'R(I)+YSCAL*10.0
TPR(ll)=TltAX
hRITE(6, 400) (YPR(t), I=l, l l )

400 FORIÍAT(9\. t lFl0.2)
hT,rTE(6,500)



500 FORMAT ( I6X, lO (', .', , gx) ,' .' \ 136

MY=M-I
DO 50 L=l,N
DO 30 I=l,MY
LL=L*I*N
IF(A(LL).GT.YMAX) GO TO 25
JP (I)= ( (A(LL)-YMIN) /YSCAL)+I .O
OUT(JP(I) )=ANG(I)
GO TO 30

25 JP(I)=101.
OUT(t0l)=Ovnn

30 CONTINUE
LL=A(L)
t{RITE(6, 600) LL, (OUt(I),I=l, I01),LL

600 FoRlrAT( lox, 15 r' .' ,l0lAl ,' ., ,r4)
DO 40 I=l,My

40 our(.ieç1¡ )=BLANK
50 CONTINUE

wRrrE (6 ,500)
IITRITE(6,400) (ypn(f ) ,I=I,11)
RETURN

END



Appendix B

WEATHER FILE' L979 : RIDGEWAY,MÄRQUETTE,NONFALLOI{,FARMING SITE
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WEATHER : RIDGEI.IAY-Ì,ÍAROUETTE

l. 0g 06
2. I0 06
3. lt 06
4. t2 06
5. 13 06
6. 14 06
7. 15 06
8. 16 06
9. 17 06

10. ,18 06
tr. t9 06
t2. 20 06
13. 2l 06
14. 22 06
15. 23 06
16. 24 06
17. 25 06
18. 26 06
t9. 27 06
20. 28 06
21. 29 06
22. 30 06
23. 0t 07
24. 02 07
25. 03 07
26. 04 07
27. 05 07
28. 06 07
29. 07 07
30.08 07
3I. 09 07
32. t0 07
33. tl 07
34. t2 07
3s. t3 07
36. t4 07
37,. t5 07
38. t6 07
39. t7 07
40. 18 07
41. 19 07
42. 20 07
43. 2L 07
ttí. 22 07
45. 23 07
46. 24 07
47. 25 07
48. 26 07

21 5 10085
23 l0 10100
24 3 101 13
29 8 l0r2s
35 l4 10136
27 t4 t0145
2l I 10154
22 13 l0t6t
25 4 10166
27 7 l0l7r
2t l0 10174
2t t3 10176
t3 6 10177
L7 2 t9t76
22 3 lot 74
26 I l0l7t
24 13 10167
23 l0 t0t6t
28 8 10154
25 t2 10146
29 lI t0136
27 t2 10126
27 13 l0lt4
26 15 10101
26 13 10086
29 L2 1007t
28 L2 10054
28 t3 t0036
24 L2 tOO27
3l t5 10007
32 t7 9985
32 13 9962
30 t4 9938
32 16 9913
27 t8 9887
24 ll 9859
2L 9 9B3l
24 5 980t
28 9 9770
30 t3 9738
27 13 9705
33 14 9671
27 t7 9636
30 8 9600
26 t7 9s63
28 t2 9525
22 L2 9486
22 9 944s

35

l8

27

30

t0

t5

25

73

35

30

C:

l5
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49. 27
50. 28
51. 29
52. 30
53.31
54.01
55. 02
56.03
57. 04
58. 05
59. 06
60. 07
61. ,08
62. 09
63. t0
64. Il
65. 12
66. 13
67. t4
68. 1s
69. t6
70. t7
7r. l8
72. l9
73. 20
74. 2r
75. 22
76. 23
77. 24
78. 25
79.26
80.27
8I. 28
82. 29
83. 30
84. 3t
85. 01
86. 02
87. 03
88. 04
89. 05
90. 06
9t. 07
92. 0B
93. 09
94. l0
95. ll
96. 12
97. t3
98. t4
99. r.5

07
07
o7
o7
o7
08
08
08
08
08
08
08
08
08
08
08
08
08
08
08
08
08
08
08
08
08
08
08
08
08
OB

08
08
08
08
08
09
09
09
09
09
09
09
09
09
09
09
09
09
09
09

27

25
81

25

48

269
30 lt
27 t3
22 L3
265
29 t0
24 LL
18 6
2t t0
23 tI

269
24 tO
245
22 12
2t8
253
22 t2
13 5
t8 3
2It
229
25 t2
29 t3
28 l0
30 t2
2L tt
2L t5
t3 7

215
2I t+

237
276
27 12
19 9

23 I
2s l0
23 L4
148
16 3
229
2s7
16 3
18 I
236
l8 6

t5 4

19 6
15 5

14 I
220
253

9404
9362
93r9
9275
9231
9185
9138
909 r
9042
8993
8943
88 92
884 l
87 88
8735
86 81
8626
857r
8515
84 58
84 00
8342
828 3

8223
8r63
8t02
8052
7 990
7927
7 864
7800
7 736
7672
7606
7 541
7475
7 408
7 34r
7274
7206
7l 38
707 0
700 r
6932
686 3
67 93
6723
66s3
6583
65t2
6442

27

25

t5
t7
93

C:

88



100. 16 09
l0l. l7 09
102. l8 09

C:
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30 l0 637r
2t t2 6300
13 | 6229



Appendix C

SMPDATA - SOIL AND MANAGEMENT INPUT DATA: RIDGET^JAY -
MARQUETTE,NONFAI,LOW,FARMING SITE
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 o
C
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X
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A
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Appendix D

OUTPUT: RIDGEWAY - MARQUETTE,NONFALLOI^I,FARMING SITE
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