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ABSTRACT

A crop simulatíon model (van Keulen, 1975) for the growth of spring
wheat r¿7as tested under Manitoba environmental conditions. The simulated
crop gro\rth - dry matter productíon, seed yield, water use, development
rate' and leaf area index (1979 only) - \"/as compared to fíeld data col-
lected during the growing seasons of I978 and L979 from experimental
sites at Brandon and Glenlea" The spring wheat cultivar Sinton was used

for the test. Climatic data - rainfall, solar radiation, maximum and

minimum temperature, humÍdity, dew point temperature, windspeed, and

vapor pressure - \{ere collected at each site and used as input for the
model.

Rainfall fron planting to maturÍty fox I97 8 was about average but
much belor^r average for L979. The model slightly underestimated dry mat-

ter productíon, overestimated vrater use and greatly overestimated seed

yÍeld fox L978. Leaf area index vras measured during 1979. At Glenlea
where moisture was not as lirniting as at Brandon during L979, the simu-
lated uaximum leaf area index was much lower than that occurring in the
field. At both locations the simulated pattern of leaf area gro\vth lag-
ged behind the field observed leaf area growth. For L919, the model

greatly underestimated dry matter production and seed yield. The model

sirnulated crop development reasonably accurately for 1978 but underesti-
mated time to maturiEy for 1979.

The model needs revision, especially where conditions of moisture
stress exist, to improve the simulation of crop growlh and development

of SÍnton wheat. It is suggested that the simulation of leaf area
growth and crop development be improved and tested before the remainder
of the model is revised.
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Chapter I
INTRODUCTION

Recently there has been greaÈ interest in the use of computers to
simulate some of the physical and biological processes involved in crop

growth. Inf iltration and redistribution of rain r¡zater, the microclimate
of crops, nutríent and T¡rater uptake, photosynthesís and respiration are

some of the processes that researchers are trying to simulate" Ifa
simulation model of a particular process has been tesled under a variety
of situations and found to be accurate, the simulatíon rnodel can then be

used to study the response of the particular process to a changing envi-
ronment. This could lead to savings in both money and time. Field
experiments and growth chamber studies usually take weeks to eomplete

and can require upwards of a few thousand dollars" The same results and

conclusions may be reached with a reliable simulation model in a matter
of hours and for a fer.r hundred dollars"

The development of a simulation model leads to
fir. A sj-mulation model is only as accurate

research upon which it has been based. Therefore
sive review of the literature needed in developing

the researchers soon become a\^rare of the depth

research that has been done in a particular area.
make suggestions as to where further research

further research themselves to validate some of
have made in developing the model.

one other major bene-

and reliable as the

because of the exten-

Ëhe simulation mode1,

and quality of the

The researchers may

is needed and/or do

the assumptions they

Upon completion of the development of a simulation model, the model

should be tested and validated under varying environments. This helps

define the limitatíons and shorteomings of the model" This then leads

to further improvement of the model through continuíng research or by

defining boundary conditíons within which the model may be confidently
used.

-1-
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A simulation model r¡as developed by Dutch researchers to simulate the

overall process of crop growth and development of spring wheat" The

Dutch researchers, noteably de Wit and van Keulen, conducted field tri-
als and experiments in Israel in the course of developing and verifying
their model. Because the growth of a crop is a hÍgh1y complex process

about whích our knowledge Ís relatively limíted, many assumptions vrere

made v¡hen developing Lhe model. The purpose of this research project
was to: 1) revíew some of the literature to illustrate the complexity of
crop growlh and some of the aspects of crop grov/th that a researcher
should be aware of r¿hen developing a simulation model, 2) test van Keu-

len's model under Manítoba eonditíons, 3) offer suggestions as to how

the model may be improved and 4) determine the conditions under which

the model may be inaccurate"



Chapter II
LITERATURE REVIEI,i

2"1 DEVELOPI'ÍENT RATE

The development of r,rheat is
which includes moisture stress,

influenced by environmental conditions
photoperiod (daylength) and temperature.

2.I.L Effect of Moisture Stress
Depending on its severity and the stage at r¿hich it occurs, moisture

stress can increase or decrease the development rate of v¡heat. Ehlig
and Le Mert (1976) found that plants in their driest treatment headed 7

to l0 days earlier and matured 5 to 6 days earlier than the v/ettest
treatments of their study" Day and Intalop (I970) slressed wheat plants
at three stages; jointing, flowering and dough stages. They found that
plants that were water stressed at jointing flowered earlier but did not

mature earlier than nonstressed plants. 0n the other hand plants
stressed at flor¡ering and dough stages matured earlier than nonstressed
plants. El Hadi (1969) also found that moisture stress during and after
the flowering phase caused wheat to maLure earli-er" Angus and Moncur

(I977) subjected wheat plants to mild and severe v/ater stress between

floral ínitiation and anthesis. Mild stress hastened plant developmenË

while severe stress delayed development as compared to conLrol plants.
Early severe stress delayed anthesis to a lesser extent than did late
applied severe stress.

The germination rate of wheat is also affected by soil moisture

stress. Pawloski and Shaykewich (I972) found that the germínation rate
of Neepawa wheat decreases little between 0 and 7.8 bars suction but at
15.3 bars suction the tíme to germination approximately doubled. The

ftnal germination percentage \das the same for all suctions. They also

showed that hydraulic conductivity is an important componenÈ of soil
moisture stress as it affects germination.

-3-



2.I"2 Effect of Daylength

Riddel et aI" (1958) studied the effect of

ment of spring wheat" They used 4 cultivars
daylength increased the development rate.
effect was independent of light intensity.

4

daylength on the develop-

and found that increasing
They concluded that this

The response of spríng wheat to changing daylength has been found to

be cultivar dependent (Riddel and Gries, 1958; Halse and l^leir, L9701'

Major, 1980)" Riddel and Gries (1958) and Major (1980) studied the res-
ponse of spring wheat cultivars to changing daylength. They found thaË

the cultivars flowered earlier with increasing daylength but that some

cultivars were much less sensitive to changes in photoperiod than were

the others. Halse and l^Ieir (1970) found large variations in sensitivity
to increasíng photoperiod betrrreen the 14 Australian wheat cultivars of

their study"

2.I.3 Effect of Temperature

Generally, increasing temperatures increase the development rate of
wheaÈ. Decreasing mean air temperatures increases the number of days

between anthesis and heading (Canpbell and Read, 1968; Bagga and Rawson,

L977) and increases the duration of grain growth (I^Iarrington et al.
1977 ; Sof ield et al . , 1977). I^larrington et al. ( 1977) f ound that
increasing day temperature from 15 xo 25C had little effect on the

length of the vegetative stage of development but greatly reduced time

required for ear development and grain growth stages.

Robertson (f968) used temperature and photoperÍod in the development

of a biometeorological time scale for wheat. The growth of Marquis

wheaÈ r¿as divided into 5 stages: planting to emergence, emergence to

Jointing, joínting to heading, heading to soft dough and soft dough to

ripeness. The roodel predicts the number of days required for each

stage. Regression coefficients calculated using historical data gave an

indication of the importance of photoperiod and temperature for each of

the 5 stages. The time from planting to emergence vras dependent on

temperature but days from emergence to jointing vras relatively insensi-

tive to temperature but very responsive to photoperiod; increasing pho-
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toperiod íncreased the developnient rate. The last 3 stages r¡/ere respon-

sive to temperature; increasing temperature increased the developaent

rate" Tíme between softdough and ripeness rras negatively correlated to
photoperlod" The temperature effects on the growth stages of Marquis

wheat as indicated by Robertson's model are in close agreemenL wíth the

observations of I,Iarrington et al . (I977) 
"

2.2 LEAF GROI4T-IH

Leaf area is an important determinant ín crop growth, especially in
the early stages when most of the light energy used for photosynthesis

is intercepted by crop leaves. The larger the leaf area, the more light
intercepted and the greater the photosynthetic potential.

Leaf area per plant, leaf area index (leaf area per unit ground area)

and leaf area ratio (leaf area per unit crop mass) depend upon the rat.e

of leaf initiation and emergence, rate and extent of leaf growth and

tiller production, and rate of leaf and tiller senescence; all of which

are st.rongly ínfluenced by environnental condÍtions and level of soil
fer ti 1i ty.

2.2.1 Leaf Initiation and Emergence

Friend et al. (1962) found that increasing light intensity and

increasing temperature to 25C can result in hígher rates of leaf initía-
tion, emergence and expansion. They also found that maximum area of

individual leaves occurred ax ZOC. Light intensity did not affect leaf
area except at very low intensities rvhich resulted in lower leaf area.

Hor¿ever, light intensity and soil moisture stress did not change indivi-
dual leaf size under the experimental conditions of Cannpbell and Read

(1968) v¡hile lowering air temperatures resulted in larger leaves.

2.2.2 Leaf Growth and Tiller Production
Leaf area per plant and leaf area index (lAf) depend to a large

degree on tiller production. Campbell and Read (1968) observed increas-
ing tiller numbers at maturity with increasing light íntensity. Temper-

ature had llttle effect on tillering (a1so noted by Bagga and Rawson,

L977). ìfore tillers were produced initially under lower moisture stress
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but this early effect disappeared by heading time. Friend (1965, Lg66)

found tiller production increased with increase ín light intensity and

that the optimum tenperature for tillering was 25C. Other researchers
have observed greater tiller production at lovr than at hígh temperature
(Canvin and Yao, 1967)

Increasing nitrogen supply results in íncreased leaf area (Puckridge,

1968) and tillering (Dubetz and Bole, L973) " For individual plants
grown in isolation, the increase in tiller number with íncreasing
nutrient supply can be quíte dramatic but for plants growing at high
densities, competition for light nay limit tiller production (Puckrídge,

1968).

lfoisture stress can affect leaf area by hasteníng the rate of leaf
senescence (Físcher, 1973; Slatyer, 1969) and by decreasing the rate of
leaf expansion and initiation (Boyer, 1976; Slatyer, L969). Therefore
leaf growth can be a good indicator of moisture stress (Meyer and Green,

1980). Cell growth and enlargement is very sensítive to plant \,later

stress (I{siao and Acevedo, 1974) " Turgor pressure or pressure potential
is necessary for cel1 enlargement. A decrease in turgor pressure

results in decreased cell growth which causes a reduction in leaf
growth. P1ants can recover from mild and short !,/ater stress so thaË

leaf growth is relatively unimpaired" However, if the stress is long
and severe the plants \,ri11 noË fully recover from the reduced growth

caused by the stress (Boyer, L976; Hsiao and Acevedo, 1974) "

Leaf area ratio (LAR) is a measure of the relative area available for
photosynthesis. In the study of LAR conducted by Friend (1965),

increasing temperature from 10 to 30C caused LAR to increase to a maxí-
mum at 20 to 25C and then decrease. On the other hand Campbell and Read

(1968) found that mean LAR ¡n'as not affected by changes in temperature or
moisture stress. Both studies indicated that LAR decreased with
increasing light intensity.

For crop studies and simulation modelíng an ímportant component of
crop growth to be measured and/or predicted is leaf area index (LAI).
Thl-s measurement gives an indication of Ëhe uragnitude of leaf area per



unit ground area that is avaj-lable for light interception and photosyn-
thesis, expecíally in the early stages of crop development v¡hen the
majority of vegetative growth is in the form of leaves. Light intercep-
tion is almost complete when LAI ís about 4. Further increases in LAI
have lítt1e effect on crop photosynthesis (Evans and llardlaw, r976) "

The rate of increase and decrease and the maximum LAI largely depend

on climatic conditions and fertility levels. Because of the large dif-
ferences in environment and fertilíty from one season to the next, there
can be large variations in seasonal patterns of LAIr âs illustrated by

the work of Conner (1975) and Puckridge (197i). Maximum LAI usually
occurs vrell before anthesis with the subsequent rat.e of decrease very
dependent on moisture conditions during the latter part of the growing

season. The decline of LAI can be gradual if moisture conditions are

favorable or rapld in the case of excessive moisture or drought (Puck-

ridge, 1971). Restricted avaí1ability of water during early growËh can

contribute substantially to redueed rates of LAI increase (Conner,

r97s) .

Puckridge (1973) studied the effects of moisture and nitrogen on LAI
(leaf laminae plus projected area of green parts of the stems). Maximum

LAI occurred on plots which received supplementary rrater and nitrogen.
Supplementary \,¡ater increased both the maximum LAI and extended the per-
iod during vzhich green leaves \¡¡ere present " Fert íIízer nitrogen
increased only the maximum LAI"

2.3 MOISTURE REGIME

2"3,I Tnfíltration and Redistribution
Infiltration is the process of viater entry into the soíl through the

soil surface. Redistrl-bution is the movemenÈ of water v¡ithin the soil
profile upon completfon of the infiltration process.

Rain infiltration can occur under three sets of conditions: 1) non-

ponding infiltration, i.e., rain not intense enough to produce ponding
(rainfall íntensity less than saturated hydraulic conductivity); 2) pre-
ponding infiltration, in which the intensiLy of rain can produce ponding

but has not yet done so; and 3) rainpond infiltration, in which rain has
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produced ponding (Hillel , lgTl). As the rain intensity fluctuates
during a rain storm, so does the type of rain infÍltration, í.e., rain-
pond Ínfiltratíon can be preceeded andfor followed by nonponding or
preponding ínf iltration.

' The infiltration rate is the quantity of water per unit time passing

through the soll surface and entering the soil profile. Tt varies ¡,¡ith

time and depends on the inítial soÍl vretness and suction (Hillel, L97Ii
Taylor and Ashcroft, L972), texture, structure and uniformity (layering)
of the profile (ttittet, I971)" The infiltration rare is usually high ar

first and then decreases t.o a constant rate vrhich is characteristic for
the soil (Hillel, 1971). For ponding infiltration, this rate is equal

to the saturated hydraulic conductivity. For nonponded infiltration the

infiltration rate approached is constant and equal to the rain intensl-ty
itself (Uittet, 1971). For ponded infiltration, the higher the satu-
rated hydraulic conductivity the higher the ínfiltration rate. Gener-

aIly, the finer textured soils have lower ponded infiltration raLes than
the coarser t.extured soils (Bodman and Colman, 1943). The infiltration
rate and cumulative infiltration at a given tíme both decrease as the

initial moisture content of the soil increases. Both are greater for
dry soil than for wet soil (Taylor and Ashcroft, 1972). However, the
rate at which the wettf-ng front moves deeper into the soil proflle
decreases as moísture content decreases, because of the increased sto-
rage capacity of the soil. The condition of the soil surface can affect
the infiltration rate. A crusted soil surface can impede the infíltra-
tion process by .reducing both the initial and final infiltration rates
(Hi1Iel, I971) " Structural and texÈural layering of the soil profile
strongly influences the infiltration of \,rater into the soil profile.
Alternating clay and sand layers impede infiltration. Clay usually has

lower saturated and higher unsaturated hydraulic conductivity than does

sand. Therefore, \.rater movemenE from sand to clay is irnpeded because

clay has the lower saturated hydraulie conductivity. I"Iater movemenÈ

from clay to sand is retarded because of the lower unsaturated hydraulic
conductivity of the sand (Hillel, 1971).
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Upon cornpletion of the inf iltration process, movement of vrater v/tthin
the soil profile does not cease but can continue for long periods of
time. Early researchers thought redistribution ceased at a water con-

tent' called field capacity, which was characteristíc and constanE for
each soil. It is now kno¡,¡n that fíeld capacity varíes dependíng on con-
ditions during the redistríbution process and is not a constant va1ue.

Hillel (L97I) listed the following as some of the factors affecting
redistribution and field capacity: 1) soil texture; finer textured
soÍls hold more \,¡ater for longer periods of time than do coarser tex-
tured soils, i.e., clay soils have higher field capacity than do sands;

2) depth of wetting and previous soil moisture status; usually, increas-
ing the initial moisture content results in greater depÈh of wetting
during infiltration, slower redistribution rate and hígher field capac-
ity; 3) presence of layers in the soil; layered profiles inhibit redis-
tribution, cart result in perched water tables when coarse soil overlies
a finer soíl and increase field capacity; 4) evapotranspiration; water
uptake by plant and evaporation of water from soil surface can affect
the redistribution process. Plants have been observed to use a substan-
tial amount of ltater early in the infiltration and redistribution pro-
cesses, especíally during irrigation (Míller, 1967).

Soil tenperature can also affect the movement of soil vrater. As the
mean soil temperature rises, the rates of ínfiltration and redistribu-
tion increase because of the changes in viscosity and surface tensj-on of
elater, both of which decrease as temperature increases. lJhen thermal
gradients exist in the soil, thermally induced flow occurs with a net
movement of r¿ater from r¿arm to cool regions of the soi1. This movement

results from both a vapor pressure difference and a matríc potential
gradient between the high and low temperature regions (Taylor and Ash-

crofÈ, 1972).

2.3.2 Evapotranspiration
Ðvaporation is the conversion of water into vapor and its transfer

from the soil or \,Iater surface to the atmosphere; transpiration is eva-
poration fron plant stomata" For soil in which plants are growing, eva-

porative htater loss occurs from both plants and soil and ís called eva-
potranspirat ion.
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2.3.2.I Energy Requirement

The evaporation of water is an energy requiring process. Evaporation

rate is a function of a vapor pressure gradient, the resistance to water

vapor flow and the ability of the soil and plant to transport Trater to

the sites of evaporation (Begg and Turner , L976) " The main source of
the latenË energy required for vaporization of waEer is direct beam

solar radiation. Other sources include scattered and refleeted radia-
tion from the sky and clouds, heat stored in the soil and advected sen-

sible energy from adjacent sources, most notably bare soil surfaces
(Rosenberg, I974; Hanks et al., f968)" However, over long periods of
time, the contribution of soil heat to evapotranspiration has been found

to be surall compared to advected energy and net radiation (Ilanks et al.,
1968). Advected energy can contribute substantially to the evapotran-

spíration process. Energy used in transpiration can exceed the net

radiation received (Hanks et al", f968; F.itchie, I97L). Hanks et al.
(1968) found that r¿hen \,rater T¡ras not limíting evapoLranspiration rvas

very dependent on the type of crop" They found that evapotranspiration
from oats can be 2 t.imes pan evaporation. The effects of advection can

be considerable in small plots that differ from their surroundings (Hif-
1e1, 1971) and can also contribute to transpiration on a large land

scale basis (de Wit, 1958). The leaf area index can often have values

much greater than one. The great.er leaf area ís able to extract more

sensible heat from advected air than is the unít area of bare soil or
free r,¡ater. Thus, evapotranspiration from vegetation well supplíed v¡ith
!üater, expressed per unit land area, may exceed that from a unít area of
wet, bare soil or free v¡ater (Slatyer, 1967).

2.3.2"2 Factors Àffecting Rate of Evapotranspiration
The rate of evapotranspiration depends on meteorologÍcal, plant and

soil factors. Net radiation, temperature, humidity and r.¡ind are meteo-

rological factors. Plant and soil factors include degree of plant
cover, plant shape, stage of maturity, stomatal function and conduc-

tance, soil aeration, soil vrater potential and soil $rater conterit, and

water transmlssion properties of the soil. Ilhen the soíl- and plants are

well supplied with water, evapotranspiration is controlled by the envi-
ronmental condltlons and ís often termed potential evapotranspiratíon.
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Penman (1956) defined potential evapotranspíration as the amount of
vrater evapotranspired 1n a unlt t.ime by a short green crop completely
shadíng the ground, of uniform height and never shorL of ¡¿ater" Eventu-

a1ly, \,rater cannoË be supplied to the evaporation surfaces fast enough

to meet the demand and the actual evapotranspiration falls below the
potential. At this point, plant and soil factors become ímportant in
regulating evaporation "

2.3.2.3 Atmospheric Environmental Factors

Net radiatíon, vapor pressure of lhe atmosphere, wind and temperature

are environmental factors that influence evapotranspiration. Resis-
tances to vapor flow can be divided into those for single leaves or for
crops " For leaves, the resistance to vapor flow is the sum of the

internal leaf resistance, of which stomatal resistance plays an impor-

tant role, and the boundary layer resistance. Ior crops, Ìlonteith
(f973) has defined two types of resistances, the canopy resistance which

is related to the internal leaf resÍstance and the aerodynamic resís-
t.ance. Both the boundary layer resistance and the aerodynamic resis-
tance depend on wind speed; both decrease as ¡¡ind speed increases. For

surfaces that are not wet, this does not, however, mean that transpíra-
tion will increase. At 1ow humídity, increasing wind speed increases
evapotranspiration rate \rhile at high humidity, increasing wind speed

decreases the evapotranspiration rate" Lemon et al" (1973) and Monteíth
(1973) attributed this effect to the balance between sensible and latent
heat flux; at high humidity íncreasing wind speed increases sensible
heat loss from the leaves thereby deereasing leaf temperature and the

latent heat loss (transpiration) 
" This wind-humidity interaction

becomes more pronounced at higher air temperatures. Monteith (1964, as

cited by Seginer, 1971) has shor.qn that for surfaces that are not \,ret,

there is a critLcal internal resistance to diffusion above rvhích tran-
spiration decreases ¡+ith increasing wind speed and belor¡ which it
increases with increasing wind speed. For wet surfaces, the vrork of

Penman (1948, 1956) shorvs that increasing wind speed increases evapo-

transpiration.
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Generally, increasing air t.rp"t"t.rre and/or decreasing relative hum-

idlty of the air increases the evapotranspiratíon rate (Lernon et a1 ",
L973). Rarvson et a1. (I977) observed increasing transpiratíon rates
with decreasing relative humidity for nonstressed plants. Yang and de

Jong ( L972) stressed wheat plants growing in clay and loam soils to at
least -15 bars and at all soil water polentials observed Íncreasing
transpiration rates r^rith increasing temperature and decreasing relative
humidíty. They also observed greater changes in transpiration rates per

unit change ín relative humidity wlth higher temperatures" A unit
change in relative hunidity results in larger changes in vapor pressure

gradients across a Leaf. boundary layer at. higher temperatures than at
lower temperatures. Movement of water vapor occurs in response to vapor

pressure gradíents. Therefore the change in transpíration rate r,¡ith

change in relative humidity will increase with increase in temperature.

2.3.2.4 Plant Factors

Fischer and Kohn (1966) found increasing evapotranspiration rates
from r.¡heat with an increase in leaf area index. One reason they gave

for the increase is that greaLer leaf area, crop height and crop rough-

ness reduce the proportion of intercepted neÈ radiation lost as sensible
heat and, under conditions of advection, can increase the amount of sen-

sible heat gained from the air. Lemon et al" (L957) found that even

after complete ground cover by a cotton crop, transpiration rates con-

Linued to increase wíth increase in LAI and plant height. They sug-

gested that as LAI and plant height increase there is increased utiliza-
tion of advected heat energy resulting in increased transpiration rates"
These findings are in contrast to the definition of potential evapotran-

spiration v¡hich assumes that vegetation ceases Ëo influence evapotran-
spiration after complete cover of the land surface occurs. Rítchie and

Burnett (I97L) studied evapotranspiration from cotton and grain sorghum

and found that plant factors ínfluenced evapotranspiration up to LAI

values of about 2.7. Above this value plant factors had little influ-
ence on evapotranspiration, whieh r¡as then controlled by met.eorological

and soil factors" They observed increasing transpiration rates with
increasing LAI to 2.7 .
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influence the amount of water that is transpired"
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through the stomates to
aperature, plants can

Intercellular C02 concentration, 1íght, temperature and water stress
are factors r,¡hlch affect stomatal aperature (Slatyer , 1967). Tntercel-
lular C0, concentration seems to be the prímary factor controlling sLo-

matal aperature" Depending on species and oËher factors such as \^7ater

stress, there is a critícal C02 concentration below v¡hich stomatal open-

ing is inítiated and above vzhich closing movemenÈs begin" The degree of
opening and closing depends on the magnitude of the C02 concentration
change" Light has an indirect effect on stomatal opening, mainly due to
photosynthetic reduction in CO, concentration. The main effect of temp-

erature also appears to be assocíated with changíng C0, concentratíons.
Increased respiration rates at high temperature may result in increased

C02 coneentratÍons thus causíng stomatal closure. Also, temperature may

have a direct effect on the rate of stomatal opening and closing. Sla-
tyer (1967) stated that water deficits have a direct effect on stomatal
closure by affecting the turgor of the guard and surrounding cells. He

suggested vrater deficit. will not cause stonatal closure until a critical
leaf r,¡ater potential is reached and then as water deficit increases

there is a gradual decrease in stomatal aperature untí1 almost complete

closure occurs. Thís view was supported by Denmead and. Millar (Ig76).
The critical value varies with age and position of the leaf. As the

plant matures, stomatal closure occurs at lov¡er leaf water potentials
but the recovery from water stress takes longer (f'rank et a1., 1973).

The critical leaf water potential for stomatal closure increases from

the Èop leaves to the lor¡er leaves (Denmead and Millar, L976).

2.3"2"5 Soil Factors

Soil rvater content, soil water potentíal and hydraulic conductivity
are some of the soil factors affecting evapotranspiration. Soil evapo-

ration is closely related to the r¡rater content of the 3 cm surfaee layer
(Ritchie and Burnett, f971). Soil evaporation decreased rapidly as the

water content of this layer decreased " As stated earlier movement of
Í/ater vapor occurs in response to vapor pressure gradients. As the soil
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dries, the evaporation zorte moves farther below the soil surface.
Movement of water from the evaporation zone to the soil surface then

occurs in the vapor phase and the rate of movement is proportional to

the vapor pressure gradienË" The dry soil provídes a boundary layer
through which vapor movement must occur. The vapor pressure gradient
decreases as the boundary layer thíckness increases resulting in
decreased evaporation rates"

Hil1el (I971) categorízed experímental investigations of transpÍra-
tion rates in three ways: 1) transpiration rate is maintained at the

potentlal rate until all avaílable r¡/ater is used t 2) transpiration
begins to decline at some intermediate stage of soil water depletion,
and 3) transpiratÍon declines over the rvhole range of available water.
Denmead and Shaw ( 1962) found thaÈ for lower potential transpÍration
rates, relative transpiration (actual/ potential transpiratíon) for corn
was maintained over a greater range of soíl water content and soil suc-

tion than for higher potential transpiratíon rates. However, Ritchie
(f973) found that transpiration rates for corn were almost independent

of available soil water content for all conditions of potentÍal transpi-
ration up to some critical soil \rater content level after whích the

rates started to decline. The work of Seaton et al. (L977 ) suggested a

similar relaÈlonship for wheat as Denmead and Shaw (L962) found for
maize. Yang and de Jong (1972) studied the effects of vrater content in
a loam and a clay soil ori transpiration from r,¡heat and found that per-
manent wilting occurred at -20 to -25 bars for the loam and -45 to -50
bars for the clay. At these vrater potentials the hydraulic conductivi-
ties were about equal . This vould suggest that at very low \,7ater poten-
tials, plants growing in clay could have higher transpiration rates than

those growing in sands "

At lower sofl water contents heavier text.ured soils such as clay
develop shrfnkage cracks. Adams et al (1969) studied evaporat.ion from

simulated shrinkage cracks in soil. They found that cracks in the soil
facilitated vater loss due to evaporation from greater soil depths and

that 50 to 60 percent of the total rorater lost ín simulated cracks
greater than 3 cm wide and 60 cm deep occurred from below 15 cm. Cracks
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effect on evaporation from
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the depth of the shrinkage crack

than the width of the crack had

the cracks.
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condítions.
remains con-

the greatest

2"3.2"6 llathematical Description of Evapotranspiration
There have been many mathematical attempts to describe the evapotran-

spiration process" Two of these were developed by Penman (1948, 1956)

and Monteith (L973).

Penman (1948, 1956) first developed an evaporation formula for open

\,¡ater and then adapted it to \./et bare soil surfaces and soil completely

covered with vegetation" To calculate the energy available for the eva-

poration process, he used the energy budget in the form

H=Ri(f-r)-Rt,
where H is the energy avaílable for evaporation; Ri is the short-wave

incoming radiation; r is the reflection coefficient for water; Rt, is
the net long-wave radiation outv/ard. Penman díd not take into accounË

the effects of advected sensible heat on evaporation. Therefore, for
conditions where advected energy contributes to evaporation, the Penman

formula can be in error (Slatyer, 1967). In Penman's formula, open

vrater evaporation is a function of the heat budget, wind speed, vapor

pressure difference, and temperature. Penman (I956) calculated poten-

tial evapotranspíration using the following empirical relatíonship
E.=fE

where Ea is the potential evapotranspiration; E is the open-vrater evapo-

ration; f is a multiplication factor which varies with season. Poten-

tial evaporation from v/et, bare soil is about 80 to 902 of that from

open water r,¡hen both are exposed to the same v¡eather (Penman, l94B).

Monteith (1973) implies that Penman's formula is best suited to cal-
culate open \^rater evaporation for periods of a week or more but not on a
daily basis. Monteith (f973) modified Penman's formula to l-nclude the

canopy and aerodynamic resistances for a crop. Grant (1975) suggested

that Monteith's formula can be used for any type of crop surface even if
$iater supply is restricted. Grant developed a rnethod to calculate the
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crop resistances and compared both Penman's and Monteith's formula to
accumulated evapotranspiration from a barley crop for the whole growíng

season. Monteith's formula accurately simulated the seasonal evapotran-
spiratíon from the crop but Penman's formula overestimated the evapo-

transpiration Lhroughout the v¡ho1e season. Tþís was to be expected

because Penman's formula was developed to estimate transpiration from a

well watered crop and noË from a crop subjected to vrater deficits as

would be the case throughout a normal gror+ing season.

The partitioning of evapotranspiration into transpiration and soil
evaporation is diffícult. To separate potential evapotranspiration into
potential transpl-ration and potential soil evaporation an estimate of
the percentage net radiation intercepted by the crop canopy is needed "

The intensit.y of radiation Lhat reaches the soil surface can be estí-
maËed using Beer's Law

I = Ioexp(-kt) (Monteith, 1965)

where I, Io are the light intensities at the soil and crop surfaces,
respectively; L ís the leaf area index; k is an extinction coefficient
related to canopy structure. The amount of light intercepted by the
crop canopy can therefore be gíven by:

r = ro (1 - exp(-kl)) (Rirchie, 1974).

van Keulen (1975) has used these relationships to estimate the potential
transpiration and potential soil evaporation from a wheat crop "

2.3.3 l,later Uptake and Plant Roots

The water transpired by a crop is Laken up through the root system.

The ability of the roots to extract \rater from the soil is an important
component in the crop's attempt to satisfy the transpiratíonal demand

placed on it by the atmosphere. I{ater uptake is closely related to root
distribution. After a rain or from a sret. soil profile, most of the

vaLer needed by a crop is taken up from the upper portion of the pro-
file but as this portion dries and the roots are stressed, relatively
more \.raLer is taken from the lower rooted portions (Hurd and Spratt,
1975)" Lawlor (1973) was able to show that a decrease in water absorp-

tion by a stressed part of the wheat root system was compensated for by

an increase in water absorption by the nonstressed part, although com-

plete compensaËion did noÈ occur.



L7

Gardner (Lg64) studied the relatíon of root distribution to erater

uptake. He concluded that the relative distribution of roots with depth

and the \rater retaining and transmitting properties of the soll deter-
mine the main features of the water uptake pattern. For a logarithmic
root system (root density deereases logarithmÍeally from a maximum at
the soil surface), inereasing root density by a factor of 100 resulted
in little change Ín the v¡ater uptake pattern" Slightly more r,rater would

be taken up from the lower depths early in the uptake process but as

time passes, root densíty has little effect on uptake pattern. However,

the model of water uptake used by Hillel et al. (L976) predicted that
root density becomes more important as the soil water content decreases.

The hypothetlcal plant experienced stress on the IzL}l. day with a sparse

root system whereas the plant r¿Íth the dense root system experienced

stress on the l5th day" Both Gardner and Hillel et al. used a modeling

approach to study the effect of rooting characteristics on vüater uptake.

2.4 OsMoTrc 4DJUSIMEX!

trIater loss from plant tissue can result in reduced hydrostatic (tur-
gor) pressure insid.e the cells. The reductions in turgor ( Y p) is
thought to have direct effects on the metabolic activities of the ce1ls"
Activities such as cell growth and cell division, photosynthesis, respi-
ration, stomatal opening, cell røall synthesis and protein synthesís are

all adversely affected by the loss of v¡ater (and turgor) from the plant
cells (Turner and Jones, 1980; Hsiao eË al., 1976). Therefore, mainte-
nance of turgor during periods of plant vrater stress v¡ould help maíntain

the plant metabolic processes (Turner and Jones, I980).

Total tissue water potential , Y , and íts components are related in
the following manner:

Y= Yp+ Y"+ Y^
pressure, potential; f" = solute,
potential (Hsiao et al., I976).

ss the change i"Y m is very small. There-

the more negatíve f s rnust become to main-

976) suggested that f s can be lowered by

r+here Y, = turgor, or

potential; Y* = matric

For mlld to moderate

fore the more negatl-ve

tain f p. Hsiao et a

or osmotic,

stre
rp.
I lSt
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increasing the solute concentration of the cel1s, either by salt uptake
(osmoregulation) or by internal production of osmoticatly active sub-

stances (osmotic adjustment) " They suggested that the accumulation of
solute under conditions of \raLer stress would help maÍntain turgor and

turgor-mediated processes "

llorgan (I977,L979; as

ferences ín osmotically
One cultivar shorved very
tained full turgor over

bars.

cited by Turner and Jones,

induced turgor maintenance

litt1e osmotic adjustment

the plant vrater potential

I980) observed dif-
in wheat cultivars.
rvhile another main-

range of -1 to -15

Turner and Jones (f980) suggested several reasons why osmotic adjust-
ment is important in drought tolerance of plants. Some of these are: 1)

naíntenance of cel1 enlargement; 2) maintenance of stomatal openíng and

higher stomatal conductance at lower leaf v/ater potentials in plants
that adjust osmotically than in plants that do not adjust osmotícally.
This would help to maintain transpiration rates over a v¡ide range of
plant wat.er potentials. 3) maintenance of photosynthesís; Turner main-

tains that a decrease in stomatal conducLance will cause a decrease ín
photosynt.hesis. Therefore at a given leaf water potential, maintenance

of higher conductance by osmotic adjustment should maintain higher rates
of photosynthesis. 4) exploration of greater soil volume for water;
Roots may have a high capacíty to adjust osmotically when under \^rater

stress (I{siao et a1", 1976) " Therefore turgor maintenance could be a

reason why the roots of some wheat cultivars can grow into dríer soil
than the roots of other cultivars, thus enabling the root system Ëo

explore greater volumes of soíl (Turner and Jones, 1980).

GROI,ruH AND YIELD

.1 Root Growth

2"5

2.5

Root growth is a híghly complex process which,

growth, is not well understood and is little studied.
that have been done, show that wheat cultivars have

root characteristics (Salim et al., 1965; Hurd, I974)
enced by soil environment. Some of these factors are

relative to shoot

The few studies
widely differíng
which are influ-

soil pH, nutrient



supply, moisture regime, soil temperature,

strength), soil aeration, and disease"

l9
mechanical impedence (soi1

Hurd (L964, 1968, 1974) studied the response of a number of Canadían

wheat cultivars to differing moisture conditíons. He found that culti-
vars respond very differently to changing soil moisture status and to

drought conditions. Hurd grew cultivars under Ë\,/o sets of moisture con-

ditíons: i) well-watered and 2) drying condÍtíons - r¿heat germinated in
moist soil which received no additional r,¡ater for the remainder of the

growing períod. Under these conditíons, Thatcher wheat developed more

roots by weight below 20 to 30 cm than Cypress r¿heat and had slightly
greater root lengt.h under drying than well-watered condÍtions. However

tot.al root weight r¡as greater for the v¡ell-v¡atered treatment. The rela-
tíve distríbution r^/ith depth of Thatcher roots v¡as altered by the mois-

ture regíme. Relatively more rooLs grew at the lower depths under dry

than moíst conditions. The relatÍve distribution of Cypress wheat roots
was noÈ altered by moísture stress although the total length was much

greater under moist conditions. Hurd (L964,1968) observed that Thatcher

roots penetrated the soil more quiekly and to greater depth than díd the

roots of other cultivars tested. Also, when the surface layer dried

out, Thatcher grevr a ner,¡ netv¡ork of roots in the moisË layer belor¿ the

dry surface layer. Ilurd (f968,1974) found that the roots of some cul-
tivars, including Thateher, penetrated the drying soíl faster than the

moist soil whereas the opposite v/as true for other cultivars. Many

researchers agree that wheat roots do not penetrate soil drier than the

permanent wilting poinÈ (Salim et al., 1965; de Jong and Rennie, 1967)"

Many researchers also agree that roots stop growing at about heading

time (Evans and I.Iardlaw, I976) but under favorable condítions, root
growth has been observed to continue well into the period of grain
development (Pinthus, 1969; Hurd, 1968).

Soil temperature affect.s both the growth and function of the roots.
Top growth is usually optimum wiËh root temperatures of about zOC (de

Jong and Rennie, 1967; Nielson, 1974). Optirnum soil temperature for
root growth is usually lower than for shoot growth, between 12 to 16C

(de Jong and Rennie, T967; I^Ioodbury, personal communication). Both
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nutrient and \dater uptake generally decrease as soil temperat.ure

decreases" This is due to a decrease in the ability of the roots to
take up water as well as the alteration of the physÍcal properties of

soil water and change in concentration of the nutrients in the soil
solution" The planË response to soíl aeration is also affected by soíl
temperature. Lovrer temperature may cause a decrease in the minÍmum 0,
concentration required for fulI growth (Taylor and Ashcroft, I972).

Root growth is very dependent upon O, concent.ratíon in the soíl air"
Lack of aeration can occur in soils that are too wet and/or too dense.

Aeration problems for crop gror¡/th occur most often on heavier textured
soi1s, such as clays, ât high water contents. High tortuosity and 1ow

aeration porosity (volume of air filled pores) adversely influence 0,
movenent into these soils. A lack of oxygen limits the growth of both

roots and tops (Taylor and Ashcroft., I972). The crítícal oxygen content

for maximum growth varies with changing soil environment. The critical
0, requirement increases vrith increasing soil temperature, soil !ùater

potential, and/or mechanical impedence (Taylor and Ashcroft , L972).

Soil strength (mechanical impedence) can adversely affect root growth

and penetration into the soil profile. RooEs penetrate pores only if
the pore diameter is larger than the root diameter or if the roots are

able to enlarge the diameter of the pores (de Jong and Rennie, 1967)"

As soil strength increases more force ís required to enlarge the pores

and root elongation is considerably reduced (Taylor, I974) " The rate of
extension can be greatly reduced even at 1or^t soil strength values of 0.5

bars or less (Scott Russell and Goss, 1974). The presence of hard lay-
ers (pans) within the soil profile affects the rooting pattern and root
extensíon" Llhen rools encounter a pan sorne of the roots are diverted
horízontally while some gro\^7 int.o the pan" If the pans have high water

contents, such as early 1n the growing season, most roots will penetrate
the pan but as pans dry, the soil strength Íncreases and fewer roots
penetrate to lower soil depths (Taylor, 1974) "
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5.2 Top

5"2"I Dry Matter Yield
There are large variations beLween cultivars and, withín a single

cultivar, between seasons in the rates and total amounts of dry matter

accumulation. Environmental condítions strongly affect the growth and

dry matter accumulation of wheat cultivars" The total amount of dry

matter accumulated decreases r¿ith increasing temperature (Lowe and Car-

ter, 1972). Friend (1966) reported that the optimum temperature for the

growth of Marquis wheat was 20 to 25C for both day and night tempera-

ture. Caurpbell and Read (1968) grew Chinook wheat under differing day-

night temperatures and found that decreasing day or níght temperature

resulted in increased dry matter accumulation. tr'or a1l growing tempera-

tures, dry matter yields increase with increase in light intensity
(Campbell and Read, 1968; Friend et al., 1962). Macdowell (1972) stu-
died the effects of Iíght intensíty and temperature on the growth of
Marquis wheat. At hígh light intensities the roots v/ere a stronger sink
for photosynthaLe than the stems but at lower intensities the stems

became the stronger sink. In early stages of grain development I,Iardlaw

(1970) found that dry matter yield of the stem was highest at lower

temperatures, while the opposite \"ras true for the ear. He also found

that lo¡v light intensities reduced dry matter yield ín both stem and

ear. Campbell and Read (1968) observed íncreased clry matter yield at
lov¡er moisture stress. Conner (I975) stated that for the conditions of
his experÍments, moderate soil moísture stress influenced the early
growth pattern of v¡heat and growth reserves v¡ere shifted in favor of
root development. Moderate soil moisture stress early in the growing

season had little effect on early root dry matter yield but greatly
decreased early growth top dry matter yield. Other researchers have

also found an increase in the root:shoot ratio with íncrease in v¡aler

slress, although total planL groiut.h is usually reduced (Begg and Turner,

1976). Increasíng temperatures and/or increasing light intensity can

increase the root:shoot ratio (Evans et a1", I975).

Growth
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2.5 "2 "2 Photosynthesis and Respiration
The total dry matter production of a crop, except for the small min-

eral component, is equal to the net photosynthesis (Ì{oss and Musgrave,

1972; Boyer, L976). Gross photosynthesis can be taken to be the sum of
net photosynthesis and dark respiration (Moss and l.{usgrave, L97 I)

At low light intensities, the rate of photosynthesis increases with
increase in light intensity" As light intensity increases, the carbon

dioxide supply becomes more important and eventually limiting" I,Ihen C0,

supply is limiting, the rate of photosynthesi-s remains constant r¿ith

increasing 1Íght intensity (Ifílthorpe and Moorby, I974)" This is refer-
red to as light saturation of photosynthesis. There can be large fluc-
tuations ín daíly atmospheric CO2 levels (Denmead, 1970). The average

daytiure C0, concentration varied fron 250 to 325 ppm. The extent of
light saturation at high light intensities r,¡ould thereíore vary from day

to day in the field (Evans et al., 1975). On davs of hígh atmospheric

CO, levels light saLuration of crop photosynthesis rnay not occur, wher-

eas on days of low atmospheric C02 levels light saturation can occur at
relatively low light intensities (Evans et al., 1975; Denmead, 1970).
At normal atmospheric C0, concentrations, many researchers agree that
temperature has litt1e effect on the rate of photosynthesis (Milthorpe
and Moorby, 1974; Dowes, 1970) but the data of de Vos (1977) show that
at temperatures above 20C the rate of photosynthesis decreases with
increase in temperature. Thls decrease becomes more pronounced with
increasÍng light intensíty" HumÍdity has an affect on photosynthesis
(Rar¿son et al., 1977). Increases in humidity can result ín increased
rates of photosynthesis for a cultivar of plant species.

trnlater stress can have direct and indirect effects on crop photosyn-

thesis. hrater stress can reduce crop photosynthesis through decreased

production of new leaf area, stomatal closure and/or decreasing the

activity of the photosynthetic system (Boyer, 1976; Slatyer, 1969).

Boyer (L976) suggested that for plants under vTater stress, stomatal
effects are more limiting to photosynthesis at high light intensities
but as light intensity decreases, chloroplast effects become important.
In general, net photosynthesis decreases wíth decrease in leaf v¡ater
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ere plant water stress (Lawlor, 1976; Slatyer , 1969).
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sev-

Dark respiration is very dependent upon temperature. I'fost research-

ers have found that dark respiratíon has 
" QtO value of about 2

(Spierty, I974; Milthorpe and Moorby, I974). However, de Vos (L977)

found dark respiration íncreased linearly v¡ith increase in temperature

from 10 to 30C"

Todd et al. (1972) studied the effects of wind on plant respiration.
Íhey observed increases in plant respiration at windspeed of 3"6 m/s (13

tcm/trr) and higher. At a windspeed of 7 "2 m/s (26 kn/ht) increases in
respiration of up to 40% were observed. The respiratíon rate returned

to the initial rate a short period of time after the wind was stopped.

Recent studies suggested that dark respíration is relatÍvely unaf-
fected by plant rrater stress (Slatyer, 1969; Boyer , I916). Hsiao (L973)

stated that dark respiration ís only slÍghtly suppressed by rnoderate to

severe \,7ater stress. Lawlor (191 6) found that dark respiration \,¡as con-

stant at all leaf water potentials.

Crop photosynthesis and crop respiration have similar relationships
T.rith LAI . Both increase with increase in LÀI Lo values of between 4 and

6. Further increases in LAI have little effect on crop photosynthesis

and respiration (Evans et al., 1975; de Wit et al", 1970). Stems and

inflorescences can also contribute substantÍ41ly to net crop photosyn-

Lhesis. Rawson and Evans (L97I) found net photosynthesis of the stems

plus leaf sheaths of wheat to be one quarter to one third that of the

flag leaf blade. Net photosynthesis of the ear can be greater than that
of the supporting stem and leaf sheaths (Evans and Rawson, 1970) " The

contribution of ear photosynthesis to dry mat.ter and graín yields varies
greatly between cultivars. Evans and Rawson (1970) found the contribu-
tion of ear photosynthesis to grain requirements to be as high as 33

percent for one of the wheat cultívars tested. One of the factors which

contríbutes to the varietal differences in ear photosynthetic rates is
the presence of avms (Teare and Peteerson, 1971). Teare et al. (L972)

found net phoÈosynthesis per head for avmed wheat ears to be 40 percent
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greater than that for awnless wheat. Awned cul-tivars usually outyield
avmless cultivars under dry conditions but under wet conditions the

yield differences are slight (Evans et al", I975). The contríbution of

stens, leaf sheaths and ears to crop photosynthesis can be particularly
ímportant-in the later stages of grain growth (Evans and I^iardlaw, L976) "

Toward the end of graín growth, and under water stress conditions, stems

and ears remaín greerr after the leaves have dried and they then become

the major source of current photosynthate for further increase in yields
(Evans and Lrlardlaw, 1970). McNeal and Berg (1977 ) concluded that the

head, leaf sheaths and other leaf areas as well as the flag leaf have to

be considered as contributors to grain yie1d.

Respiratory losses of CO2 fixed by crop photosynthesis can be sub-

stantial" For wheat losses as high as 25 percent can occur (Evans and

I,Iardlaw, I976). ÌfcCree (1970) studied respiration of clover and con-

cluded that there are tr¡/o components to respíration. One is propor-
tional to the rate of photosynthesis, ca11ed growth respiration; and the

other, called rnaintenance respiration, is proportional to the total dry

weight of the living plant. materíal. Growth respiration represents the

cost of producing nev¡ material. Maintenance respiration refers to the

replacement and rener¿al of older tissue (Evans and I^lardlaw, 1976).

Growth respiration has been found to be unaffected by temperature wher-

eas maintenance respiration is dependent on temperature (Evans and l^lard-

law, 1976).

Studies have been done to evaluate the variation in photosynthetic
rates between cultivars. However, conditions príor to measurement, for
exarnple the light environment, plant age and the internal demand for
assimilates may have a large affect on the measured light-saturated pho-

tosynthetic rate (Evans, I975). Evans (1975) conclucied that because of

these sources of variations, comparisons of photosynthetic rates of

wheat cultivars can be difficult. However, of the studies that have

been done, many suggested that there is little difference in photosyn-

thetic rates per unit plant material between r¿heat cultívars. de Vos

(I977) found little difference in net photosynthetic rates between two

spring wheat cultivars. Puckridge (1970) concluded that varialions in
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photosynthesis of two wheat cultivars grovrn in the field were mainly due

to changes in LAI" A similar conclusion was reached by Rawson and Evans

(f971). They found that photosynthetic rates per unit fLag leaf area

were similar in all cultívars studied. They also found large variations
in rates .of stem respiration between wheat cultívars. de .Vos (L977)

found little difference in dark respiration betv¡een the two spring wheat

cultivars of his study.

2 "5 .2.3 Transpiration and Crop Growth

de Wít (1958) studied the relationship between transpiratÍon and crop

growth and found that for climates simílar to that of the Great Plains
of the U"S"A., dry matter production is proportional to transpiration.
For climates with a large percentage of sunshine, de \riít (1958) devel-
oped the relationship

P : nI^l/E

¡vhere P is the total dry matter yield, I^i is the total transpiration dur-

ing growth, E is the free water evaporation and m is a proportíonality
constant. For a given set of conditions, the value of m vari-es with
crop species and possibly v¡íth cultivars within a specíes. de Wit sug-

gested. that the constant m is relatively índependent of weather,

nutrient leve1 of the soil and availability of water, provided the

nutrient 1evel is not 'ttoo lowtt and availability of v/ater not tttoo

high". de l^lit concludes these conditions are met if growth in the f ield
is limited by the supply of water.

Arkley (1963) studied the same data as did de I\rit (1958). Arkley
developed a simílar relationship but substituted a relative humidity

term ín place of free \,rater evaporation. Arkley's relationship is of
the form

P = kW/(100 - H) (fertility constant)

where P is the zmount of dry matter produced, W is the amount of water

transpired, I1 is the mean daily relative humidity in percent , and k is
a proportionality constant for a given plant type. Arkley (1963) showed

that the use of relative humidity gives results as good as those

obtained using free ç¡ater evaporation. The data of Hanks et al. (1969)

indicated that production and transpiration are directly related in the

Great Plains region as de Wit (1958) suggested.
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The proportional relationshíp between transpiration and dry matter
production as proposed by de Wit (1958) implies that plants maintain a

constant v/ater use effieiency: or constant photosynthesis:transpiratíon
ratio, over a range of environmental conditions (Hagen and Skidmore,

I974). However, Hagen and Skídmore found that both theory and experi-
ments show that decreasing windspeed can increase. \47aLer use efficiency.
Dowes ( 1970) found that the net photosynthesis: transpiration ratio
decreased with increased temperature. There are also cultivar differ-
ences in water use effíciency. Passioura (1977) found a large range in
\,/ater use efficiency among wheat cultivars.

2.5.2.4 Grain Grov¡th and YÍeld
Thorne (I966) suggested that approximately 80 percent of the carbon

assimilated after flowering and remaining ín the plant eventually
reaches the grain. This is a rather simplified explanation of the com-

plicated process of grain growth. Grain growth and yield depend to a

large degree on the supply and demand, source and sink strengths, for
photosynthate. The source strength depends on the photosynthetic area

available to supply assimilate for the growing grains and on the dura-
tion or length of the grain growth period. The sink strength depends on

the ear number per plant or per unit ground area, spíke1et number per

ear and grains per spikelet; or more simply, the grain number per unit
ground area. Both the source and sínk strengths are strongly influenced
by the environment.

Ear number is a major component of crop yield (Campbell, 1968; Hsu

and l"Ialton, f97f). Ear number per plant or per unit ground area is
dependent upon tÍller production and the number of tillers rvhich reach

maturity; both of which are influenced by environmental factors includ-
ing crop density and nutrient supply. Dubetz and Bole (L973) found that
increasing nitrogen supply to 112 kg/ha increased the number of ears per

plant reachÍng maturíty. Further increases in N did not influence ear

number per plant at maturity.

Temperature is an important factor affecting grain yield. Bagga and

Rar¿son (L977) observed a decrease in floret numbers v¡ith increasing
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temperatures durÍng floret forrnation. They also noticed that temPera-

ture effects differ between cultivars, some cultívars being more sensl-

tive to teûiperature change than others" Grain size and weight decreased

with increasing Lemperatures durÍng graín growth. Temperature also

affects the rate and duratíon of grain growth. fhe growth rate of the

grains generally increasês r¿ith íncreases in temperature but the dura-

tíon is decreased wiLh the net. result that grain yields decrease with

increasing temperature (Spierty, L974; Sofield et a1., I977)-

Growth rate per grain varies between cultivars (Sofield et al",

1977) " At low light intensities, Sofield et al. (1977) found that
growth rate per grain was greatly influenced by illuminance. For culti-
vars in which grain numbers per ear rrere strongly affected by illurni-

nance, growth rates per grain were little Ínfluenced by light condi-

tions. They also notíced that light had littIe effect on the duration

of grain growth. Evans and I,Iardlav¡ (1970) stated that only at very 1ow

light intensities, combined r,/iLh high temperature, does increasing light

intensity increase rates of grain growth.

The setting of grains following anthesis is sensítive to high temper-

atures and 1ow light intensity (Wardlaw, 1970) " Increasing light inten-

sity during the grain growth and development períod usually results ín

increased yield, especially at 1or^7 light intensities (I"Iardlaw, 1970;

Partridge and Shayker¡ich, 1972; Campbell and Read, 1968; Spierty, I974).

Irtardlaw (f970) studied light-temperature ínteraction for a single v¡heat

cultivar (cv. Gavo). Reduction ín light intensíty from full sunlíght to

17"57" of full sunlight resulted in reduced yields" The magnítude of the

reduction varied with temperature, i"e.,
higher temperatures.

larger reductions occurred at

Moisture stress is another environmental factor affecting grain

yield. l{oisture stress can decrease the number of ears reaching matur-

ity. Day and Intalop (1970) concluded that moisture stress at any stage

of growth decreased grain yield. I^Iheat stressed at jointing had f ewer

heads per unit ground area" Et Nadi (1969) concluded that moisture

stress before ear emergence does not affeet yields ¡¿híle stress during

and after ear emergence results in decreaserl yields. Stress during ear
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emergence and early grain gror¡lth reduced yields by decreasing the number

of ears per plant" Duríng late grain gro!¡th, reduction in yÍeld due to

water stress vras mainly due to decreased grain weight" Carnpbell (1968)

reported símílar observations as El Nadi (1969)" However, in a later
publícation, Campbell et a1. (L969) concluded that for their previous

experiments the major cause of poor seed set and reduced yields v/as not

high moisture stress but poor aeration conditíons associated with 1or¿

moisture stress (excess v¡ater). i{ardlaw (1971) and Fischer (f973) found

that moisture stress at anthesis reduced seed set and ultímately
resulted in reduced yield "

Stem reserves, i.e., photosynthate fíxed prior to anthesis, can con-

tribute substantially to grain yÍeld in water stressed wheat " The con-

tribution of stem reserves to grain yield for nonstressed wheat has been

estimated to be 5 to 15 percent (Stoy, 1963; Ra\r7son and Evans, 1971).

However, with íncreased moisture stress l,trardlaw (L967) observed

increased movement of stem reserves Lo the growing grains. Rawson and

Ðvans (1971) also observed Íncreased movement of reserves from stem to

ear as photosynthesis v¡as reduced due to stress. In severely r.Tater

stressed wheat, Passioura (1976) found thaL grain filled largely (up to
two-thirds) from reserves, rather than from current photosynthate.

2.6 sul'î{ARY

A review of the literature reveals the complexitíes of the

soil-crop-atmosphere contínuum. The response of v¡heat cultivars to the

changing atmospheríc condÍLions and soil environment can be very complex

and the numerous interactions that occur are very diffícult to study and

interpret. For example, wheat cultivars respond differently to moisture

stress. Some have a greater capacity for osmotíc adjustment and there-
fore may be able to withstand greater degrees of stress. The response

of root growth to moisture stress also varies with cultivar. AIso, some

cultivars are more sensitive to temperature changes than others (Bagga

and Rawson, 1977).

A further complexity may be encountered rvhen relaLing events occur-

ring under controlled versus field environmenLs. Many crops have been
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shown to respond differently under controlled than under field condí-

tíons, particularly in response to v¡ater stress (Begg and Turner, I976).

Restricted root volume often associaLed with controlled environment stu-
dies may be the major cause of the differences ín crop response between

controlled and field envíronments"

From a review of the literature, some factors which may be imporLant

to crop growth (and if not included in a simulation model may result in
error) are summarized and listed below.

1) Depending

occurs, moist.ure

r.¡heat .

on

ST

its severity and the development stage at which

ress can increase or decrease the development rate
Ír
of

2) Moisture stress influences leaf area growth. Increasing moisture

stress can result in reduced LAI and earlier and faster decline in LAI.

However, plants may recover f rom mild and short \rTater stress períods so

that leaf growth is relatively unimpaired.

3) Evapotranspiration is one of the complex processes involved ín
changing the soil moisture regime. Evapotranspiration is an energy

requÍrÍng process to which advected energy may make a substantial con-

tribution. Also, the interaction of wind and humÍdity may ínfluence the

evapotranspiration process. At low huuriditÍes, increasing windspeed may

increase or decrease evapotranspiratíon. Finer textured soils have

higher \,rater holding capacity and higher hydraulic conductívity at low

soil water potentials than do coarse textured soíls. Therefore, fine
textured soils might support crops for longer periods of time under

drought conditions than would coarser soíls.

4) Nutrients and vater are taken up by the root system. \¡Iheat culti-
vars have widely differing root characteristics. llheat roots usually

stop growing at about heading time but under favorable condítions can

grow well into the grain growth perÍ-od. Àn ímportant component of root

growth and function is the ability of non-moisture stressed portíons of

a root system to compensate for lack of i,rater uptake by the stressed

portion. The non-sLressed portion may take up more r¡/ater than j-t would

under optimum conditions"



5) Osmotlc adJustment may be of

to tolerate \,rater stress (drought) 
"

6) C02 levels of the atmosphere

levels causes a change ín the light
would result in changds ín daily
Plant respiration can also be affec
Increasing windspeed above 13 km/hr

in plant resplration.

7) de wir ( 1958) found a

transpiration that suggests a

of environmental conditíons.
and/or \rater stress may cause

importance
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in the ability of a crop

fluctuate daily. The change ín C02

saturated photosynthetíc rate " This

photosynthesis of a growing crop.

ted by changes in the environment "

may result in substantial increases

relationship between dry matter yield and

constant eraLer use efficíency over a range

Hov¡ever, changing windspeed, temperature

changes in water use efficiency.

8) Temperature and moisture are t\,ro of the many factors that affect
grain yield. The duration of grain growth increases ¡¡ith decreasing

temperature resulting in increased yield. lfoisture stress can result in
reduced tiller numbers reaching maturíty and/or reduced grain weight..

9) trùater stress can result in increased movement of stem reserves to

developing ears. For severely stressed wheat, stem reserves can contri-
bute up to t¡vo-thírds of the grain rveight (Passioura, I976).



Chapter III
DESCRIPTION OF THE CROP GROWTH MODEL

3 " 1 BRIEF OUTLINE OF THE I'ÍODEL

Íhe simulation model (Appendix C) tested assumes that wheaE growth is

limited by so11 moisture and calculates dry matter production and soil
moisture regime belovr the crop from plant and soíl properties and from

daily meteorological observatíons. Plant properties such as the affect
of air temperature on the leaf area per unit dry matter increase, the

relationship between soil temperature and root functÍon, and maintenance

respiration per unit. dry weight are incorporated into the modeI. The

soil properties, field capacity and wilting point, are used to determine

the available water for plant grovrth. The daily weather inpuLs of the

model ínclude solar radiation, maximum-minimum air teruperature, average

humídity or dew point temperature, rainfall and wíndspeed" l'lany pro-

cesses related to the soil moisture regime and crop grovlth are simulated

on a daily basis. These simulated processes ínclude average soíl temp-

erature, infiltration, evaporation, transpiration, germination, develop-

ment rate, leaf area grovJth, root growth, dry matter production and seed

growth "

GerminatÍon and development stage of the crop are calculated as func-

tions of accumulated heat units. Germination occurs when the sum of the

daily soil temperature equals the soil heat units required for germina-

tíon. Ifhen germination is completed, crop grovith begins and growth pro-

cesses such as development, transpiration and dry matter production are

initiated. The daily developmenL rate is estímated as a function of the

average air temperalure" The sum of the daily development rates, i.e.,

accumulated heat units, equals the development stage of the crop.

Leaf area growth is also a function of the daily average air tempera-

ture or heat units. It is assumed that the leaf area per unit daily dry

matter increase is a function of the air temperature. The leaf area of

the crop ís needed to calculate daily values of soil evaporation, tran-
spiration and photosynthesis.

- 31 -
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Both sotl evaporation and transpÍration are energy requiring pro-
cesses " The solar radiation or energy lntercepted by the vegetation
increases with increasing leaf area" Therefore as the crop grovis and

leaf area increases, transpiration increases and evaporation from the

soil.surface decreases. Transpiration also depends on the evaporative
demand of the atmosphere (calculated as a function of solar radiation,
windspeed, air temperature and humidíty) and the availability of soil
vrarer to the roots. The availabílity of soil water to the roots depends

on the soíl v¡ater status, or the amounl of soil tr7ater avaílable for crop

growth, and rooting depth. Daí1y increases ín root length are assumed

to be a function of the \./ater content of the soil" The roots continue
to gro\^z deeper as long as the rooting front is in soil r,¡hich has a water

content above the wilting point.

Dry matter production is caleulated as a function of transpíration
and the potential growth rate " The potentíal daily growth rate depends

on the potential gross photosynthetic rate and maintenance respÍratíon.
The potential gross photosynthetic rate is the photosynthetic rate for a

well watered crop and depends upon the solar radiation, leaf area index,
air temperature and daylength. The photosynEhate avail-ab1e for overall
plant growth Ís then partitioned Ëo the root and shoot. The portion
going to the shoot contributes to the dry matter increase of the aeríal
portion of the crop.

Outputs from the model include cumulative values for evaporation,
transpiration, dry matLer production of the aeríal portíon of the crop

and the change in water content of the soil prof ile as the crop gro\47s.

3"2 DETAILED DESCRIPTION OF THE MODEL

The model is
with processes

the model"

partitioned
involved in

into various sections. The sectíons deal

the growth of the wheat crop and running of

3.2.r
In

that

Inítia1 Conditions

the initial section, initíal
remain constant throughout the

conditions are defined and variables
running of the program are calcu-
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lated. Daily contributions to varíables such as total water transpired
or total dry matter produced are surnmed and stored in integrals. The

initial root weight and initial leaf area are calculated as fractions of

the initial living biomass. The initial líving bÍomass (initíal above

ground portíon) is the fraction of the seeding rate ¡¿hích ís thought to
be the portion of the seed that develops into the aerial portion of the

crop. The inítial root weight and the initial living biomass are each

assumed to be equal to 40 percent of the seeding rate, i.e., 40 percent

of the seed gíves rise to Lhe aerial portíon of the crop whíle another

40 percent gives rise to the root system. The initial soil temperature

is calculated as a fraction of the average air temperatìire of the first
day that the program is run" The soil profile has been divided into 8

successive layers. Begining with the surface layer, the layer thick-
nesses are 21 3,5, 20r 30, 30, 30 and 60 cn respectívely. The initial
waLer content and the maximum amount of rvater each layer can hold is
calculated from the thickness and average field capacity of each com-

partment or layer.
the v¡ilting point"

3 .2.2 I^Ieather

The air dry water content is defíned to be I/3 of

In Lhe weather sectlon, the daily values for rainfall, solar radia-
tion, windspeed, maximum-minimum temperatures and dew poínt temperature

or humÍdity are read from tabulated functions. Also, average daily
vapor pressure is obtained from the daíly dew poínt temperature or hum-

idiEy reading; daylength is calculated; and the average air temperature

is used to calculate the saturated vapor pressure. The potential soil
evaporation is calculated folloving the procedure described by Penman

(19s6) The average daily weather data are used to calculate the solar
energy available tor evaporatíon and the evaporative pov/er of the atmo-

sphere. These values are then used to calculate Lhe potential soil eva-

poration.

3.2.3 Soil Temperature and Soil }foisture
The temperature of the soil profile is assumed uniform throughout and

proportional to a 10-day running average of the air temperatures. This
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is achieved by changing the value each day by the temperature difference
between that day and 10 days previous.

The soil moisture regime ís determined by the processes of infiltra-
tion, evaporation and transpiration" The infiltration and redistribu-
tion of rainwater to the 8 soil compartments is assumed to be ínstanta-
neous" It is also assumed that each compartment must fill to field
capaciEy before \,/ater will drain to the next lower compartment. When

all 8 compart.ments are at field capacity, the excess raín \,¡ater is
assumed to be lost as deep drairrage" The bottom of the 8th compartment

is at a depth of 1.8 m.

3.2"4 EvaporatÍon

The potentlal evaporation rate from the soÍl is calculated from the

potentíal soil evaporation and the fractÍon of light transmitted through

the canopy. The fraction of light transmitted through the canopy is a

function of the leaf area index" The actual evaporatíon rate is
obtained by multiplying the potential rate by a reduction factor due to
the dr¡mess of the upper soil compartment. The \rater evaporated frorn

the soil is partitioned over the 8 compartments by the use of an expo-

nential function. The ease of \.¡ater r¡ithdrawal from each compartment is
assumed to be inversely proportional to the exponential function of the
depth to the center of a compartment and an extinction coefficienÈ.
Decreasing the extinction coefficient increases the proportion of water

extracted from the lov¡er compartments "

3.2 "5
3.2.5.

fhe

compar

equals

0.0c),

Growth of the Crop

I Emergence

soil temperatures for the days when one or more of the 3 upper

tments is above the wilting poínt are summed. Lf:ien this sum

the temperature sum needed for emergence (120 degree days above

emergence v¡ill occur.
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3.2"5"2 Development Stage

The development rate of the wheat crop is a functíon of the average

air temperature. The development stage is the sum of the daily develop-

menl rate. A development stage of 0"0 corresponds to germination whíle

a development stage equal to 1.0 signifies maturíty.

3.2 "5 "3 Root Growth

The vertical extension of the root system is obtained from the daily
growth rate of the roots adjusted to account for the affects of tempera-

ture and molsture sÈress. Tf the rooting front is in a compartment

¡^rhich has a vrater content equal to or below the wílting point, root
growth ceases.

3.2.5.4 Leaf Area Index

Leaf area index ís calculated as the sum of the daily leaf area

growth rate minus the rate of leaf senescerÌce. The leaf area grorøth

rate is calculated by multiplying Lhe growth rate of the shoot by the

leaf area ratio. The leaf area ratio, leaf area per unit crop mass r is
entered into the model as a function of the average air Lemperature.

3.2.5.5 Transpiration
The actual amount of v¡ater transpired is calculated as a fraction of

the potential transpiration that could occur from a crop well supplied

with rvater. Transpiratíon is assumed to occur only during the daytime.

Therefore daytime values for average temperature and r^tindspeed, satu-
rated vapor pressure and net radiation (daytime radiant energy available
for transpiration) are calculated. The resistance to \,Jater vapor dif fu-
sion from the canopy to the atmosphere ís calculated from the wind speed

data. Lrhen calculating potential transpiratíon, stomatal resistance is
assumed to be at a minimum. However depending on the leaf area index

and the radiatlon intensity, light may not penetrate the canopy to the

lower leaves. The stomates of the lower leaves may therefore be closed

or partially closed, í.e., stomatal resistance will not be at a minimum

value. A reduction factor has been incorporated ínto the model to

account for this occurrence. The potential transpíration is calculated
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as the sum of tr.ro terms; one term represents the contribution of

absorbed solar radiation and the ot.her, the contrlbution of the drying

povrer of the atmosphere. The absorbed radiation is a function of the

leaf area index" The actual transpiration rate is calculated as a frac-
tion of the potentíal transpíration depending on the ability of the

plant roots to take up \,rater. Tn the model , actual transpiratÍon does

not become less than the potential transpiration until 50 percent of the

available uTater has been used. Ilowever, Meyer and Green (1980) found

that for the wheat cultivar used ín their study actual evapotranspira-

tion did not become much less than potential evapotranspiratíon until 70

to B0 percent of the available soil water has been extracted. The \^/ater

available for crop growLh is the amount of Þlater present above the wilt-
ing point r¿ithin the rooting zorLe. An attempt has been made to model

the abílity of the roots to compensate for moisture stress " As the soil
dries the roots attempt lo compensate by taking up more \,rater from the

wet soil zone than they would from the same soil zone if the whole root-
ing zone was at field capacity" trrlater uptake by the roots is also

affected by the temperature of the rootíng zone. !traLer uptake is
assnmed to be optimal at an average soil temperature of 20C. These fac-
tors are accounted for when calculating actual transpiration from poten-

tial transpiration.

3.2.5.6 Growth Rate and Dry Matter Production

The groroth rate is calculated by multiplying the actual transpiration
rate by the water use efficiency (i.ruE). van Keulen (L975) defines I,IUE

as the ratio of potential growth to potentíal transpiration. The growth

rate is therefore equal to the potential grorvth rate multiplied by the

ratio actual transpíration: potential transpiration. To estimate the

potentíal growth raLe, the potential daily gross assimílation is deLer-

mined as a function of leaf area index, radiation intensity, and air
temperature. A portion of the gross assimilat.ion is used for mainte-

nance respiration. Maintenance respiration is calculated from the total
dry weight , assuming a constant maintenance respiratíon per unl-t dry

The temperature effect on respÍration is assumed to have a QtOweight.

value of 2. The potential growth rate is found by urultiplying the dÍf-
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ference of gross assímílation minus maintenance respiratíon by a conver-

sion efficiency factor of O "75 " The total dry matter is then parti-

tioned to aerial and root portions of the crop" As the crop develops,

relatively more assímilate contríbutes to aerial crop grovrth than to
root growth. Aftef the model predicts the crop has completed one-half

its development, 801l of the dry matter increase in the aerial portion of

Lhe crop ís assumed to be used for seed growth" The growth rate of the

shoot equals the actual growth rale of the v¡hole crop multÍplied by the

fraction of assimílate which contributes to aerial growth. From this
term the seed growLh rate is then subtracted. The weight of seed pro-

duced is the sum of the daily growth rate of the seeds.

3.2.5"7 Senescence

The crop can die as a result of \,rater shortage or completion of

development " The rate of dying depends on the relatíve death rate and

the amount of bíomass (líving plant material) present. The amount of

available \rater in the rooting zone deLermines the death rate due to

moisture slress (drought) " The crop is assumed to die at a fast rate
only when the soí1 is practically at the ivilting point. I,Ihen moisture

conditions are optimum, a portion of the crop dies ín the process of

normal development. After the crop has completed approximately one-half

its development, relatively more of the crop senesces as ít approaches

maturíty. Complete senescence occurs at maturity. The relative death

rate assumes a value corresponding to the death rate due to moisture

I{hen the living biomass falls
Lhe crop is assumed to be com-

stress or due to normal development.

below a calculated limiting biomass,

pletely dead"



Chapter IV

METHODS AND MATERIALS

To evaluate the crop simulatíon model field experiments !¡ere con-

ducted in the spring and summer of L978 and 1979. Site description,
soil test data and seeding dates are given in Table I " The plots were

sovm with spríng r,¡heat ( Triticum aestivum cv. Sinton ) at seedíng rates
of 120 kg/]na. The Brandon plots ¡nrere situated on stubble land while the

Glenlea plots r,¡ere on fallo¡¿ land" Type, rate and meLhod of fertilÍzer
application are given in Table 2.

4.L

4"L

TIEASURE}.ßNTS

"1 Soil Characteristics and Soil Moisture

All soil measurements were determined for successive 15 cm thick 1ay-

ers from the soil surface to a depth of 135 cm. Bulk densities were

determined using the auger method described by Zwarich and Shaykewich

(1969). Field capacities v¡ere determined using the method described by

Peters (1965)" Permanent wilting points (PWP) were calculated usÍng the

formula

PV]P = 0"02 + 0.8FAP

derived by Shaykewich (i965). The l5-atmosphere percentages (¡'A.p) were

determíned using the standard pressure membrane technique. Field capac-

ities, wilting points and bulk densitíes are given in Appendix A.

In 1978, weekly soil moisture contenLs \,rere determÍned using the neu-

tron scalteríng method. There \rere t\ro neutron moisture meter(l) tubes

per p1ot. A separate calibration curve was used to determine the moís-

ture content of the surface layer (0 - 15 cm). In 1979, soil moisture

contents \'rere measured using the standard gravímetric oven drying
method" Four random samples of each layer were taken per plot every 2

weeks. Soif moísture contents were determined for the period of plant-

( I )Nuclear-Chicago model
Nuclear-Chicago model
Texas Nuclear Box 9267

5920 d/M-Guage Scaler
5810 Subsurface ìloisture Probe

Austín, Texas 78766
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ing to final harvest

4.I"2 Crop Measurements

Starting tr^ro to three weeks af ter energence, 4 random I m2 samples

were harvested each r¿eek from eac-h plot Lo determine the above ground

dry matter production of the crop. The fresh weight of the samples was

taken before being oven dried. At maturity 10 random I *2 "a*ples per

plot were used to determine final harvest dry matter yield and grain
yield. The wheat plants were all harvested at ground 1evel.

In 1979, a leaf area meter(2) was used to determine the leaf area of

20 plants collected weekly from each plot. Fíve plants were randomly

selected from each of the 4 replicates used to determine dry matter

yield. The leaf area per unit mass, Ieaf. area ratio (LAR) , of the 20

plants rvas determined on a fresh rveíght basis. For each weekly harvest

for each ploL, the leaf area index vras calculated by multiplying the

leaf area ratio by the fresh weight harvested"

4. 1 .3 lieather Data

Daily measurements of rainfall, windrun, maxímum-minimum temperature,

and solar radiation vrere taken from }fay I to September 30, 1978 and

L979. AL Brandon, daÍly vapor pressure during 1978 and daily hurnidity

during I979 v¡ere recorded" At Glenlea Research Station, early morning

dew point temperatures \^rere recorded daily" All weather data were col-
lected at the experimental sites except at Brandon where daily windrun

and vapor pressure readíngs were obtained fron Environment Canada, Bran-

don Airport, approximately I0 km North-East of the plots. A, standard

climatological station is located at the Glenlea Research Station.
Rainfall and solar radiation at both sites \ùere measured using recording

rain gauges(3) and pyrheliographs,(4) respectívely. At Brandon, temper-

ature and humÍdity were measured with a hygrothermograph.(5)

(2)Portable Area Meter model Lt-3000 Lambda Instruments Corporation
Lambda Instruments Corp. Lincoln, Nebraska 68504

(3)Belfort Instruments I'Ieighing Rain Gauge Cat. ll 5-780
Belfort Instruments 1600-S. elinton St. Baltímore, ì{d" 2L224

(4)Belfort Instruments Pyrheliograph Cat. // 5-3850
Weather Measure Mechanical Pyrañograph model R40l
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4.1"4 Computer }lodels

A computer model (Appendix B) was v/ritten using the biometeorologícal

time scale concept of P.obertson (f968). The model uses daily maximum-

minimum temperatures and photoperiod to predict the times for planting

to emergence and emergence to maturity. The predicted times Þrere com-

pared to those obtained in the fíeld experiments.

Crop growth processes vrere simulated using the simulation model

(Appendix C) developed by van Keulen (1975) " The output from the model-

dry matter production, sotl moisture regime, grain yield, development

rate, leaf area index- rras compared to fíeld data collected in 1978 and

r979.

(5)I^leather Measure
I^Ieather ìfeasure /#-ui',rivieì

&!T i¿KiirIITû¡ß.A

{fBRiqRtË.s

Hvsrothermoeraoh model H311
PO' Eox 41257" ^Sacramento, Calif . 958



Chapter V

RESIILTS AND DISCUSSION

5.1 MODIFICATIONS TO THE MODEL

A number of alterations v¡ere made to Lhe oríginal rnodel " The final
modified model was then evaluated. The orÍginal model contained a soíl
nitrogen section which included processes such as mineralization, uptake

of soÍl and fertíLizet N and distribution of N r¿ithín the plant. Ferti-
Lizer N was applied at the start of the growíng season and the assump-

tion v¡as made that nitrogen \tas not lÍmiting crop growth" This assump-

tion r,ras based on the scudy by Alkier et al . (1972). They found that

wheat yields on nonfallor^¡ land increased with increase in N to 67 kg

Il/ha. Further increases in N did not increase yields but did increase

proteín content of the grain. Therefore the soil N section was excluded

from the modifíed model" Another assumption made was that at the begin-

níng of each growing season, the soil profile was at field capacity"

The starting days for the model were chosen to correspond with days of

heavy rainfall to ensure the soil profile v¡as near field capacity.

5" 1.1 Germination

A major problem of the original model was the effect of moisture

deficit on the process of germination and growth of the crop for the

first L or 2 veeks. In the model, the rate of germination is a function

of soil heat units. After plantíng, daí1y soil heat units are summed

and when this sum equals a predetermíned value, germination occurs.

Germination is also dependent upon soil moisture (Pawloski and Shayke-

wich, 1972). The simulated germination process continues when the sur-

face 8 cm of soíl is above the witting poínt. Íhe process ceases r"hen

the soil surface dries below the wilting point. However, in the origi-

nal model when germination stopped because of moisture defícit, the sum

of heat units was emptied and set equal to 0. The germinatÍon process

started again r+hen rains increased the moisture content of the soil sur-
face above the wilting point. Therefore the contribution to germination

by the soil heat uniËs accumulated before the moisture deficit r.ras lost.

-43-
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Calculating soil heat unit" .r""d.d for germinatíon ín thi-s way resulted

in predÍcted times of. 20 to 40 days between planting and germinatíon.

In the modifíed mode1, the sum of the heat units for germination was not

set equal to 0 because of a moisture deficit. For those days when ger-

mination ceased because of lack of moisture, the soil heat units did not

contribute to the accumulating heat units needed for germination, i"e.,

the seed was assumed to be dormant. The germination process was only

interrupted by those days when moísture was limiting. The number of

days frorn planting to emergence calculated by Lhe rnodified model were

similar to field observations (tables 6 and 7).

The soíl heat uníts needed for germination vras set equal to I20

degree-days. However, the actual soil heat units needed for germÍnation

are probably much higher than I20. The model calculates the average

daily soil temperaLure of the profile. This average value was approxi-

mately equal to the soÍl temperature of the 60 cm depth" The average

daily temperature of the soil surface where the seed røas placed would be

greater than the temperature at 60 cn. Therefore, to state that 120

degree-days are needed for the germination of wheat: âs the model sug-

gests, is misleading. To make the model more physiologícally correct,
studies are needed to improve the sÍmulation of both the soil tempera-

ture profile and the effect of soil temperature on plant gro\tth and

functíon. For example, Tew et al" (1963) found that low soil tempera-

ture could be a major factor in controlling transpiration rates.

5.I.2 Root Growth

In the original model, after the crop germinated the initíal rooting
depth \ras set equal to l0 cn. In the modified model, the initial root-
ing depth was changed to 5 cm, approximately equal to the seeding depth.

However, with the 5 cn initial rootíng depth the model predicted the

crop would díe within the first 2 weeks of growth because of a vlater

deficit. This early death did not occur in the field. The model may

have predicted this early death because the simulated root growth was

not fast enough to grow through the surface layer of soíl before it
dried belorv the wilting point. Also the simulated soí1 evaporation may

have proceeded at a faster rate thaD rvhat actually occurred in the
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field. The model was refÍned in a number of ways to try to prevent the

predlcted earLy death of the crop. Changes r,rere made to increase the

growth rate of the roots and to decrease the soil evaporation rate. In
the original model, the growth rate of the roots (increase in depth)

under optímal conditions was consídered to be constant and continuous

throughout the perÍod of crop development (Figure 1, Curve 1). In the

modifíed rnodel, the growth rate of the roots ín the early stages of crop

groruth was assumed to be twice that of che oríginal model with the

growth rate decreasing linearly to 0 at maturity (Figure 1, Curve 2).
Based on the review of literature by van Keulen (1975) and the agreement

of many researchers that root grorrth ceases at about heading time (Evans

and l^Iardlaw, L976), Curve 3 (Figure 1) would probably be a better repre-

sentatíon of optimal root groiuth than Curve 2. The areas under the 3

curves are equal indicating that under optíma1 conditions the final root

depths would be similar. The increased early root growth resulting from

the use of the growth function represented by Curve 2 (Figure l) should

help to overcome Lhe incorrectly predicted early death of the crop

because of water deficit.

5.1 .3 Evaporation

Changes were made to the original model to decrease the rate of soil
evaporation. In the original model, van Keulen calculated open vTater

surface evaporation using the procedure of Penman (1948) and defined

this to be equal to the potential evapotranspiratíon. However, Penman

(1948) stated the potential evaporation from a wet bare soil was 0.9

times that from an open \.¡ater surface. Penman (f 948) also stated that
evapotranspÍration during the summer from turf with plentiful \,rater sup-

ply was 0.7 to 0.8 times that from an open \dater surface. Therefore in
the modÍfied model, potential evapotranspiration was multiplied by a

factor of 0.8. The model calculates potential soil evaporatíon from a

wet soíl surface as a function of the calculated potential evapotranspi-

ration and the axûount of solar radiation passing Lhrough the canopy to

províde the energy needed for evaporation. Actual evaporation is then

calculated from the potential soil evaporation. Because the calculated

potential evapotranspiration has been reduced through the use of the
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multíplfcation factor, the pátentíal and actual evaporation from the

soil wíll also be reduced. However, the work of Penman (1948) suggests

this method of estimating potential soil evaporatíon from potential eva-

potranspíration may not be entirely correct. Potential soil evaporation

shou-ld probably be estímated by multiplying open lùater evaporation by

the factor 0.9" In the model potential transpiration ís not calculated

as a fraction of the Penman open \rater evaporation. Therefore, it may

be better to estimate potential evapotranspiration by summing the calcu-
lated potential evaporation and potential transpiration terms instead of

using the Penman (1948) rnethod"

The amount of \^rater evaporated from the soí1 is very dependent upon

the water content of the soíl surface. Ritchíe and Burnett (L97I) found

evaporation decreased rapidly as the surface 3 cm dried. The model is
programmed so that evaporation from the soil surface nas limited by the

lnater content of the surf ace layer " The lower the rvater content of the

surface layer, the greater the resistance to evaporation" The thicker
the surface layer the more \¡rater the layer holds. Therefore the longer

is the time required to dry the surface layer to provide a given resis-
tance to evaporation. The shallower the surface layer the lower ís the

evaporative loss. The thickness of the first and second layers were

changed from 2 and 3 cm in the original model to I and 2 cm respectively
in the modified model"

Much of the evaporative water loss occurs from the first 3 layers
with a smaller portion obtained from the fourth layer. The depth to the

bottom of the third layer was 9 cm and to the bottom of the fourth layer

was 30 cm. The total amount of water evaporated can be partitioned bet-
ween the soil layers or compartments by the partitioning factor cal1ed

PROP. An exponential function, of which PROP is a component, is used to

estímate the portion of the total evaporation that comes from each com-

partment. Decreasing PROP increases the amount of \^rater lost f rom the

lower depths through evaporation. The PROP factor is affected by soil
texture (Shaykewich, unpublished data). Finer textured soils usually
have a lower PROP value than coarser soils, i.e., clay soíIs lose more

rrTater by evaporation from the lower depths than loam soils" However,
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when runníng the model , the PROP factor \^ras assumed. to be the same at

both locations" !trhen PROP was set equal to 5.0, the model predicted

moisture stress conditions, which resulted in poor dry matter production

throughout the growing season, because of the relatívely large evapora-

tive. losses from the lower depths. i^IiËh a PROP factor of 20.0, germina-

tion and subsequent gro\,¡th was impaired by moisture stress because of

the large evaporative water loss from the surface compartment" There-

fore the PROP factor \,/as set equal to 10.

After these changes were made there rüas some improvement in the pred-

icted dry matter yields when Lhe initial rooting depth was set equal to

5 em" However, when using an initial root depth of 5 cm the model still
predicted the crop would die in 1979 at Brandon during the early stages

of growth because of moisture stress" As stated earlier, the fíeld crop

did not die. Therefore, the initial rooting depth \^7as set equal to l0

cm for al1 runs of the modified model. The interactions of evaporatíon,

root growth, germination and soíl moisture content for the early stages

of crop development need further study to lead to improvement of the

model.

5.1 "4 Senescence

As a normal process of development, the crop senesces as it
approaches maturi-ty. van Keulen (1975) íncorporated the process of

senescence into the model through a function relating the rate of senes-

cence (or relatíve death rate) and the development stage of the crop.

He based this relationship on intelligent guesswork using field data

because he found quantítative data laeking. The relaLionship of rela-
tive death rate caused by compleiion of development (RDRD) versus the

development stage (DVS) is given in Figure 2. Curves I and 2 are the

relative death rates for winter wheat gro\'rn in Texas and spring wheat

grovm in Israel, respectively" Curve 2 shows that the spring t+heat

grovrt in Israel did not start to senesce until crop development was near

completion. Sinton r¡heat started to noticeably senesce shortly after
heading. From heading to maturity, the crop progressively senesced,

starting with drying of the lower leaves followed by the upper leaves

and stem. The relationships represented by Curves I and 2 obviously did
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not apply to Sinton wheat. Therefore, the relationship represented by

Curve 3 was developed and used in the modifíed model. Þlore study is
needed to verify and improve this proposed relationshíp "

S]MIILATION

" I Moísture Regime

"1"1 Seasonal llater Use

One of the rnain objectives of this study was to evaluate the simu-

lated moisture use and dry matter production of the crop simulation
model developed by van Keulen (1975). Estimated values of cumulative

daily potential evapotranspíration and actual evapotranspiration from

planting to maturity and the fínal dry matter yields are recorded in
Table 3. An indicalion of the degree of moisture stress predicted by

the model can be obLained by subtracting total actual evapotranspíration
(AE) from the total potential evapotranspiration (PE - calculated using

Penman's (i956) formula). As the moisture deficit, PE - AE, increases

the predícted final dry matter yield decreases. The final dry matter

yíelds and the magnitude of the difference PE - AE predícted by the

model suggests severe moisture stress at Brandon and slight to moderate

stress at Glenlea during L979. For L978, the model predicts adequate

moisture for crop growth at both locations.

Rainfall, total \,rater use and final dry matter yield obtained from

f ield data are recorded ín Table 4. The total \^¡ater use is a measure of
the amount of v/ater lost from the soil through soil evaporatíon and

plant transpiration. The total Í7ater use was calculated as the sum of

the rainfall between planting and harvest plus the soil moisture content
to a depth of 120 cn at planting minus the soil moísture content to 120

cm at harvest. The amount of soil water available for crop growth

depends on the rootíng depth. The maximum rootíng depth calculated by

the model did not exceed 120 crn at eiLher location. The field measured

moisture content below 120 cm at each locaLion for I978 remained rela-
tively constant for much of the growing season. The constant moisture

content below 120 cm would indicate that rooting depth in the field
probably did not exceed I20 cm" trlhen calculaling total vrater use of
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Table 4, it was assumed that rvater loss by deep drainage belor¿ 120 cm.

was negligible. The soil profíle at the beginning of the growíng season

vras near fíeld capacity and heavy rains at this time may have resulted

in water loss through deep drainage" The rainfall data (Table 4) indi-
cate nearly average rainfall for 1978 and below average raínfal1 for
L979" Tor 1979, the rainfall at Brandon was well belo\^, average.

The data of Tables 3 and 4 show that the rnodel overestimated the

actual evapotranspirationr ot hTater use, for 1978. Durlng 1979, the

drier year, the model estimate of r,rater use útas approximately equal to

that which occurred in the fie1d. The model also underestimated the

final dry matter production. The general trend of decreasing total dry

aatter production r¡ith decreasing water use depicted by the model v¡as

not evídent from the field data. In the fíe1d, decreasing water use did

not result in lower dry matter yíelds. Dry matler yields for 1978 were

simílar to those for L979.

The moisture stress situatíon predícLed by the model f.or 1979 \,ras noL

reflected in the final dry matter yields of the plots, although the

rainfall and total \'rater use data (fable 4) índícate moisture stress

conditions existed at Brandon. The data of Tables 3 and 4 suggest that
the field crop might be able to adjust to moisture stress by improving

water use ef ficiency, as r.Ias observed by Rawson et al . (1977).

5"2"I.2 Daily Total Water Content of the Soil Profile
Figures 3 to 7 are graphs of the vater content of the soil profile to

120 cm (Ii'IOT) versus the simulation day (DAY); day 0 was May 1. The

figures gíve an indícation of the gradual change ín the \,¡ater content of

the profí1e as the growing season progresses. The model underestimated

the v/ater content of the profile throughout the growing seasorl at both

locations during 1978; i.e., the model overestímated water use (evapo-

transpiratíon). For L979, the estimated soil r"Tater content to 120 cm

was generally similar to the field measured soil v¡ater content except

for the early part of the season. Figures 5 to 7 show that for the

early portion of the growing season the model may underestj-mate the

water contenË of the profile, i.e., overestimates evapotranspiratíon.
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At this time of year most or all of the soil surface was Dot covered by

the crop canopy and therefore evaporative water loss from the soÍ1 vould

be much greater than transpirational water loss " This would indicate
that fhe modified model was overestímating actual evaporation" To

reduce the predicted actual evaporation the process of estimatíng poten-

tial soil evaporation from open water evaporation should be corrected by

multiplícation with the appropriate factor (Penman, 1948) " A1so,

increasing the PROP factor r¿ould decrease the amount of r¿ater lost by

evaporatÍon. Actual evaporation is calculated by multiplying the poten-

Ëial soil evaporation by a reduction factor" The reductj-on factor is a

function of the dryness, water content, of the surface layer. Increas-
ing PROP increases the evaporation rate from the soil surface" Wíth

higher PROP values less time is required for evaporatÍon to dry the soil
surface layer to a given v*7aLer content corresponding to a given reduc-

tion factor. Therefore, the overall result is decreased evaporation

vrith increased PROP value" Increasing PROP also decreases the amount. of

water lost from the lower depths through evaporation.

5.2.1.3 tr^Iater Uptake from the Soil Prof ile
Another important conponent of the soil moisture regime is the with-

drawal pattern of water from the soíl profile. The variation in volume-

tríc water content \^rith depth during the growing season Íllustrates the

moisture wíthdrawal pattern by the roots (Figures 8 to 12) " Generally,
the roodel \ras overestimating the water withdrar¡al from the upper portion
of the soí1 profile and underestimating \rater withdrawal from the lovrer

portion. The ¡^'ithdravral pattern is related to the growth function of
the roots (Figure l). The root growth function (Curve 2, Figure 1) used

in the nodified model assumed that roots grorìi at a decreasing rate from

germination to maturity. If the root growLh function rnras represented by

Curve 3 (Figure I), the roots would be assumed to grow at a continuous

rate from germination to heading. The roots would reach their maximum

depth before those roots represented by growth Curve 2" Therefore

because of the faster root growth represented by Curve 3 compared to

Curve 2 (Figure 1), relatively more vrater would have been used from the

lower portion and less from the upper portion of the soil profile, The
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predicted \,/ater v¡ithdra\,/al patterns would probably

representative of the actual wíthdrawal patterns if
function was represented by Curve 3 instead of Curve 2

60

have been more

the root growth

trrlhen dealing with water uptake by the roots, van Keu1en (1975) made

t\,ro assumptíons: l) water uptake was a function of rooting depih and

relatively independent of root density and t 2) upward Trater flux from

below Lhe root zone rras insígnificant and therefore díd not contribute
to crop growth. I{hen moisture stress conditions exist, aarry researchers

do not agree v¡ith these assumptions" Hillel et al" (1976) found that a

crop wíth a sparse root system experienced moisture stress at higher

soÍ1 water contents than with a dense root system. Horqever, Hurd (1964,

1968) found that wheaÈ cultívars respond very differently to changing

soil moisture condítions. A wheat cultivar with a relatively sparse

root system may or may not be able to withstand a greater degree of

stress than a r^¡heat cultivar rnrith a denser root system. Other responses

of plants, such as osmotic adjustment (Turner and Jones, 1980), should

be considered when comparing root systems and response to moisture

stress. Rickuran et al. (1978) state that upward movement of water ínto
the root zone can contríbute as much as IO% to the daily soil water use

during the midseason. Van Bavel and Ahmed (1976) simulated \,¡ater

depletion in the rool zone during a long dry period. They found the

model predicted that a substantial amount of the water used by the crop

would be from the soil moisture reserve below the root zone. The model

was based on earlÍer experimental v¡ork by van Bavel et al" (1968).

Because relatively little is known about root response to environmental

changes, modeling of r^/ater uptake by plants is a dífficult task. Ifore

research on root systems is needed if understanding and modelíng of root
systems is to improve.

5 "2.2
5 .2.2 "r

The

opment

greater
weight

Crop Growth

Dry Matter Production and Leaf Grovrth

model underestimates dry matter production throughout crop devel-
(Figures 13 to 17) " The magnitude of the underestimation was

for 1979 than 1978. I,Ihen germinatiorr occurs, the initÍal dry

of the roots and of the shoots are both set equal to 407" of the
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seeding rate" The initial leaf area is a multiple of the inital dry

weight of the shoot " The model greatly underestimated the maximum leaf
area index (LAI) at Glenlea during 1979 (Figure 20) and slightly under-

estimated maximum LAI at Brandon (Figures 18 and 19) " The increase ín

LAf and the maximum LAI for the field plots occurred earlier than pred-

ícted by the modeI. Leaf growth is very sensitíve to water stress
(Hsiao and Acevedo, I974) " The Large differences in LAI between the

field plots at Brandon and Glenlea may have occurred because of differ-
ing levels of moisLure stress. Leaf growth can recover from shorl, mild

stress (Boyer, L976) " The crop at Glenlea may not have been stressed or

only míId1y stressed but the Brandon plots were probably more severely
stressed. The large difference between the predicted and actual LAI at
Glenlea (Figure 20) supports the conclusion that the model does not cor-
rectly predict crop response to moisture stress or predicts stress
before it occurs.

The daíly photosynthetic rate and partitioning of solar energy to be

used Ín either transpiration or soil evaporation are dependent upon LAI.

Therefore the prediction of LAf ís an important component of the model.

LAI is calculated as a function of the leaf area per unit dry matter

produced (leaf area ratio - LAR). The leaf area ratio is stored in the

model as a function of temperature. However, Campbell and Read (1968)

found LAR to be unaffected by changing temperature. Both Campbell and

Read (1968) and Frlend (1965) found LAR to be influenced by changing

light intensity; LAR íncreases with decreasing light íntensity. It may

therefore be more beneficial to model LAR as a function of light
intensity rather than temperature. Because of fhe importance of leaf
area prediction, this portion of the model should be tested and

corrected to suit Canadian spring rvheat cultivars before major changes

are made to other parts of the model. More accurate prediction of LAI

throughout crop development would ímprove simulation of dry matter
productíon. Tncreasing predicted leaf growth in the early stages of

crop development would result in increased transpiration and dry matter
production in these early stages. The tíme of maximum LAI and

subsequent decline in LAI occur¡ed earlier in the fÍeld than predicted

by the model. Incorporating this observation into the model would
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5 "2 "2.2 \,Iater Use Ef f eciency

Ittríle improving the prediction of leaf growth would improve the simu-

lation of dry matter production, there is sti11 the possibílity of
increased stater use efficiency with increasing moisture stress" Field
data and observations lead t.o the conclusion Lhat the wheat crop at
Glenlea during 1979 either did not experience moisture stress or \,ras

only mildly stressed. However the field data for Brandon 1979 indicate
the crop may have been stressed" Dry matter productíon at both loca-
tions was similar but leaf area \,¡as much greater at Glenlea. Total
\ùater use (Table 4) was also greater at Glenlea. The sensitivity of
leaf growth to moisture stress and the similarity in dry matter produc-
tion at each location during I979 indicates there may have been an

increase in water use efficiency with increase in moisture stress. Raw-

son et al . (1977 ) found that r^¡heat used v¡ater more efficiently when

gror,rrr under moisture stress conditions. However, the adapLatíon t.o

moisture stress vtas not persistent. When moist.ure conditions improved,
\,rater use efficiency decreased to the levels that existed before the
plants v¡ere stressed. They concluded that v¡heat adapted to water stress
and used \,/ater more efficiently durÍng the vegetative períod but there
was little evidence to indicate that drought improved \^/ater use effici-
ency during grain production. Passioura (I977 ) found considerable varÍ-
ation in water use efficiency between wheat cultivars. Raschke (1976)

states that water use efficiency ís improved by stomatal closure. He

conclucles Lhat C0, uptake (photosynthesis) is much less affected by sto-
matal closure than Ís r./ater vapor loss (transpiration), particularly at
large stomatal apertures. The abÍlity of the wheat crop to withstand
moisture stress is an area for improvement in the model"

result in lov¡er predicted photosynthetic
therefore lower grain yields.

5.2.2 "3 Grain Ylelds
Predicted grain yields were higher

grain yields obtained from the plots
mated total dry matter productÍon but

75

rates afLer headíng and

in 1978 and lower in 1979 than the

(Table 5). The model underesti-
overestimated grain yield in 1978"
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Therefore, the model *"t pt"dicting a greater photosynthetic contribu-
tíon to grain yield than actually occurred. Thorne (1966) states that
80"/" of. assimilare produced after flovrering contributes to grain yie1d.
In the model , flowering \,/as assumed to occur at the development stage of
.5, i.e., when the crop had completed half its development. Hov¡ever if
floweríng occurs at a later st.age, predicted grain yields would be

lower. Also, improvíng the prediction of leaf area gro\{th v¡ould result
ín decreased grain yíelds relative to total dry matter yíe1ds. Fígures
18 to 20 show that leaf area índex decreases from the maxímum earlier
than predicted by the model. Adjustment of the predicted LAT would

result in lower simulated photosynthetic rates after flowering and

therefore, a lower ratio of grain to dry matter yield. The grain yields
obtained from the plots for 1978 were lor¡er than for 1979. The higher
rates of N fertíLizer f.or L979 compared to L97 8 may have contributed to
the yield dífference" Another factor that may have contributed to the
yield difference v/as temperature. The late seeding dates of 1979

resulled Ín the grain growth períods occurring later in the summer v¡hen

temperatures vrere lower. Researchers have found increased yields with
decreasing temperature mainly because of the increased duration of grain
growth (Sofield et al, L977). A reviev¡ of the literature shows the com-

plex nature of grain growth. To improve the model's predictÍon and

simulation of grain growth and yield would be a dífficult task"

5.2"2.4 Crop Development

Two methods of predicting the development stage of the crop rrere com-

pared to the field observations. The model estimates development stage

as a function of temperatr.rre only. The second model used was Robert-
son's (1968) biometeorological time scale whÍch estimates development

stage as a function of temperature and photoperiod. I'or 1978, the esti-
mated number of days from planting to emergence (P-Emerg) and from

planting to maturity (p-lt) by both models was approximately equal to
that observed in the field (Table 6). However, for 1979 both moders

underestimated the days for P-l'f (Table 7). The biometeorological time
scale also underestimated the days for P-Emerg"
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Tabl-e 5t Final grain yields for I97B and I9?9.

Location Year Grain Yield (S/^2)

Model Fiel-d

Gfenlea 7978

7979

4t5

377

352

4sl
Brandon

plot
plot

L

1978

1979

409

262

257

325

382

363
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Nelther model considers the effects of moÍsture stress on phenologi-
ca1 development. Mild stress may hasten plant development while severe
stress may delay development (Angus and }foncur, I977). I'foisture stress
may account for some of the differences between predicted and observed

phenological development at Brandon for L979 but probably not at Glen-
1ea" Both models may not accurately predict the phenological response
of Sinton wheat to the 1ow temperatures and decreasing photoperiod that
occur in the late summer and early fatl. Riddel et a1" (1958) found
that that increasing daylength (photoperiod) accelerated development.
Riddell and Griers (1958) found that one cultivar of their study was

relatively insensitíve, phenologícally, to photoperiod and temperature
when compared to a second cultivar. Decreasing temperature and photo-
perlod strongly delayed development of the second cultivar. Their work

shor¿ed that there are varietal differences in response to photoperiod
and temperature.



Chapter VI

SUMMARY AND CONCLUSIONS

Generally, the model did not
of crop growth for the Canadían

predicted stress conditions when

not exist or the crop as able to

accurately sÍmulate the overall process

spríng wheat cultivar Sínton. The model

field data indicated either srress did
adapt to the sLress.

and the

The model did not accurately simulate the relationship betr,reen tran-
spiration, dry matter production, seed yield and leaf area growth for
Sinton wheat. The model underestimated dry matter production throughout
the period of crop gro\,/th and did not accrìrately simulate leaf growth.
Depending on moisture condítions the model; a) predicted seed yields to
be greater than or fower than actual seed yields and b) overestímated
water use. Also, the model probably overestimated the amount of \,rateï
lost through soil evaporation. Under abnormal conditions, such as late
seeding date and/or moisture stress, the model did not accurately simu-
late the development rate of Sinton wheat.

Suggested areas for improvement of the model are:

1) Àdjustment of the model to accurately simulate leaf area produc-
tion of Sinton wheat. This would probably result in íncreased predicted
transpiration and dry matter production early in the growing season and

also result in lower predicted seed yields.

2) Incorporate into the model Ehe ability of Sínton wheat to adapt to
moisture stress and/or to gror,ù at lower soíl \dater contents before
stress conditions occur.

3) Inprove the simulation of the soil temperature profile
effects of soil temperature on root gro\^rth and functioning.

4) The method of simulatíng the development rate should be tested and

adjusted to accurately predict phenological development of Sinton wheat.
The effects of moisture stress on the phenologícaI development of Sinton
wheat shoulcl be studied and possibly íncluded in the model.

-80-



BIBLIOGRAPIIY

Adams, J.E., Ritchie, J.T., Burnett, E. and Frvrear. D.I,l . lg6g.Evaporatíon from a simulated soÍl shrinkage-cracÉ. soil scí. Soc.An.'33: 609-613.

Alkier, A-c-., Eacz, G.J. and soper, R.J. Lgi2. Ef f ects of Foliar- andsoíl-applÍe{ nitrogen and soíI-nitrate-nitrogen level on the proteincontent of Neepawa r,¡heat. Can . J. Soí1 Sci " 5Zz 30I-309.
Angu.s, J.F..and Moncr.rrr -M.W-. 1977 " Water stress and phenology in

r,¡heat " Aust. J. Agric " Res . 2Bz I77-I8L.
Arkley, R:J. .1963. Relationships,between plant growth andtranspiration. Hilgardia. 341I3): 559-584.
Bagga, 4.4. and,Rawson,-H.M.- I977. Contrastíng responses ofmorphologically simílar wheat cultivars to tãmperãtures appropriateto \,larm temperate climates i¿ith hot sunmers: À studv in ðõntiolledenvironment. Aust. J. Plant physiol.4: 877-BBj.
Begg, J.E. and Turner, N.C.

28: 16I-217 
"

I976" Crop water deficits. Adv. Agron.

Bodmanl G.Þ" and colman, E:4. 1943. Moisture and energy conditionsduring dov¡nward entry of vrater into soils. soíl Scii'soc. Amer.Proc. 7 z lL6-I22.
Boyer' J.s. L976._ Photosynthesis at low water potentials. phil.

Trans. R. Soc. Lond. B 273: 501-512.

Brour,rer_, R. 1966. Root grovrth of grasses and cereals. In F"L.I'filthorpe and J.D. rviñs (ed.) Íhe Growth of cereals and Grasses.Butter\,rorth, London. p . 153-f 66 .

Banting,. A.E._and Dlennan,,D"s"H" I966. some aspects of the morphology
and physiglggy of-cereals Ín rhe vegerarive phãse. rn F.L. MíIrhorãáand J-D. Ivils (çd') The Growth of Õereals añd Grasses. Butterworth,London. p. 20-38.

campbe1l, c.A. 1968. rnfluence of soíl moísture stress applied atvarious stages of growth on the yield components of Chínook wheat.can. J. Plañt Sci.-48: 313-320.'
campbellr.c.A. and Read, D-.w.L. I968. rnfluence of air temperature,Iight- intensÍty and soí1 moisture on the groroth, yíeld anä somegrowth analysis characteristícs of Chinook wheaÉ þror,'n in the growthchamber, Cân. J. Planr Sci. 48: Z?9-3II.
Campbe11, C.4., McBean, D.S. and Green, D.G. 1969. Influence ofmoisture stress, relative humidity and oxygen diffusion rate on seedset and yield of whear. Can. J. Planr Scii 49: 29-37.
canvin, D.T. and_Yao, Y.._1967. Effect of temperature on the growth ofwheat. Can. J. nót.452 751-772

conner , - D. J. - L97.5 . Growth, \^7ater relations and yield of r,¡heat . Aust .J. Plant Physiol. 2: 353-366.

Day, A.Ð" and rntalop, s. 1970. some effects of soil moisture stresson the grourth of vrheat. Agron. J. 62: 27-29.
de Jong, E. pnd_Renníe, D.A. 1967. physical soil factors influencingthe growth of wheat. In K.F. Neilsoir (ed.) Can. Cent. Ilheat

Symposium. llodern Press, Saskatoon.

- 81 -



B2

de Vos, N.M. Lg77. Ltreat. In Th. Alberda (ed.) Crop Photosynlhesis:
Methods and CompÍlation of-lJara Obrained wirh a UobiIe field
lquipment" Centre for Agricultural Publishíng and Documentation.
trùageníngen, Netherlands. p" 22-46.

de Wit, C"T. 1958" Transpiratíon and crop yíe1ds. Inst. Biol. Chem.
Res. FÍeId Crops-Herbagä. Wageningen, ñetherlands"

de. I^Iitr_ C"T., Bfouwer, R. and Penning de Vries, F.I^I"T. - 1970. Thesimulation of photosynthetíc systems. In Piediction and }leasurement
of _Photosynthetic Próductívity. Centre--lor Agricultural Publishing
and Documentation" Ilageningen, Netherlands. Þ. 47-lO.

Denmead, O.T. L970. Transfer processes between vegetation and air:
measurement, interpretation ànd modelling. In Piediction and
Measurement of Photosynthetic ProductiviÈy. --Centre for AerÍculturalPublishÍng and Documeñtatíon. I,lageningen,-Netherlands. pi 149-164.

Denmead, O.T. erld Shaw, R.H. 1962" Availability of soil r,¡ater top1a1çs.as af f ected by_ soil moisture conLent aí-rd meteorological
conditions. Agron. J. 542 385-390.

Denmead, 0.T. and }lillar, B.D" 1976. Field studies of the conductanceof wheat leaves and transpiration. Agron. J. 68: 307-311"
Donard, c.4" and Hamblin, J. I976. The bíological yÍerd and harvesr

index of cereals as agronomic and plant breéding ôriteria. Adv.
Agron " 28: 361-405"

Downes' R"W. 1970. Effect of light intensity and leaf temÐerature on
photosynthesís and transpiratión in wheat ând sorghum. Àust. J.BÍo1. Sci. 232 775-782.'

Dubetz, S. and Bole, J.B. L973. Effects of moisture stress
headíng glrd gf nitroger,r fertilizer on three spring wheat
Can. J. Pl. Sci. 53: 1-5.

Ehtigt C"F. and Le Mer, R.D. L976. \^Iater use and productivitv of wheat
under five irrigation treatments. soil sci. soc. Am. 40: lso-lss.

El Nadi, A.E. 1969. Efficíency of vrater use by irrigated wheat in theSudan. J. Agríc. Sci. (Camb-.) 732 261-266.'

Evans, L.T. 1975. The physÍological basis of crop yield. In L.T.
Þygnç_(.d.) Crop Physiology" -Cambridge University tress,--tondon. p.
327-355 "

Evanp, !-"T. gnd_Rawson, H.M. f 970. - Photosynthesis and respiration bythe f1ag.leaf and_compolelts-of the ear ãuring grain devälopment iirwheat. Aust. J. Biol" Sci" 232 245-254.

Evans, L.T. and \.Iardlaw, I.F. 1976. Aspects of the comparative
physiology of grain yield Ín cereals.- Adv. Agron. 28t 301-350"

Wardlaw, I.F. and Fischer, R.A. 1975. I.trheat. In L"T..) Crop'Physíology. Cambiidge UniversiLy Press,--f,ondon" p.

FÍscher, R.A" 1973. The effect of water stress at. various stases of
development on yield processes in wheat. rn R"o. slatyer (eã.¡ plant
Response to Clímatic Factors. Unesco, Parïs. p. 233-241.

Fischer, R.A. and Kohn, q"D" 1966. The relatÍonshíp between
evapotranspiration and growth in the wheat crop. -Aust. J. Agric.
Res'. 17 z 2SS-Z0I

Frank, A-.8., Por¿er, J.F. and Willis, trü,.0. I973. Ef fect of temperature
and plant rvater stress on photosynthesis, diffusion resistanðe. andleaf-v/ater potential in spling whear. Afron. J. 652 ll7-780"'

at earlv
cultivará.

Evans, L.T.
Evans (ed
101-i49.



B3

Friend, D.J.C. 1965. Tillering and leaf Droduction in wheat asaffected by temperature and light Íntenäity. Can. J. Bot. 43:
LO63-1076 "'

Friend, p"J.C" 1966" The effects of light and temperature on thegrowth of cereals" In The Grov¡th of Õereals and'Grasses. London,Butterworth. p" 181{99.
Friend r. D"J"C., Helson, -V.4. and Fi,sher, J"E: 1962. The rate of dryweight-accumulatio! in Marquis wheat-as affected by temperature aádlight intensity. Can. J. Bor" 40: 939-955"
Fri_e-nd, Ð"J.-C., Helson, V.A. -ald Físher, J.E " 1962" Leaf growth in

Marguis yheaç as regulated^by temperáture, light intensily anddaylengrh" Can. J.-Bor. 40:' TZ99-I3IL"
Friendz D"J"C", 4elson, V.A. and Fisher, J.E" L965. Changes in theleaf area ratio $yr]"g.growth of Mar(uis wheat, as affeðtea bytemperature and light intensity. Cari" J" Bot.'432 IS-ZB"
Gardner, -lrtr.R. 1964. Relatíon of root dístribution to ürater uptake andavailabí1íty. Agron. J. 56: 4L-45.
Gardler, w"R. and Ehlig, c.F. 1962. some observations on the movementof water to plant róots. Agron. J. 54: 453-456.

Grantr.D"R. L975. - coqparison_of evaporation from barley with penman
estimates. Agríc. Mèteor. 15: 49:-60 "

Hagen, L"J" and skidmore, E.L. L974 " Reducing turbulent transf er t.oincrease \,zater-use ef f iciency. Agríc " Meteõrol . L4: I53-f 68 "

Halsg, N.J. -ald WeÍr, R.N. L970. Effects of vernalizaLior-,
photoperiod, and_ temperature on phenological development'and spÍkelet
number of Australian-wheat. Aust. J. Afric. Res. 21: 383-393:

Hanks: R-J., Gardner, _H.R. and Florian, R.L. r968. Evapotranspiratíon-climate relations for several crops-in the Central Gräat Plains.Agron. J. 60: 538-542.

Hanks, R.J., Gardner, H.R. and Florian, R.L. 1969. plant growth-
evapotranspiration relations for several crops in the Ceñtral GreatPlains" Aþron. J. 61: 30-34:

Hillel' D. 1971. SoiI and I^later: Physical Principles and Processes.
Academic Press, New York.

Hillelr_D. z Ta1pay, H.- and van K-eu1er, H. lgi6. A macroscopic-scale
model of water uptake by a nonuniform root svstem and of ivater andsalt movement in-the soil profíle" Soil Scí'. I2I(4): 242-255.

Hsiao, T-c. 1973. Plant resÞonses to vrater stress. Ann. Rev" plant
Physíol . 242 519-570 "

Hsiao, T"c. anq_Acevedo, E._ r974. Plant responses to r^rater deficíts,v/ater-use efficíency, and drought resistanðe. AgrÍc. l{eteor. 14z
5 9-84 .

Hsiao, T.c", Acevedo, E., Fereres, E. and Henderson. D.I{. r976. Stressmetabolísm: IJater,stress, growth, and osmotic aájustment" phí1.
Trans. R. Soc. Lond. B. 273;. 4lg-50j.

Hsu, P. and !tralton, P.D. f97I. Relationships between yield and its
compole+ts-and structure above the flag läaf node in-spring wheat.
Crop Sci. L l: 190-193.

Hurd, E.4. _]964. Resistance to drought and damage by soil cracking.Can. J. Plant Sci" 442 240-248. "

Hur.d' E.A. - 1968. GrowLh of roots of seven varÍetíes of spring wheat athígh and 1ow moisture levels. Agron. J. 60: 201-205. -



B4

Hurd-, E.A.- 127.4. ^Phenotype and drought tolerance in wheat. Agric.Ileteorol " l4: 39-55. -

Hurd, E.A. and Spratt, E.D. L975" Root patterns in crops as related tor.¡aler and nutrient uptake". Ln urs. Çgþra (ed") physíðlogícal Aspectsof Dryland Farming. - Oxford E-IBH publishiriC Cô., ñew teïhi" p.
L67-235.

Jones, H.G- L976. crop characteristics and the ratio betweenassimilation and trañspirarion" J. App1" Eco1. l3: 605-622"
Lawlor, D"W. L973. Growth and water absorption of wheat with parts ofthe roors at different vrater potentials.' New phytol . 722 297405.-
Lawlor, D.I,J. - r976. trlater stress induced changes in photosynthesis,photorespiratÍon, respiration and CO, compeñsatíon' conceáÈiation'ínv¡heat. Phorosynrheriôa 10: 378-3Bl(
Lemon, E.8", -Gla-ser, 4.H. qnd Sattterwhite, L.c. L951 . some aspects ofthe relationship of soil, plant, and meÉeorological factors toevapotranspiration. Soil Sci, Soc " proc . 2l: - 464-468 "

Lemon, E:R., Stewartr -P.W., Shawcroft, R"W. and Jensen, S.E. L973.Expgripents in predicting evapoLreáspiration by simúlation wítñ as_oir-p1ant-armosphere moãel _(spAM). 
^ rn R.R. Bíuce, K.W. Flach andH-.Y. Tayl-o_r ( ed . ) Fíeld Soil I,Iarer Regime. SoiI Éci . Soc . Am. ,luladison, tr^lisconsin " p. 57-76

LoomÍs, R.Þ., Williams, W"A. and Hall, A.E. LglI. Agriculturalproductivity. Ann. Rev. Plant physiol " 222 431-468.
Lorøe, L"B. and Cartef,.9.G. I972. The influence of CCC and temperatureon dry matter assimilate accumulation in r¿heat. Aust" J. Agr'ic. Res.232 5Z¡-SSS.

MacDowall, F.D.H. 1973. Grov¡th kinetics of Marquis wheat. Ív.temperature dependence. Can. J. Bot" 5l: 729-136.
MajgI' D..1. I980. Photoperiod response characteristics controllingflowering of nine crop species. 'can. J. plant scí. 60: 771-jB4:
Mccree, K.J_. 1970. An equation for the rate of respiration of whíteclover plants growth under controlled conditions. In Prediãtion andìleasurement of Photosynthetic Productivity. Centre--lor AericulturalPublishing and Documeirarion. Wageningeñ.' p.-iit-lZÞ.- -^"--

McNeal, F.H. qnd-Berg, M:4" 1977. Flag leaf area in fíve spring wheatcrosses and the rélationship to graiñ yield. Euphyrica 26: 7Sg-lqtr.
Meyer' w.s. and Green, G"c. 1980. water use bv wheat and plant

indícators of available soil water. Agron" J. 72t 2fi-257 "

Ifí1ler, D:E. 1967. Available water Ín soil as influenced bv extractionof soil- \,rater by plants. Agron. J. 59: 420-423

Monteith, J:L. 19q5.,-_Ligþt^disrriburion and photosynrhesis ín fieldcrops. Ann. Bor. (n.Sî¡ 29: 17-37

Monteíthl J:L-._ +973. . P_rincip]es of Environmental physics. EdwardArnold (Publ_ishers) Limited, London.

Ifoss, D.N. and ìfusgrave, R.B. _ l9l): _pÞotosynthesís and cropproduction. Adv. Agron. 23: 3L7-336

Nielson, K.F. 1974. Roots and root temperature. In The Plant Root and.Its Environment. E.i,J. Carl-son Univerèity press of, Virginia,CharlottesvÍlIe .

Papendick, 8.I., Cochran, V.L. and I.Ioody, W.M. 197L. SoÍ1 water
Potential ald-\.¡ater content profiles-with wheat under 1ow spring and
summer rainfall. Agron. J. 632 l3L-734.



B5

Partridge, J.R.D. and ShaykewÍch, C.F. 1g72. Effects of nitrogen,
temperature, and moisture reqime on the vield and DroteÍn coñtent of
Neepawa wheat. Can" J. SoiI-Sci. 52: 179-I85"

PassÍoura, J.B " r976 " Physiology of graín yield in wheat gro\../ing onstored \,7ater. Aust. J"-plant-Physiól . 3:' 559-565

Passioura, {.8" 1977- Grain yield, harvest index, and v¡ater use ofrvhear. J" Ausr. Insr" AgrÍô. Scí": Ll7-I20.
Par,¡1oski, M"c. and shaykewich. c.F" L972" Germination of whear as

af fected by soí1 wa-ter srress. can. J. plant scí. 52: 6Lg-623"

Penman, H"L: f 948. Natural evaporation from open \,/ater, bare soil andgrass. Proc. Roy. Soc. London Ser. A 193: IZ0-L46.
Penman, H"!" I956.^ Evaporatíon: An Íntroductory survey. Neth. J"

Agric " Sci. 4: 9-29 .-

Peters' D.Þ. 1965. I^later availabÍlity. fn }fethods of Soil Analysis:
fþy"|çgf and }fÍneralogícal PropertÍãs. --Ãm. Soc. of Agron. p.
279-285.

Pinthus, M.J" I969. Tillering and coronal root formation in some
Common and Durum wheat variðtÍes. Crop Sci. 9: 26j-272.

Puckridge, D"W. 1968. Competition for lÍeht and its effect on leaf and
gpikglgt development of whear planrs" Ãust. J. Agríc. Res. 19:
i91-201.

Puckridge, D.W. I971" Photosynthesís of wheat under fíeld condit.ions.
III. Seasonal trends ín carbon díoxíde uptake of crop communities.Aust. J. Agric" Res" 222 1-9.

Puckridge, D"W" L973. A quantítative account of the influence of solarradiatíon, r¡7ater and niÉrogen supply on the photosvnthesis of wheat
communitÍes in the field. -In R.Oi Slatver (äd.) Plant Response roClimatic Factors. Unesco, Þãris. p. 519-525.

Raschke, K. I976. Hov¡ stomata resolve the dilemma of ooposinsprioiities. Phil. Trans. R. Soc. Lond. B. 2i3z S5t-560"- "

Rarvsonr H.M. and Evans, L.T. 1971. The contribution of stem reserves
to grain development in a range of wheat cultívars of differentheight" Aust. J. Agric. Res "-22: 851-863.

Raç'sonr. H.M. , lagga, A.K. and- Bremner, P.lÍ. I977 . Aspects of adaption
by wheat and barley to soil moisture deficits. .{ust. J. plant
Physiol. 4: 389-401 .

Rar¡son, H.M., Begg, J.E. and l,Ioodward, R.G. 1977. The effect of
atEospheric humidity on photosynthesis, transpiration and v¡ater useefficÍency of leaveê of ðeveral plant épecies^" planta 134: 5-I0.

Rickman, R.!i., Allmaras, R"R" and Ramig, R.E" I978" Root-sinkdescriptions of v¡ater supply to drylánd wheat.. Agron. J. 70:7n-7 2b.

Ridd.ell, -{.4. ald Gries , G.A. 1958. Developmenr of spring whear: II.
The effect of temperature on response to þhotoperioã. Ãgron. J. 50:
739-7 42.

Riddell, J.,4., Gries, G.A. and Stearns, F.!I . I958. Development ofspring ¡¿heat: I. The effect of phoùoperiod. Agron. J. 5O: 735-738.
Ritchie, J.T. i971. Dryland evaporative flux in a subhumid climate:I. Ilicrometeorologfcal influenðes. Agron. J. 63: 5i-55.
Ritchiel {.T. L973. Influence of soil ¡vater status and meteorological

conditions on evaporation from a corn canopy. Agron. J" 65:
893-897.



B6

Ritchie , -J.T . Lg7 4. Atmospheríc- and . soí1-\^/ater ínf luences on the ptantv¡ater balance. Agric. Mäteorol. 14: lB3-I98.
Rítchig, {:T._ ?nd Burnet.t, !',. I97I " Dryland evaporative f 1ux in a

subhumid climate: II" Plant ínfluencãs. Agroir..l" 63: 56-62"
Robertsonr G"{. f968. A biometeorological time scale for a cereal cropínvolving day and^night temperatureð and photoperÍod. Int" J.

BÍometeor " L2: L9I-223

Ros-e_nberg: {" J . L97 4. Microclimate : The Bíological Environment . JohnWiley & Sons, New York.

Salim, M.H., Todd, _G-"w.- and Schlehuber, -4"M. -L965. Root development ofwheatr oats, and barley u¡der condiÉions of soil moisture sträss.Agron" J" 5i: 603-607.

Scott-Russell, R. and Goss, ì1.J. L974. physical aspects of soilfertility-- Tþ" response of roots to meôhanical impedance. Neth. J"Agric. Sci . 22: 305-3f8.
seator]' -K.4" , Landsberg, J.J" and sedgley, R.H" 1977 " TransÞirationand l-eaf rtater potentials of wheat- j-n- relation to chanqing'soil waterpotential. Aust. J. Agric. Res. 28: 355-367

Segi-ner, I. - ^L97 I. I^Iind ef f ect on the evaporation rate " J. Appl.Meteor. l0: 215-220"

ShaykewÍch, C.F. personal communication.

Shaykewich, C.F. I965. The relationship between soil components andsoil pþygical constants of some Manítöba soils. M.sc. thesis. Dept.of Soil Science, Uníversity of Manitoba.
sla_Lyer, R.0. L967 " Plant-water Relationships. Academic press,

London.

slatyer, R.0. L969. Physiologícal signÍfícance of internal warerrerations to.crop yield. rñ R.c. Dinauer (ed.) physiologícal Aspectsof Crop Yield. Äm. Soc. Agron. , ìfadison, I^Iisconsií. p."53-83.
Sof ield, I., Evans, L.T., Cook, M.G. and trIardlaw. I.F. L977 . Factorsinfluencing the rate and duiatíon of grain fiiling in wheat. Aust.J. Planr Physíol. 4: 785-797 "

Spie_rtz ' J"H.J. I974. Grain growth and dÍstríbution of drv matter inthe whegt plant as influencõd by temperature, light enerfy, and eaisize. Neth. J. Agric . Sci . 222- 207'-220 .

Stoy, V. Ig6_3. The translocation of C14-labelled photosyntheticproducts from the leaf to the ear in wheat. physíoI" Þlant 16:bsi-soo.
Taylor' H"ì1. I974. Root behavior as affected bv soil structure andstrength. In E.W. Carlson (ed") The Plant Roót and Its Envíronment.University TFess of Virginia, Charlotresvílle.
Taylor,. S.A. -ald AshcrofL, -G.L. Lg7Z" physical Edaphotogy: The

lhysics of lrrígated and Nonírrigated Sôils. I^l"H: Freéñan and
Company, San Francisco.

Tearef T.D. FÍj, J.I^l ., !tr_aldren, F.p. and Golry, s.I{" r9lz. compararivedata on the rate of photosynthesis, resÞírâÈíon. and transpirätion ofdifferent orgals in_àç.ned ând av¡nless iäogenic Íines of whäat. Can.J. Ptant sci: 52 z gA5-git.'

Tew, R.K., Taylor, S.A. and Ashcroft, G.L. f963. Influence of soÍltemPerature on transpiration under varíous environmental condÍtions.Agron. J.55: 558-560.



87

Thorne, G.N. Lg66. Physiological aspects of grain yield in cereals.
Tn F.L" MÍlrhorpe anô J"D.-rvins (äd.) The õrowth'of cereals andërasses. Butteiv¡orth, London. p" B8-105.

Todd, G:w., chadwick, D.L. and Tsai, s. L972. Eff ect of I,iínd on plant
Respiration" Physiol. Planr . 27 z 342-346 "

Turner, N.c. and Jones, M"M" 1980. Turgor maintenance bv osmoticadjustment.: A revÍew and evaluation.- rn N.c. Turner ánd p.J. Kramer
lç9") AdaptatÍon of Plants to i,Iater and-Eigh Temperature stress.Wiley Interscíence, New York"

van Bavel,.C"H"M", Brust, K"J" and Stírk, G.B. 1968" Hydraulíc
ProPgrtj.es of a clay loam soil and the fÍeld measuremánt of vrateruptake by roots: rr" The \,¡ater balance of the root zone. soil sci.Soc. Amer. Proc . 322 3I7-32I.

van -Bavel , c.H.l'1. and Ahmed, J. r976. Dynamic simulation of waterdep-Letion in the root zone. Ecological Modelring 2: r9g-zlz.
van Keglenr-H. 1975. simulation of water use and herbage growth ínaríd regions_. gentre-for Agriculture Publishing and ñocü*entatÍon.

I^Iageningen, Netherlands

llardlaw, I.F. 1967" The effect of water stress on translocation inrelation to phot_osynthesis and growth. r. Effect during grain
development in wheat. Aust" J"-Biol. Sci. Z0: 25-39

lrlardlaw, r.F. !979" The early stages of grain development in wheat:Response-to^1ight-and_tempeiaturã in a õingle variety. Aust. J.BÍo1. Sci.23: 765-774"

I'lardlaw, r"F. L971" The early stageg of grain development in wheat:
Sgspolpg_to^vrater stress in-a siñgle vaiiety. Aust. J. Biol. Sci.24: 1047-1055.

!'Ìarrilgtonr r.J--, Du!stone, R.L. and Green, L.M. rg77 . Temperatureeffects at three development stages on ihe yield of the wheat ear.Aust. J. Agríc. Res.28: 1L-27.-
I^Ioodbury, I^l . 1979 . Unpublished data. University of Manitoba, I^iinnipeg .

Yang, S"J- and de Jong, E" L972" Effect of aerial envíronment and soil
vr.ater potentía1. on the _trar.rspiration and energy status of r.¡ater ínwheat plants. Agron. J. 64:- 574-578.

Zwarich, M"A. and shaykewich, c"F. 1969. An evaluation of severalmethods of measuring bulk densíty of soÍ1s. can J. soil sci.49:241-245.



Appendix A
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Soil characteristics - bulk densitv (BD -(FC - cm_water/cm soil), wilting póirìt (i,IP
for Brandon and Glenlea

Deoth
( cir¡

gm/cc), field
- cm v¡ater/cm

capac i tvsðit) :

Brandon
1978 t97 9BD FC I^IP BD FC t{P

Glenlea

BD FC

0- 1s
t 5-30
30-4s
45-60
60-75
7 s-90
90-105

I 05-1 20
120-135

1.02 0.337
r.2s 0.344
I "2t 0 "32tt .28 0.33I
I .38 0 .373
r.32 0.393
r.57 0"399r.s2 0.393
1"47 0.308

0 "L270"141
0"140
0. 140
0.150
0. 155
0.155
0. 155
0.099

.0i 0.35

.16 0.34

.19 0"30

.28 0 "29.30 0.26

.26 0 "23
"29 0 "23
"27 0"22
"3r o "26

0 .456
0.514
0.514
0"514
0.514
0.s14
0. s14
0. s14
0.514

0.128
0.L44
0 "t52
0 .152
O.TI2
0. 106
0.106
0"1I2
0"r20

"04aa
.)a
aã

"37aa

"33aa

"33

0.220
0"306
0. 306
0"306
0"306
0 .306
0.306
0"306
0"306
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A PROGRAM VERSION OF ROBERTSON,S (1968) BIOMETEOROLOGICAL TI¡ÍE SCALE
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* WEATHER

* RADIATION

PROCEDU-RE lTry. ? TMPA, P+IN , DAYL=LIEATHR (DAY , DAyy)
SUN=C04 *AFGEN ( SiINTB . DAY )* DAYL:CO4 *TWOVAR (DAYiT 1 , 9 . LAT2TB . DAYLT . LAT . DAYY. ITAG3 )
DEC : -6"2832^\_?3.4/-360.* cos (6"2832-* (óAyy í rO.) /365.)DAyL : ACOS(.,?072,- (srNLAr * srN(DEC))/(cosi¿.r * côb(DEC'))x 24./3"1416 * c04
FCLI=SUN/DAYL
DTR2=CO5*CI5 / COz*AFGEN (DTRT, DAY)
DGRCL:2 . * c0 5 *c I 5 / c02 ^Tt^lovAR (P.aDT I, I 0, LAT ITB, RADT, LAT, DAyy, rrAG I )
DGROV = 0"2*DGRCL
FCL2= (DTR2_DGROV) / (ICNCL-DGROV+NOT (DGRCL-DGROV) )
FCL=INSI^l ( SiüRASU- . 5, FCL 1,FCLZ)
LFOV=LIMIT(0 ", I ", I.-FCL)
DTR I =F CL *D GRCL+LF0V*DGR0V
DTR:INSi.I ( ST,IRASU-. 5 , ÐTRt , DTR2 )

}î{T = AFGEN(l'l]lÏT,DAY)
].Ð(T = AFGEN(}D(TT.DAY)
TMPA = (}O{T+MXT)/2.

¡

TEMPERATURE

I^ÏINDSPEED

I{SR=C06*AFGEN (TtSTB , DAY)

* HUMIDITY

DPT= (5 . / 9 .) *(A-FGEN(DPTT.DAY) -32 . )
svpA=co7*4.58*E4p ( r7 .4*ÍIfp.q/ (rlipÁ+239 . ) )
VPA3:SVPA*AJ'GEN (RELHT , DAY)
\rpA2=co7*4.58*EXp (17. 4*Dpr/ (npr+z¡9. I I
DPTA= " 5* (AFGEN (DP8T, DAY)+AFGEN (DP2T. DAY) )
vpAl=c07*4. 58*EXp ( 17. 4*DPTA/ (lpra+z¡9. I )
VPA:FCNSI^I ( SWOenn, VPAI , VPA2 , \tPA3 )

* RAINFALL

RAIN=C09 *AFGEN (n¡rNrS ,DAY)
ENDPRO

TRAIN : INTGRL(0.,RAIN)
* çALCULATION OF PENMAN EVAPORATION

TPEVAP = INTGRL(0 ",EVAP)
PROCEDURE EVAP=EPRO(DTR)

DELTA = 17 .4ISVEA*( 1..-rMpA/ (TMPA+239 ") ) /(rllPe+ng.)
L\.lR=I . I7 BE-7*c_0,5*c 15 /co2* ( TMpA+c0t ) **4* ( .58- . 007 79*SQRT (wA) ) *( t . -.9*LFOV)
HZERO = DTR*( 1.-REFCF)-LIdR
EA= . 35 *C I 5 / ( C07*C02 ) * ( SWt-VpA) * ( . S+. 54 *r^rsR) *LHVAP

- 
EVAP = (HZER0*DELTA/GAÌ'fl'IA+EA) / ( i .i¡¡lre/cAls{Á) * r " 7 (rHvep*C I 5 )

ENDPRO

';\x"********xL**:t*********** SECTION 3 ***********************************

SOTL I^IATER SECTION

TOTINF = INTGRL(0.,INFR)
INFR=RAIN
INFR = RAIN-RRNOFF+LRNON
RRNOFF : AlfAXl(0.,A*(RAIN-B) )A : AFGEN (ATB , BIO¡Í)
LRNON = LRF*RAIN



r03

TDPâIN = INTGRL(0 ",Ri,IFB8)
RI^|FB 1:Al'.fAXI(0 " ,INFR-(MWI-!¡I) /¡e]-t)
RI^IFB'2 ,8'=Al'lAXl (0 . , RI^IFB' 1 ,7' - (Ifi,I'2 ,8' -W' 2 ,8' ) /¡Blf )
I^il=II{I+INTGRL (0 . . INFR-RWFB 1-TRRl-ERl )
\l' 2,8' =I\l' 2, 8'+IÑTGRL(0. .RIüFB', 1. 7',

-RI{FB' 2, 8' -TRR' 2-,9', -ER', 2, 9' -)

I,I"IOT=SUMI (Inl'1 ,8' )
I,J]IOT7=SUMI (I^i' 1 ; 7' )

O TRANSPIRATION

TOTRAN = INTGRL(0.,TRAN)
TRAN=SUMI(rnn'I,B')

PROCEDURE APTRAN, TRRI! TBR2 , TBR3 , TBR4 , TBR5 , TRR6 , TRRT , TRRS , RTL1 , RTL2 , . C 'RTL3,RTL4,RTL5,RTL6,RTL7,RiL8.TDBI.TDB2.TDB3.TDB4.TÓ85.
I?Bq,TDÞZ,TDB8,AI,JI,Aw2,AI^r3,Ai,i4,AI^I5,lwO,ÁwZ,AI,t8=prRpRO(iAr, .o.
EVAP.DVS )

4I{: I ,8'.=ÁyAXl (0. ,W',1,8'-TCK',l, g',*l^ILTpT',l, g',)
TDB I =TCKI
TDB' 2, 8'=TDB' 1,7' +TCK' 2,8'
RTL 1=LIMIT (0., TCKI .RTD)
RTL' 2,8'=LrMrT(0.,iCK', 2, g"RTD-TDB' 1.7' )
ERLB 1=RTLl *AFGEN (EDPTFT. AI.Ii /MAI,I1)
_EBLÞ' 2, 8', :ERLÞ'. I 2 7' .+F(TL' 2' g' *AFGÉN ( EDPTFT' AW' 2, g'. / rIAW', 2, B' )
HRAD = 

- 
DTR*CO4*CÔ2 / (CO5*Ci5*DAYL)

AIPHA:TI,JOYAR(AIPHT1, 6,LAI 1TB,ALPHT,LAI,HRAD, ITAG2)
I.ISA=1 " 333*WSR
EAVT = }Ð(T-0 . 25* (Ì.Ð(T-!II{T)
sVpAM=C0 7*4 " 5B*EXP ( I 7 " 4*EAVT/ ( EAVT+2 39 . ) )
s].0p =r7.4*svpAM*( I .-EAVT/ (¡AVr+299.) ) / (EAVT+239. )
RA=3 . 04E-3 *SORT ( C02 *C I 4 ) * SQRT ( i . /i^ISA) +20 . /WSA*Aì.1IN 1 ( i ", LAI )
ELWR=I . I 7 8E_7*C05*C I 5 /q021 (EAW+C0I ) **4* ( . 58_ . 007 7g*SQRT (VpA) ) * . . .

( i ._.9*LF0V) *DAYL/C02
HNOT = 0.75*DTR-ELI^IR
cc = t./(sl-op +(RA+RS) /RA*cA_Ifl,rA)
PTRAN=CC* ( ( 1 . -SXP (_ 

" 5 *LAI ) ) *ITNOIXST,OP +ALPHA*LÁ.I*RHOCP /RA*
( SVPA-},I_VPA) *DAYL/CO2 ) / (LHVA?*CI5 )

APTRAN = PTRAN*A.FGEN (RFDVST,DVS )
TRPI'ß{ = APTMN/ (ERI.BS+NOT (ERLB8) )
TRR' 1, 8' =TRpMlf*RTL', 1, g', *AFGEN ( TÉCT, TS ) *Atr'GEN (WREDT, AI^i' 1, g'

/utw'l,B')
ENDPRO

* EVAPORATION

TEVAP = INTGRL(0",EBB)
PROCEDURE_ EB8, ER1,, ER2,ER3, ER4, ER5, ER6,ER7,ER8=EVAPRO (LAI)

VARI=AMAXl (lrl/TC{I-WqLIMl, 0. ) *Eip (-pR0p*(0.+.5"TCKI) )
vAR' 2, 8' =Al'fAXl {\l' ?, 8' / T cR' l, g', 

7W CLII4' 2, g" 0 . ) ""EXp (-ÞROp*
(TDB' I .7' +.5*TCK' 2 -g' \)

SU}f8:SU]'D((VAR, 1, 8,, TCK, 1, 8' ),
PEVÀP = . g*EVÁP*AFGEN(FLÍRT,LAI)
rricpR = (r,r1ITCK_I_rJCLrMl ) / (FLóCpt_wcr,rlrt)
AEVAP = PEVAP * AFGEN(B.EDFDT.I^TCPR)
ER'I,8',=4!r_rryl(\Í{',\,g',-I,Jci,rM'í,g',Iicr',1,8',)/n¡lr,AEVAP*TCK,1,g,*...

vAR' t,8' / (SUì{B+NOT (SirM8) ) )
EB8=SU}I1 (ER' I ;8' )

_AEPER = (TRAN+EB8) / (PEVAP+PTRAN+NOT (PEVAP+PTRAN) )
ENDPRO

* SoIL TEI'PERATURE

TS = O. 1*INTGRL (TSI , (T¡IPA_ITITPA) /DELT)
DTMPA = DELAY ( 20, I 0 . *C02, TMPA)+INSI{(TI}fE-l 0 " *C02, 0 " 1*TSI, 0. )

*************^&*******tÉ*** SECTION 4 ***************************x*-******
C:
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* çERMINATION

T}ÍPSIIM = INTGRL ( TIæ SMI, ( rS /IE]-I-ENGR-TMPSUM*PUSHD /NNIT ) *PUSHS )
ENGR = INSI.](TSUI.ÍG-TI'IPSI]M, 0., INSI,](SW.TS/DELT. O. ) )
ST,I = AI,IAXI(Wl_I,ILTPTl*TCKI,I^I2-\,ILTPTz,XTCKz.I^I3_I,^ILTPT3*TCK3)
PUSHG =AND(TI'ÍPSUM-TSTIIIG,LMBIOI{-LB]OM)*INSI^I(TIME-180.XC02,I",0")
PUSHS=STEP ( SDAY)

G}íD=INSW(DAY-3 00 ", I ., 0 . ) *lNrCRL ( 0 ., DAY*PUSHG/DELT-GÌD*PUSHD /DELT )

* çROWIH OF STANDING \¡EGETATION

LBIOM = INTGRL ( O ., GROI,JTR+IBIOM*PUSHG /DELT-LBIOM*PUSHD /DELT-R-DNGB )
PROCEDURE GROi.^nR, qSRR, WUSEFF, AGR, TGRIITH, GRS=GRPRO (LAI . DVS )

PDTGAS=DAYL/ ( CO4 *CO2 *C 1 5 ) *TWOVAR (DTGAS T . 6 . LAI2iB . DTGAS . LAI.
HRAD, rrAG4 ) *rN SW (TÌ.{p4-5 ., 0 ., rNSW(TMpÁ-1 0 ., (Í¡rpn-5 : ) / 5'", 1 . ) )

TEFR = 2**( (TMPA-REFT) /10.)
IÍAINT = TDRtr'IT*Ìß.ESF*TEFR
CSRR : AFGEN(CSRRT,DVS)
PDTGR = (PDTGAS-MAINT)*CONFS
WUSEFF = PDTGR/ (PTRAN+NOT(PTRAN) )
TGRI^ITH = TRAN*I¡JUSEFF
AGR=TGRi^iTH*X
GRS:INSI,J(DVS-. 5, 0., . 8*AGR)
GROI,JTR=AGRX C SRR-GR S

ENDPRO
TDRI,I"I= LB I0ì,Í+RTI,IGHT+S DIIrI

* * DEAD BIOI"ÍASS

DBIOM = INTGRL(O ",R¡T{CB+LBIOM*PUSHD/DELT)
ADB IOM=INTGRL ( O . . RDNGB_A-DB IOI'f *PU SHD /D ELT )
RDNGB= RDR*LBIOM* ( T ._PUSU¡)
RDR=A}ÍAX 1 ( RDRI.ID , RDRN )
RDRhD=A}ÍAX 1 ( RDRI,I, RDRD )

. RDRI.I =1 . /cOZX¡¡cÉN(RDRI,jT,RI,IRB8)* MI4TRTD = RTD*(FLDCP_I.LTPT)+NOT(RTD)
MkTRTD = INSI.](RTD-.q8,RTD*(FLDCP3-i{LTPT3)+NOT(nrO), ...

.08* ( FLDCP3-I\TLTPL3 )+ (RTD- 
" 08 ) * ( FLDCP4-r^iLTpT4) )

RDRD =1 . /COZ*A¡'CEN(RDRDT,DVS)
PUSIID =AND (PLqIOìÍ-LMBIOM, LMBIOM-LBIOIÍ) *INSI^l(TIì{E-85 .xC02, I " , 0. )
PLBIOM =DELAY( l0,DELT, LBIOM)
LMBIOÌí =.2*MAXBIO
RDRN =.3*( t .-SQRT( | "_ZxZ)) / COZ
Z=I .-X
X=l.
RI{RB8=SUMi (RAWR' I .8')
RAi.fR' 1, 8'=RTL' l, 8' /TCK' 1, 8' *AW' l, B' /MI{RTD

I'ÍAXBI0=INTGRL ( IB I0M, RLB I0M)
RIBIOM=AF.AX1 (O ., (LBIO}Í-PLBIOM) /DELT)

* ¡EAF AREA TNDEX

I,AI = INTGRL ( O ., LAGRTR+LFI *PU SHG /D ELT_LAI *PU S HD /D ELT _RDNGB *LAI /(LBrol'f+NoT (LBrolf ) ) )
LAGRTR = GROI{TR*LFARR
LFARR : AFGEN(LFARRT,TTÍPA)

:t ¡EVELOPMENT OF THE VEGETATION

DVS = INTGRL (O.,DVR-DVS*PUSHD/DELT)
D\B =1 " /COZ*¡.FCEN(DVRT,TMPA)*INSW(LBTOM-rBIOM,0., I "¡*( 1"_PUSI{D) *INSIü(DVS-I :, I . ,0. )

GP.O\^ITH OF THE CROP

C:

ROOT GROI^]-IH
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RTi^JGHT = INTGRL ( O ", ACN* ( 1 " -C SRR) +IRWT*PUSHG /DELT-RTWGHT*PU SHD/
DELT)

RTD = INTGRL(0 ",GRRT+IRTD*pUSHG/DELT-RTD*pUSHD/DELT)
GRRT = SI^IPB8*DGRRT*RFRGT*2

. *INqI,I(RTD-}qRTD, 1",0.) *TNSW(DVS-.5,1.,0")
SI^IPB8=SUMI ( SI^ÌP' 1., 8' )
SIIPI=FCNSI4T(AI,I1. 0 " . 0. .AND(RTD. TDBI-RTD) )
s!¡Jp' 2, 8' :FCNSW ( Aw' 2, 8', 0 ", o ., AND (RTD-iln' l, 7',TDB' 2, 8' -RTD ) )
RFRGT : AFGEN(REDTTB,TS)

SEED GROWIH

SDWI:TNTGRL(0",cRS)

*********************** SECTION 5 *****)k******************************
* 6UTPUT AND RUN CoNTRoL

ENGRS = AND(TIME-I 20.*C02,LMBIOM-LBIOM)* ENGRS = NOR(85.0*C02-TIME, I "O*DVS)FINISH ENGRS=O "5,DVS=I "0
PROCEDURE EVAPO,PTRANS,TRANS,LDRM,DDR_It,DRlf,DCAUSE, ...

sEEDW=UITPRO (RDRN)
EVAPO=C02*EVAP
PTRANS=C02*PTRAN
TR-{NS=C02*TRAN
LDRM=C15*LBIOM
DDR-}í=C I 5 *DBIOM
DR}I=C l5*BIOM
sEEDtr{=C I5*SDI,IT
DCAUSE = INSI^I(RDRI^ID - RDRN, 1., INSI^I(RDRD - RDRI4I, 2.,3.))

ENDPRO
PRIN! ry:l,q:,I^lrorT,TR.A,ÏN,TPEVAP,TEVAP,TorRAN,TRANS,DVS,I^rusEFF,LAr,...

RTD,GROWTR,RTI^TGHT,SEEDI{,LDRM,DDR}I,AGR,TGRi^ITH,RDNGB,DCAUSE,ENGR...
, G4, 84Y, PU SHG, PUSHD, RI\IRB 8, RDR, RDRI{D, RDRtrI, RDNGB, DVR, SW, " . .

TMPSUI'1, EB8
T'ÍETHOD RECT
TIMER FINTIM=21 168000 " ¡ PRDEL=432000 ",DELT=86400., OUTDEL=432000.
PRTPLT WTOT(0., 1000.,DAY)
PRTPLT DR_M(0., 10000.,DAY,DAYY)
PRTPLT LAI(0.,6",DAY)
PRTPLT TS (0. ,30. ,DAY)
PRTPLT SEEDI^I(0., 6000.,DAY)********************** SECTION 6 ***********?r*************************:K PARATETERS AND FUNCTIONS:t CONSTANTS
INCON ITAGI = 0, ITAG2 = 0, ITAG4 = 0* TOTAL DAILY VISIBLE RADÍATION (CAT,/C¡IX*2) AS A FUNCTION OF LATITUDE* AI{D DAY OF THE YEAR
FUNCTION RADTI = 0.,340., 15.,343., 46.,360"" 74",369.,lq¡.,30+", 13q",349., t66",337 ", 196.,342., 227.,357.,...2s8.;368.; 288.',36s.: 319.; 349.: 34e.:n7.; 36s":340.'
FUNCTION RADT2 = Q.,295., 15.,299., 46",332", 74.,359.,iql. ,175 ., 19I. , 377 . , 166. , 374., 196. ,375. , 227 . ,377 . , .. "2sq",lç9., 2q9.,3+r., 3lg.,3li.; 349.,29r.-, 36s.:294
FUNCTION RADT3 = q. , 243. , 15. ,249 ", 46.',293.; 74.:337 .:

19I.,?/5_., !9I.,394., 166,,400., 196.;399., 227.,386,...259.,357., 299.,3I3., 319.,264", 349.,239.', 365.:24L.
FUNCTION RADT4 = 0.,185., 15..I91.. 46..245.. 74".303".rq¡.;gqg.; 135.;400.; 166":4r7.: re6.;4tr"; 227.,384.,...258.,333., 288.;270., 319.;2r0.', 349..,I79.: 365.:I83.-
FUNCTTON RADT5 = 0.;t24.-, 15.;131.; 46..r90.: 74.: 260:.1ql";939., llÞ.;3e6"; 166.:422.: re6.:4r3.,' 227.,36e.,...25q.,29q., 288.,220", 319";rs1.; 349";r17.; 365.;r22.'
FUNCTTON RADT6 = 0., 67., 15.;73., 46.;131.; 74.,207.',lql",Jq+", i3¡.,380., 166.;418.; r96.;405., 227.,344.,...

258.,254., 288.;163.; 319.; 92.: 349.;61.,' 365.:66.
C:
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FUNCTION RADTT l^9", Iq., l!., ?2", 46",72", 74",I49",
19:.'?Q9", ll:.,?:q", 1qÞ"; 499-, l?q";39?": ?27_",3q2", ...259",20)",288.,Ì09., 319"; 37", 349"; 14"', 365., 17"'

FUNCTTON RADTS : q., q. , l5 "; 0. , 46 ": 2O "', 74 "; 89. ;
lgI",?92", ll:",391", \6Q.,40q"; \?ç";38q.; ??7_",2çe", " ".258.,r4?., 288., 45.,319.; ?", 349"', 0"; 365.; 0.

FUNCTIoN RADT9:0", 0., 46.: 0.. 74": 28":
lg:., rç?., l1:.,334., 166";424"; re6.;380,; ??7_.,?48", "..

FUNCTT.N RADrlo2::o:,31;' "?" 3"; 3re": 0'; turZ::3:,.".

1g:.,rr'1,", 1l:.,33?., 166",428., 196",393", ?17.:752", " ".?:p., +0.,.?88.r- 0., 365.;0.
IAq!E_!4T_UÞ(_I_10)^= 0:r_10.2_20:, 30", 40", 50,, 60", 10", 80"; 90.
FUNCTTON REDFDT = 0:,.q75, .05,.1; .I,'"2, .2,.45', .25;"7,

-:4r.95, .5,.95, I.,1.
CONSTANT GA}ßÍA : 65.328
CO¡ISTANT LHVAP = 247 .02
CONSTANT REFCF : .05
CONSTANT REFT : 25.
CO¡ISTANT RHOCP = I195.48
CONSTANT STDAY = 0.
CONSTANT TIÍPSMI = 0.
CONSTANT COI = 273"
CONSTANT C02 = 86400.
CONSTANT C03 = 365.
CONSTANT C04 = 3600.
CONSTANT C05 = 4.1868
CONSTANT C06 = .278
CONSTANT C07 = L33"322
CONSTANT C09 = 1.157E-5
CONSTANT C14 = I00"
CONSTANT C15 = 10000.************************************************************************
************************************************************************
* THE FOLLOI^TING FUNCTIONS AND PAÌ¿IIETERS ARE DIFFERENT FoR DIFFERENT* CROPS, SOILS, LOCATIONS AND WEATHER CONDITIONS* - 

CROP* PROPORTIONALITY FACTOR ALPHA AS A FUNCTION OF LAI AND RADIATION

* HOURLY TOTALS OF GROSS ASSIMILATION IN* RÁDIATION INTENSITY AND LEÀF AREA INDEX
AS A FUNCTION OF

15.,"66 ),( 20","715),
35.,"835),( 40","87 ),60",.97 )"(i00""1. )
15.,.515), ( 20.,.595),
35., "7r5),( 40",.745),
60., .845), (100., .975)
15.,.455) "( 20.,.505),
35.,.61 ),( 40.,"635);
60.,.74 ),(100.,"775)15.,.41 ),( 20","45 ),35.,.53 ),( 40.,.55 ),60","61 ),(i00.,.65 )i0"0

KG CH2OlHA
(I^IHEAT)

10., 2. ),30., 3.5 ),65", 4.3 ),10., 9.5 ),30.,I7.5 ),
65.,27 .75) ,
10. , 10 "75) ,
30 " ,22.25) ,
65. ,35. ) ,I0.,11.5 ),
30. ,24.25) ,
65 ",39.5 ) ,

2.s ),
3"75),
4.s )
2.5 ),0.s ),
B.s )
4.75) ,6.s ),6. )
s.7s) ,9"5 ),t" )

,(100",0. )
,( 5", 1.25),(
,(25., 3.25) , (
, (60. , 4.25) ,(
,( 5., 5. ),(
, {25 " ,L6 .25) , (

;Iu8:r,2:tr?\:Í
,(25.,20" ),(
,(60.,33"75),(
,( 5., 6"5 ),(
,(25",21.75),(
, (60. ,37 .5 ) ,(

0"
0.
.)ô
4.
0"

15.
23.75
0.

L7 "530.
0.

18.75
34.25

FUNCTION DTGASI =
FUNCTION DTGAS2 =

FUNCTION DTGAS3 =

FUNCTION DTGAS4 =

FIINCTION DTGAS5 =

( 0."( 0.,
20. ,50"
0.,

20. ,
50.,
0.,

20. ,
50' '0.,
20. ,
50' '

(Is.,
(40. ,(7s.,
i5. .1
40 ":2
75 ",215. ,1
40",2
75"13
15. , I
40. ,2
75.,4

C:
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FUNCTION DTGAS6 =(-q ", q. __ ), ( - : ", - 
q .75),(10 ", 16.25), ( 15 ",22 "7 5),

(?o " ,28 "75) ,(2s " ;33.7s)',(30.:38. ) ; (+0. , 43 "25i:
rABLE LAr2rB(r-6)jt3.' lt o.r','á?8;'12;ltè:61ti016't )'(ts" ;50' )'
FUNCTION EDPTFT = Q", :15, :15, r6,.3,.8,.5,1.,1.,1.
FrrNCTr0N RDRWT = -q " 25,0.10, 0-., O. iO r',Ii"0Í5,' .25,"005, I ", 0 "005FUNCTION RFDVST = 0.,1., "9,1", 1.,0., 1"1,0
FUNCTION WREDT =^0 " r0., . 1, . 90, . 15, "45, . 3, . 7, .5, "97 5, "75,L., 1., 1 .
FUNCTTON CSRRT= 0.,0.3,0.I,0"4,0"25,0.5,0.5;0"65,0.i5,0"75;I",O"glS, o..

1.1,0.975
FUNCTION DVRT : 0:,0:, 3.75,0., 16.,0"01, 25.,0"0L75, 40.,0"02
FITNCTTON FLTRT =^0.r1:rg"lr.7Q52\:,0:49Q,i:5'0.384,2.,ô"248',3.,0"I34,"""

5. ,0 .03 ,9. ,0 " 004 , 10 . ,0.001 , ts . ,0 " 000i
FUNCTION LFARRT = 1 ., I 1 . 5r 10 ", 1 ? :5, \5., t9. 0 220 :, 14 "0,25.,15 " 0, 30 ", 13 " 2FI]NCTTON REDTTB : 5:,:g,tQ",:grl5.;1",20 r"97,25.,"9i,30'., "gJiSO"i"glFUNCTION TECT = 0.,0.06, 3.,0.29, I0.,0.85,
FUNCTTON ROSpr=o.,r., 2.8E-r,r.,rg"¿3:?1:30."ilil?å.:o;?6:å?"'0"6,s0",0'3
FUNCTION MFRTT= 0.,.012, "5,"0I2, 3.,.005,-5",.005
PAR¿YETER MRESF=2 . 31E-7
PARA-I'fETER RS=I59 " 84
PARAMETER CONFS="75
PARAMETER DGRRT= " 000000f 39
PARAMETER FDAYY=273.
PARAHETER IBIOM= " 00503
PARÁI'ÍETER IRTD= . 101
PARAì{ETER TSUMG = 135.
PARAÏETER TAU2:17 2800.
PARAMETER CF = 350.E-4
PARAHETER SDAY:864 OOO.

* solL
FUNCTION ATB=0.,0¡, 10000.,0.* sET AT 0. , HERE T0 PREVENT THE OCCIIRENCE OF RIIN OFF

PÁ,RAMETER B = 5.785E-5
PARAHETER DRF 1=0 . I, DRF?=q . 75, Dl.F3=0 " 8,lnr4=0 " 9, lnr5:1 . 0, DRF6=1 " 0PARAI'ÍETER DRFT=1 . 0,DRFB=I . 2
PARAI"ÍETER FLDCP=2 30 .
PARÀMETER LRF = O.
PARAÌIETER ÐRTD=I .8
PARAMETER PROP=I5.
PARÀI"ÍETER TCK1=. 02, TCq2= 1 03, tCX3= . 05, TCK4=. 2 r TCK5= " 3, TCK6= " 3PARAMETER TCKT:. 3,TCK8=.6
PARA-ÌÍETER LTLTPT = 75.
* LTEATHER

FUNCTI0II I{STB=0., 5.0,365 ., 5 "0FUNCTION Iû\TT=0 ", l0 ", 365., 10.
FUNCTION ID(TT=O .,20., 365., 20.
FiINCTION DPST=0. , 10. ,365., I0.
FUNCTION DP2T=0., I0.,365., 10.
FUNCTION DPTT=0., 10., 365., 10.0
FUNCTION DTRT=O. ,100" , 365 ", 100"
FUNCTTON SUNTB:O., 10., 365., 10.
FUNCTION RELHT:0., .50, 365., .50
FUNCTION RAINTB=O., 1.0,365., 1.0

PARÄMETER SLDPRH=-1.
PARAI{ETER SLRASU=O.

* LOCATION

PARAMETER LAT=O

*********>t**xL*¡**>t*************x**************************************
C:



PARAMETER LAT=50.
PARAIIETER FDAYY=I21.
FUNCTION lÐ(TT=

Q., 6"5, 1., 0.5,5., 7"0, 6.r 3.0,10., 4"5, 11.,13.0,
i3. ; ?ä " 3: åf. ; lg. i;
?2-,.r?-2, ?ç",??.2,
]q, , 14.0, 31 . , 15 .0,
35",20"0, 36.,22"5,
49. ,22.5 , 4I . ,23 "5 ,45 " ,23"0, 46 ",2I .0:
29.,?1"r, :l",ll.:;
¿3::33:3: Zî::33:8:
65.,27"0, 66.,28.0;70",33.0. 71..30.0.ls"',zs"o, ls.,z+.oiqq.,3?.0, 81.,29.0;95.,23"0, 96",22"0',
99.,?1.0, 9L.,24.0,
95 " ,22.0 , 96. ,22.0,

100. , 22 "0, 101 . , 22.0,
105.,17.0, 106.,2r.0,
1 tq . , 29 .0 , 1 1 1 . , 29 .0 ,115",22.0,116.,2I"0,
I20_.,20 "0, I2l ",2I .0,
t2, ",16.0, 126.;25.0;
i3q",22"0, 131 ",19.0;135.,14.0, 136.,21.5,
140.,14.0, 141.;25.0,
r45.;zo.o, 146.:2r.0:
I50.,11"5, 151.;17.5,

FUNCTION l'ûlTT=
Q.,-1.0, L.,-2.0,5.r-1"0, 6., 1.0;10.,-1.0, 11.,-1.0,

15.,10.5, 16.,14.6,
2Q., 2.0, 2I.r 6.5,25.,7"0, 26", 2"0,30., 5.0, 31 ., 9.0;
35..11.5. 36..14.5.
4Q"; 4.0: 4r.: 2"s:45.,16"5, 46",5.0;50.,13"5, 51., 6.5;55.,L7"5, 56.,9.0,
60..13.0. 61".13.0:6s.:14.0; 66.;16.0;
70.,13.0, 71.,17.0,7r":LZ.o: 76.:7.0:8q.,15.0, 81.;I8.0,85.,16.0, 86.; 7.0,90.,15.0, 91., 5.0,95",12.0, 96.,9.0,

10q.,L2.0, 101., 7-0,
10Þ., 0.0, 106., 1.0;
119.,11.Q, 1Ii.,11.0;11!., 7.0, 116.; 5.0,
I20.,11"0, I2I.,3.0;r25.,9.0, 126..r5.0.
13q., 5.5, 131.; 8.0;r3!", 4.s, 136";_t.5;
14q., 5.0, 141., 7 .0',
r4r. , -q .5, L46 .', 3.0,
150., 4"0, i51"; 3"5,

FUNCTION RAINTB= 0.,0.20, 1",0.00,

'3:;3:3å: 
r1.;3:33:

2", 1'0,
7",4"5,

12. ,10.6,17",7.0,
22. ,L4 .5 ,
27 . ,26 "5,32",L9"5,
37.,16 "0,
42. ,27 .0,
47 ",24.5,
52 " ,18 "5,
57 " ,28 "0,
62 " ,29 .0,
67 . ,21+.0 ,72.,3r.0,
77 . ,29.0,
82 . , 30.0,
87 " ,26.0,
92 " ,29 "0,
97 . ,25 .0,

I02. ,25 .O,
107 ",2r.0,It2",20"0,
rl7 ",23"0,I22.,27 "0,r27 .,24"0,
t32. , I5 .0,
r37 .,24"0,
L42.,17"0,
r47 .,2r "5,I52 " ,17 .0,

2',-3'5,
7 ' , -l ' 0,

L2", 1.5,
17", 1.5,
22., 6"0,
27 . ,16 "0,32." 6.0,
37., 3.5,
42",r0.5,
47., 6.0,
52", 4"0,
57.,9.0,
62 ",L3.0,67",13"0,
72. ,L9.0,
77 . , 8.0,
82.,11"0,
87., 8"0,
92 . , 11 .0,
97",7"0,

I02", 5"0,
t07 ", 6.0,
112.,14"0,
rI7 . , 5.0,
I22 " , 8.0,
r27 . , 9.0,
L32. , 7 .0,
L37 ", 7 .5,
142. , 4.0 ,r47.,4.0,
t52 . , 0.0,
'ã.,0.00,
7.,0"00,

12. ,0.00,

3', 3'5,
8., 4"5,

13",10.5,
18.,10.0,
23 " ,2I.0,
28",19.5,
33.,22"0,
38. ,22.5,l.a aa tr+).rJJ.J,
48 " ,25.0,
53 " ,22.0 ,58.,25"0,
63. ,26 "0,68",31.0,
73 " ,29 .0,
78",29"0,
83.,25.0,
88. , 30.0,
93 ",24 "0,
98 " ,24 "0,

103 " ,25.0,
108.,27.0,
113 . , 2r "0,118.,25.0,
r23. ,23 .0 ,
I28 . ,15 .0,
133 " , 19.0,
138. , 31 .0,
r43 . ,18.0,
148. , 25 "5,
153 . , 0.0,

3.,-3.5,
8',-1 "5,13., 4.0,

18.,-1.0,
23. , 9 .0,
28. , l1 .5,
33. , 7 "0,38., 2.0,
43.,16.0,
48., 9.5,
53., 4.0,
59",14"0,
63",13.0,
68.,13"0,
73.,16.0,
78. ,14.0,
83.,20.0,
99",13.0,
93",I3.0,
98., 6.0,

103., 5.0,
108.,11.0,
113",16.0,
llB., 5.0,
t23 . ,15 .0,
I28., 7"0,
I33. , 8 .0,
l3B. , 6.5,
143., 0.0,
148. , 5.5,
153 . , 0.0,

3 " , 0.00,
8.,0.00,

r3. , 0.00,

i08

4", 6"5,"."
9., 2"5,.".

14",15.0,...
19 . , 11 .5, . . .
24.,L9.0,"..
29",10.5,...
34.,L7.5,...
ao )t
JJ.rLL.Jtc¡o

44",27"5,"."
49",2r.0,...
54.,24.5,...
59.,30"0,.".
64",29.0,...
69.,33"0,.."
74",28.0,.."
79 ",28.0, .. "84.,27.0,"..
89.,27.0,.."
94",22.0,.""
99.,23 "0,...

13i:;å3"3;:::
rL4",13"0, "..119",25.0,.".
r24.,14.0,.. "129.,16.5,"..
r34",15.0,"..
139. , 2I.5, . ..
144" 

" 
17.0,...

L49 ",15 "0, . ..r54. , 0.0

4.r-2.0,...
9.,-0.5,.".

14., 2.0,.""
19", 0.0,...
24.,12.0,...
29", 7.0,"..
34",7"0,"".
39", 7.0,.."44.,r4.0,...
49.,L4.0, ...
54",9.5,...
59.,12.0, ...
64",9.0,...
69.,L4.0,...
74",r2"0,...
79 ",13.0, . ".84.,13.0,"".
89",14.0,...
94.r 7.0,...
99., 9"0,...

I04., 4.0,...
109", 9"0,...
114., 9.0,"."
119",10.0,...
r24.,11.0,.."
L29..2"0....L34.:7"0,.""
139.,17.0, ...
L44.,-0.5,...
149., 7 .5,.. "154 . , 0.0

4",0.08,...9.,0.00,.".
14.,0.00,...

C:



FUNCTION DPTT=

FUNCTION I^ISTB=

15",0"08,
20. ,0.40,
25 . , 0.00,
30. ,0.24 ,35",0.00,
40".0.00.
45. ,0 "04:50.,0.94,
55.,0.00,
60",0.00,
65.,0"00,
70",0"00,
75.,0.30,
80",0.00,
85.,0"00,
90. ,0 " 00,
95 . ,0 .00,

I00",0.00,
105 " ,0 .00,
I 10. ,0.00,
1 15 . ,0.00,
l2o . ,0.00 ,
I25 " ,0.00,I30.,0.00,
135.,0.00,
140.,0.00,
I45 " ,0.00 ,150.,0"00,

0.,36"0,
5 " ,32.5 ,I0",32"5,

15.,46"0,
20.,40.0,
25 . ,51 .0,
30. ,41 .5,
35 . ,54 .0,
40. ,51 .0,
45. ,57 .0,
50 . ,59 .5,
55.,63"0,
60. ,59 .5 ,65",60.0,
70. , 65 .0,
75.,52.0,
80.,65.5,
85. ,63.5,
90. ,58 .5,
95.,59.0,

1 00. , 63 .0,
105. , 45 .0,
110.,54.5,
1 15. , 50 .0,
L20. ,59.0,
L25 . ,52 .0 ,I30. , 47 "0 ,135.,44.5,
140.,39.0,
145. ,44.0,
150. , 39.5 ,

16",0.00,
21.,0.01,
26 " ,0.00,
31.,0"03,
36.,0.00,
41",0.00,
46",0.01,
51.,0.00,
56 " , 0.00,
61",0.00,
66 " ,0.00,
71 " , 0.00,
76",0.00,
8i..0.00^
86.;o.oo;
91.,0.00,
96 . ,0.00 ,t01.,0"00,

106 . , 0.00,
111",0.00,
I16",0.00,
Izt . ,0.00,
126 . ,0.00,131.,0"I7,
136 . ,0.00,
141.,0"00,
r46 . ,0.00,
151.,0"00,

r.iå0.s,
6.,38.0,

I1.,36.0,
16.,60.0,
2I . ,44.5,
26 . ,50.0,
3I.,47 .0,
36 " ,57.0,4I.,46"0,
46.,51.0,
51.,46.0,
56. ,57 .0,
61.,60.0,
66.,62"0,
71.,66.0,
76.,55"0,
81.,66"0,
86.,53.0,
91.,52.0,
96 . ,58.0,

101.,54.0,
106., 42.5,
111.,57.0,
I16.,45.0,
r2I . .41 .0.
126 .: s9 .0;
I31.,48.0,
136.,38.5,
141 . ,43 .0,
146.,41.5,
151.,43.5,

L ' ,2à:;,6', 9'7 ,11., 9.3,
16.,19.6,
2I ., 9.4,
26",4"5,
31.,I1.4,
36.,14.0,
4r . , 5.5,

17.,0"00,
22. ,O "04 ,27",4"I7,
32.,0"00,
37 ",0 "Lg,
42 . ,O.OO ,47.,0"00,
52. ,0.00,
57 " ,0.55,62.,0.00,
67",0.00,
72",0.00,
77 " ,0.00,
82 . 

" 
0.00,

87.,0"00,
92",0"30,
97.,0.00,

t02",0"00,
LO7 " ,0 .00 ,
712 " ,0.55 ,
rr7 " ,0.00,
122. ,0.25 ,
L27 " ,0.00,
r32. ,0.00,
r37 ",0"00,r42",0"00,
L47 " ,0 .00,
I52 " ,0.00,

2. ,25 "5 ,
7 .,35 "0,12",35.0,

17.,35"0,
22",43.0,
27 .,53 "5,32.,49"5,
37 . ,47 .0,
42. ,55 "0,t, 1 LO q
at.rl).J,
52. ,45.0,
57",63.0,
62 " ,62.0 ,
67",62"0,
72.,67.0,
77.,55"0,
82.,55"0,
87",55.0,
92. ,56.5 ,
97 .,6r.0,

ro2 " ,44.0 ,
ro7 . ,50 .0,
t12 " ,60 .5,
1r7.,52.0,
r22. ,5g .0,
r27 .,49.0,
r32 . ,46 .0,
r37 " ,44.0,
t42 . ,43 .0,
t47 . ,41 .0,
L52.,35.5,

18.,0"00,
23. ,0.00,29",0"95,
33. , 0. 10,
38. ,0 .00,
43. . 0.00.
48.;0"01.
53.,0"00;
58. ,0.00,63.,0.05,
68. ,0.00,
73. ,0. 15,
78",0.00,
93.,0.36,
88 . ,0.00,93.,0.I0,
98",0"00,

103.,0.13,
108.,0.00,
I13",O.45,
118 " , 0.00,
r23 " ,0.65 ,
L28. ,0.00,
133",0.15,
138. ,0 " 00,
743.,0"00,
148.,0"00,
153.,0.00,

3.,28 "5,8. ,32 .0 ,
13.,41.0,
18",32.0,
23. ,45.5,
28. ,54 .0 ,
33. , 54 .0,
38 " ,47 .0,
43",58.0,
48. , 55 .5,
53.,49.0,
58.,60.0,
63..61.0.
68.:62.0:
73. ,64 "5,
78 . , 58.0,
83..67.0.
88.;61.0;
93",59"0,
98",60.0,

103 .,60.0,
108.,59.0,
113.,63"5,
118",50"5,
r23 " ,63 .5 ,
r28 . ,43 .0 ,
133. , 52.0,
138",49"0,
r43 . ,36 .0,
I48. , 42.0,
153., 0.0,

3", 4.9,
8.,L2"6,

13., 9.8,
18., 9.5,
23., 1l. t,
28. ,12.3,33., 9.4,
38., 5"9,
43 . ,22.4,
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19",0.00,.".
24",0.00,.".
29",4.83,"."
34",0.02,"""
39",0"00,"".
44",0.00, . . .
49",0,00,"..
54",0"00,"".
59.,0"00,...
64",0.00,...
69",0.00,,."
74.,0.03,"".
79.,0.10,"..
84.,0.00,"..
89.,0.40,.".
94.,0.45,"."
99.,0.03,...

104.,0.13,.."
109",0"00,...
114.,0.13,"..
119.,0"13,"..
r24",0.00,"..
r29",0.00,.".
I34",0.00,.""
I39.,0.00,...
L44",0.00,.."
149.,0.00,...
154 . , 0.00

4",32"0,...
9.,33.5,.".

14",36.0,...
19.,38.0,...
24.,49.5,.".
29.,46.5, " . .34.,46.0,.. "39",54.0,.."
44.,57.0,...
49",55.0,.".
54.,55.0,...
59",60.0,...
64",60.0,...
69.,77.0,...
74",57 "0, "..79.,65.0,.."
84.,60.5,...
89. ,63 "0, " . .94",55.0,"..
99",55.0,...

104.,41.0,...
109.,55.0,...
114.,50.0,...
119.,60.0,...
L24",50.5,"..
r29.,43.0, ...
134. ,45 .0, . . .
139.,54.0,...
r44.,40"0,...
L49 ",51"0, ...I54 ", 0.0

4", 7 "2,9. , 15.1,
L4. , 8.5,
I9., 6.4,
24. ,t4.8,
29 ",17 "5,34. , 7 .8,
39.. 8.s.44': e'3:

2.,17 .1,
7 . ,16 .3,

12",L0.9,
17.,13.5,
22.,3.7,
27.,8.8,
32", 6.5,
37.. 8.9.
42.;16.r;

0. ,L7 .7 ,
5. , 10.6,

10. , 16 .4,
15. ,L9.7 ,20.,II.0,
25.,10"5,
30. , 8 .9,
35. . 13.1.
40 -: e.2:

C:



!2",-2"ç, !ç",7"7-, 47", 5.7, 48.,11.6,
:9",If.3, :l.,ll.g; s2": 6.6: s3.;1i.3;
)¡",11":, Þ6.,10"6, 5J., 6"7; 58":rL"7:
99",7-"1, 6\", e.1; 62.:9"1; 63." 6"4:q¡., 9"9, 66.,18"0; 67.:n"0: 68.: 8"4:
79", q.q, 7I., 9.7, 72"', 5"0; 73.: 9"0:75", 9.0, 76", 5"4. 77".10.5: 79": 7"2:80.,r0.5, 8i";9.s: 82.:9.3: 83.: 4"7:85., 7"4, 96., 4.9. 97..9.0: 88.:1I.3:90., 7 "8, 91 ., 6 "8; 92 ":13.9. 93.: 8.7:95.,5.8, 96",5.1; 97.:7"7, 98.. 8"4:

lqq",1g.q, r01", 7"r, r02",13.3; 103.;12.6:
105", 4.0,106., 4"6. I07.: 4"6.108.:5.3:rr0", 5.5, i1r.; 5"9: Lrz.: 4.9: 113.:13.8:
ll!., 8.3, r16.; s.1; rr7.: s.3; 118.: 9.2:
\?Q", 2"5, r2r", 7.9; t22"; 7 "9: r23.:r2"1:r25., 6.2, 126.,8"9: r27.'"14"8: r28.- 7.5:I30., 9.5, I31", 9.9. t32.'.9.1: 133": 9"6:
l3¡., q.9, 136.;10.0; r37 ": 8.4: 138.;r1.8.
l+q., 9.2, r+\",13.0; 142.:11.e; r43.: 7 "0:)!2",7"?, L46",10"0, t47.:8.1; 148.; 9"0,r50., 7 "5, 151.;12"8; r52.: 8.0; i53.; 0.0;
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49.,10.0,"..
54",17.r,...
59", 7.I,"""
64", 6.5,...
69 ", 7 "6,. ".74",15"3,.."
79", 4.6,...
84., 5"8,.".
89", 7.0,.".
94"" 5.6,.".
99., 6"6,.."

r04",11"5,"".
109., 4.0,"".I14.,10.0,...
119., 6.6,...
r24",5.6,.."
r2g ", 6.0, . . .
L34.,I0.7,.."
139.,15"1,...
L44,, 5.4,...
r49.,5"6,.".
L54., 0"0

4",350.0,.."
9.,350"0,...

14.,350.0,.".
19.,350.0,.".
24.,350 "0,...29"'500.0r.r.
3t.:?_32.3;.::
44.,393.3,...
49",340.9,"".
54.,782.9,...
59",74r.7,...
64. ,721 .1, . . .
69.,739.8,...
74.,674.3,...
79.,56r.9, . . .
84. ,608 .7 ,. . .
89.,430.8,"".
94",402"7,...
99",646"2,...

L04",535"7,...
109.,646"2,"..
r14",187.3,...
I19",440.2,...
L24. ,187 .3, . . .
129 . ,477 "6, .. .
L34",333.4,...
139.,342"8,...
L44.,239 "7 ,. " .L49.,239 "7,. " "r54., 0.0

FUNCTIOI\r DTRT=
0.,350.0,
5 " , 350.0,

10.,350.0,
15.,350.0,
20. , 350 .0,
25.,350"0,
30.,500"0,
35 . ,393 .3,
40",685.5,
45. ,767 .g ,
50",374.6,
55. ,659 "3,
60 " ,717 .4,
65.,655.6,
70.,7rI"g,
75 . ,655 "6,go. ,674.3,
85 . ,580 .6 ,
90. ,533 " 8,
95 " ,599 "4,100.,502"0,

105 " ,556.3,
I 10. , 612.5,
115",575.0,
r20 . ,445 "8 ,t25.,292.8,
130",473.9,
135. ,309.1,
140.,237 "9,
145 ",430.9,r50.,352"I,

PARAMETER CO6=.445

l.,J:Q"q, 2.,åso.o, 3.,3s0.0,
-Þ.,9:q.q, 2.,3s0.0; 8.;3s0"0;
11",J:q.q, 12.,3s0"0; 13.;3s0.0;
lq",?¡q"q, 17",3s0.0; r8.,3s0.0;
?1",J:q.q, 2?",350.0, 23.;350.0;
?ç",?2q.0-, 27 ",350"0, 28.;50o.o;
ll . ,3?g "¡, 32. ,533.8, 33. ;801.7;36.,533.8: 37...558"2. 38.:80i"7:
+\",79+"3, 42.',764"2: 43":672"4:
!ç.,7^ç9_.q, 47.,760"s; 48.,80s.4;
2\.,?!7.?, 22.;805.4: fi .',767.e:
56. ,773.6 , 57 . .56r .9 . 58 . : 605.0:
9\-,r12.7, ç?-;rr2.5; 63.:608"7;
9ç " ,çq?.7 , 67 .;44e.s: 68.:6%.0:
l\. ,ç23.9, 72.;487 .0: 73 ";4e6 "4:7ç",7Q?.4, 77.,724"9, 78.,524.4-,
Q)",ç+2"2; 82.,702.4: æ.:322.2:86",66r.2: 87 ".736"L: 88..693.0:
2\",çç+.9, e2.:seo"o: e3";627 "s:

-2ç " ,6_2r.ç, 97 .',346.s; 98 " ,739.8:
lql . , 7?1_.\; r02 ":646 "2: i03. ;s80.6;
i9ç. , q::. q , ro7 "',s}s "7: 108. ;s00.1;
111., 172.9, rr2",r49 "8', 113", 249.t,
llq", ç?1.7-, rr7 .',s6t "9: 1r8. ;60s.0;!?\.,lt?"q, \??" ;309.1; r23":237 .e,
)?6.,322.2, r27 " ;sis. i; 128.;490.7;
lJl ", ?71 "3, r32.',216"6: 133. ; 4fi .3,
l9ç. ; ?Z+.q; ß7 ":488-e', r38" ; 48r.4:
)+\ ",+21.3, r42 ";324 "o: rß.:42r.4,
!+9. ,2?q.?, \47-. ,4Þ5. l, 148. ;3ss. e;151",3r4"7, r52.;281"0; I53.; 0"0"

* I,]STB IN MILES/HOUR
PARj.ìÍETER SL¡DPRH=O .* INPUT DEW POINT TEMPERATURE ONCE À DAY
PARAMETER SI,EASU=I.* INPUT R¿.DIATION
PARA}IETER CO9:29. 388E_5* RAINTB IN I}ICHES/DAY
FUNCTTON DVRT:O.,0., 5.,0., 22"5,0"0190. 30..0.0250. 45..0.03
FIÌNCTTON CSRRT=O"1.3r_ iI, "4, .2,.6, .3, :9, .5,.975,' .6,1:, 1.,I.,1.1,.975
FUNCTION RDRÐT:0.,Q.r_"J,:Q, "31, "01, 1"0,"1, l.l,"I
FUNCTTON RDRI.iT = :0"25,0.10, 0.,0.10; .i,.0t5. .25..000. i...000
PARAIÍETER DRFI=i.qq, DRF?=l.qq,'DRF3=1.68, ÐRÉ4=I.68, DRF5=Í.68
PARAMETER DRF6=i .68, DRFT=I .68, nnfe=f .04 

-

PARAIÍETER WLTPTI=176., I^r"LTPT2=r76., wLTpr3=I76 ", i,trLTpr4=245.
C:



IIl

PARA-METER i^lLTPT5=245. , WLTPT6=245. , \{LTPT7:245 ", I]LTPTS=245 "
PAP.AIÍETER FLDCPL:456., FLDCP2:456 ", FLDCp3=456., FLDCp4=514.
PARAI"íETER FTDCP5=514., FLDCP6=514., FLDCPT:514", FLDCPS:514"
PARÄMETER IRTD="081
PARA}ÍETER PROP:25.
FUNCTION RDRDT : 0.,0.005, 0.90,0"005, 1.,0.10,1.1,0.1
FUNCTION REDFDT= 0., "075, .1, "1, "2,"2, "3,"4,

"4,"6, "45,"75, .5,.95, 1.,1.
PARAMETER TCK1 = . 0 1, TCr2= . 02, tCt<3= " 05, tCX4= " 1 2, tct<5= " 25,TCK6= " 3
PARA-I"IETER TCKT=. 45,TCK8=. 6
PARAMETER SDAY=3 456000.
PAP.À-I'ÍETER TSUIIG=1 20 .
FUNCTION RDRDT=O ., " 005, . 5, . 005, " 6, .01 7, .7, .032, " 8, "05, .9, .07 L, " . "1.,.1,1.1,.1
PAMI'ÍETER PROP=I0.
TITLE GLENLEA,MAN. SEEDING JUNE 9 L979, IBIOII=.0044
PARÄI"IETER IBIOM=. 0044
END
.ç++++++¿¿&¡¿g¿&¿¿¿&&¿J!¡¿¿¿¿¿*¿¡¿¿¿¿¿¿¡J-Jr¿rJ¿¿¿¿¿¿¿¿¿ J¿J-¿JJ-r

STOP
REÀL FUNCTION T\^]OVAR(KXY,NZ, ZTAB, IXY ,2,X,]TAG)
coÞßroN D(64), KC(8000)
DIMENSION ZTAB(2), IXY(50)
IF(ITAG.NE.O) GO TO 9
ITAG = 2
IXY(i) : KXY
D0 5 I = z,NZ
IKC=IXY(I-1)-I

5 IXY(I) = I'ÍRIGHT(¡tl,¡¡r(KC(IKC),18),18) + 5
9I=ITAGt0 rF(z - ZTAB(r))i2,I8,LI

11 rF(r.EQ.NZ)GO TO 20
I=I+1
GO TO IO

t 2 rF( z - ZTAB ( r-1 ) )L3 ,I7 ,20
13 rF(r.EQ.2) c0 T0 20I=I-l

G0 T0 12
17 TWOVAR = AFGEN(IXY(I - 1),X)

GO TO 22
18 TI^IOVAR = AFGEN(IXY(I),X)

G0 T0 22
20 zvAL = (z - zrAB(r - i))/(zrty(r) -zrA3(r - 1))

TI^IOVAR = (1. - ZVAI)* AFGEN(IXY(I - 1),X) + ZVAL * A-FGEN(IXY(I),X)
22 ITAG = I

RETURN
END

ENDJOB
C:


