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ABSTRACT

Burnett, Ronald Bruce. M.Sc., The University of Manitoba,

May 1983. Determination of Climatically Suitable Areas for

Sovbean Production in Manitoba.

Major Professor: Dr. C. F. Shaykewich, Department of Soil
Science.

The effects of maximum and minimum temperature and photo-
period on soybean development were studied for 1981 and
1982. Sites were located at Dauphin, Brandon, Morden,
Waskada, Vita, Bagot, Teulon, Mariapolis and Winnipeg. This
data was combined with that of a previous study (Falk, 1981)
to produce a growth model for three cultivars of soybean,
Maple Presto, McCall and Portage. The growth model used was
the Biometeorological Time Scale. The time scale model was
applied to historical weather information to calculate the
date of maturity at each climatological station. This date
was then compared to that of the first killing frost. The
proportion of years in which maturity occurred before the
first killing frost established the probability of maturing
a given cultivar at that station. The probabilities for
each station were then wused to produce a map for each
cultivar showing the probability of maturing soybeans in
Manitoba. The calculations show that the probability of

maturing Maple Presto in most areas of Manitoba is greater
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than 80%. For the Portage and McCall cultivars the 80%
probability region lies south of Winnipeg between the

escarpments,
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Chapter 1

INTRODUCTION

There has been increased interest 1in the potential for
‘'soybean production in Manitoba recently. Corn acreage
increases in Manitoba have increased the demand for crops
which can be grown in rotation with corn cropping. Soybeans
are such a crop.

The first consideration when growing a new crop 1is the
crops suitability to the climate. There is currently very
little information on the climatic requirements of the
soybean cultivars grown in Manitoba. Current recommenda-
tions are based on a corn heat unit growth model.

The purpose of this study was to formulate a crop devel-
opment model which could be used to predict soybean develop-
ment. A research program was initiated in 1979 to monitor
the phenological development of soybeans throughout the
growing season. This program was continued for four years.

A growth model, the biometeorological time scale
(Robertson, 1968) was selected to estimate the growth of
soybeans (Falk, 1981). The phenological data were used to
determine the growth <coefficients for all growth stages.
When these coefficients were established, they were tested
on an independant year to give some indication of their

reliability. After this, the coefficients then were applied
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to historical weather station data to determine which
regions were most suited to produce soybeans. These results
were then mapped to give an indication of the areas in

Manitoba which were suitable for soybean production.



Chapter 1II

LITERATURE REVIEW

The estimation of stage of phenological development of
crops has been the subject of many studies in the area of
modeling. Modeling can be described as:

", ..the attempt to quantify relations between
processes (including phenological events) and
environmental parameters or between different
biological processes in order to more accurately
describe, understand, predict, simulate correla-
tions between or causes of biological processes
and their driving or controlling nature"!

In order to quantify the relationship between phenolo-
gical events and environmental parameters, it is necessary
to have a basic understanding of the plant response to the
environment. This review therefore will concentrate on
describing the basic plant-environment relationships before

describing specific plant growth models. Specific attention

will be paid to the response of soybeans to the environment.

! H, Leith (Editor) Phenology and Seasonality Modeling.
Springer-Verlag, New York. 1974. p. 5.

...3_.



2.1 GROWTH RESPONSES TO ENVIRONMENT

2.1.1 Germination

Germination according to Mayer and Poljakoff-Mayber
(1981) 1is the T"consecutive number of steps which causes a
quiescent seed, with a low water content to show a rise in
its general metabolic activity and to initiate the formation
of a seedling from an embryo". Water, temperature, gases
and light (for certain seeds only) have been identified as
requirements for germination (Mayer and Poljakoff-Mayber,
1981).

The initial process which occurs during germination is
the imbibition of water by the seed. Moisture availability
is thus an important factor in germination. Hunter and
Erickson (1952) determined that the minimum seed moisture
content for the germination of soybeans was 52 percent on a
dry weight basis. Under field conditions soil water poten-
tial is an important factor in determining the water avail-
ability for seed germination. Absolute values for minimum
soil water potentials are difficult to ascertain and may not
be representative of the true field situation (Mayer and
Poljakoff-Mayber, 1981). One of the problems in determining
minimum potentials for germination is that soil water poten-
tial is not the only factor involved in the water avail-
ability to seeds during imbibition (Hadas and Russo, 1974).
Factors such as soil-seed contact can also determine water
availability. Despite these limitations, Hicks (1978)

states that the minimum soil water potential for soybean
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germination is -6.6 bars (for germination within 5-8 days at
25°C). |

Germination is also dependent upon the temperature of the
environment in which the seed germinates. The relationship
between germination and temperature is considered to be
quadratic in nature, with an optimal temperature as well as
maximum and minimum temperature (Mayer and Poljakoff-Mayber,
1981). The optimum temperature for soybean germination is
considered to be close to 30°C (Wilson, 1928; Whigham and
Minor, 1979).

High temperatures interfere with the germination process
possibly by damaging the membranes inside the seed (Mayer
and Poljakoff-Mayber, 1981). Whigham and Minor (1979)
consider 40°C to be the maximum temperature for germination
of soybeans. Hatfield and Elgi (1974) reported no germina-
tion of seeds incubated at 40°C. It was noted by Emmerson
and Minor (1979) that the tolerance of soybean seeds to high
temperatures is dependent upon the cultivar.

Germination response at low temberatures is especially
important in the fringe areas of soybean production where
soil temperatures are cool in the spring (Littlejohns and
Tanner, 1976). The minimum temperature for seed germination
is more difficult to determine than the maximum temperature,
therefore values of minimum temperature requirements tend to
be more variable when reported in the literature.

Wilson (1928) reported a minimum germination temperature

of 10°C. A temperature of 5°C was considered by Whigham and
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Minor (1979) as being the minimum for germination.
Temperatures below 15°C, however, have been shown to cause
seedling damage (Knypl and Janas, 1979; Obendorf and Hobbs,
1970; Hobbs and Obendorf, 1972; Bramlage et al., 1978).
There is considerable interaction between moisture content
of the seed and the degree of chilling injury. Imbibition
of seeds at 6 percent soil moisture in a clay loam soil at
5°C resulted in a lower survival rate, dry matter accumula-
tion and lower height of seedlings, when compared to seeds
imbibed at a moisture content of 16 percent (Hobbs and
Obendorf, 1970). This cold chilling injury is due probably
to interference with cell membrane reorganization (Bramlage
et al., 1978; Knypl and Janas, 1979). Pretreatment to
increase the moisture content of seeds has been suggested as
a possibility for reddcing cold chilling injury in soybeans
planted in low temperature environments (Knypl and Janas,
1979; Hobbs and Obendorf, 1970)..

The transition from the germination process to the next
stage of development, hypocotyl elongation and emergence 1is
not very well defined (Mayer and Poljakoff-Mayber, 1981).
For this reason many modelers consider germination and emer-
gence as a single stage of development. The moisture and
temperature requirements for germination in most seeds
differ from the emergence requirements (Mayer and

Poljakoff-Mayber, 1981).



2.1.2 Hvpocotyl Elongation and Emergence

The factors affecting soybean hypocotyl elongation are
similar to those for germination. Moisture plays a role in
determining the rate of emergence in soybeans (Heatherly and
Russell, 1979) but does not seem to have as much effect as'
temperature (Knittle et al., 1979). Soil water potentials
from -.4 to -.6 bars in a silt loam and from -.1 to -.7 bars
in a clay soil were optimal for soybean emergence. These
values were higher than requirements for cotton, sorghum and
wheat (Heatherly and Russell, 1979).

As stated previously temperature is considered to be a
major factor in soybean hypocotyl elongation and emergence.
Grabbe and Metzer (1969) discovered an inhibition of hypo-
cotyl elongation 1in some soybean cultivars at 25°C. The
other temperature regimes used in the study, 15, 20 and
30°C, exhibited normal growth. The degree of inhibition was
shown to be cultivar dependent. Gilman et al. (1973) tested
six cultivars (four of which were susceptable to hypocotyl
inhibition) at temperatures between 20 and 30°C. Inhibition
of susceptible cultivars occurred between 21 and 28°C and
maximal inhibition occurred at 25°C. Subsequent work by
Burris and Knittle (1975) and Siammy and Lamotte (1976)
suggests that the production of an inhibitory substance
(possibly ethylene) in the susceptible cultivars is respon-
sible for this phenomenon.

Hatfield and Elgi (1974) reported that the rate of hypo-

cotyl elongation for two cultivars of soybeans, Lee and



8

Cutler, increased rapidly from 10 to 25°C, slowly increased

from 25 to 30°C and decreased rapidly above 30°C. (See
Figure 1 and Figure 2).

From the data for these two cultivars a model for germi-

nation and emergence was constructed using regression anal-

ysis. The equation for radicle elongation was:

Y = .4136463 0.6716088T + ,003759T* - .0000594 T R? = .96

rate of elongation (mm hr-1!)
temperature at seed depth (°C)

where Y
T

nou

Numerical integration was used to determine the absolute
growth by using hourly intervals of temperature. Knittle et
al. (1979) developed a model for hypocotyl elongation in the
field using moisture, temperature, hypocotyl length, and
soil resistance. Two separate equations, one for the germi-
nation phase (hypocotyl less than 1.1 cm) and one for the
elongation phase (hypocotyl greater than 1.1 cm) were devel-

oped. The equation for the germination phase was:

HER = ~1.396 + .126M - .00275M* + .00375T? R? = .86

where HER = hypocotyl elongation rate (mm hr-1!)
M = soil moisture content (percent by weight)
T = soil temperature (°C)

The equation for the elongation rate during the elonga-

tion phase was determined to be:

HER = .611 - .313L + ,1240L? + ,0110LT - 0..201RT R? = .96

where HER = hypocotyl elongation rate (mm hr-1!)
L = hypocotyl length (mm)
R = soil resistance (kg cm-?) as measured by a

cone penetrometer,



Figure 1:
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Rate of hypocotyl elongation in Glycine max. L.
Merril cv. Lee as a function of temperature and

initial hypocotyl length (after Hatfield and
Elgi, 1974).



Figure 2:
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Rate of hypocotyl elongation in Glycine max. L.
Merril cv. Cutler as a function of temperature
and initial hypocotyl length (after Hatfield and

Elgi, 1974).
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These results seem to indicate that soil moisture is an
important factor during germination and the early parts of
seedling development,

Waterer (1982) studied the germination and emergence of
three soybean cultivars, McCall, Maple Presto, and Portage
at 8, 11, 14, 20, and 30°C. The cultivar McCall showed
superior germination and emergence characteristics at low
temperatures. From this data regression equations relating
soil temperature to rate of emergence (defined as the recip-
rocal of days to 50% emergence) can be calculated for each

cultivar. These equations are shown in Table 1.

TABLE 1

Regression equations describing germination and emergence
for three soybean cultivars (from Falk, 1981 and Waterer,

1982)
CULTIVAR SOURCE EQUATION

Maple Presto Falk 1/D = .03899 + .0030(T)a
Maple Presto Waterer 1/D = -,151 + .014(T)b
McCall Falk 1/D = .03838 + ,00353(T)a
McCall Waterer 1/D = =-,142 + ,017(T)b
Portage Falk 1/D = .02548 + .00394(T)a
Portage Waterer 1/D = -.167 + .015(T)b

temperature (°C) at 20 cm
temperature (°C) at seed depth
days to emergence

033
oo

Falk (1981) also used regression analysis on field data
to characterize emergence for the same three cultivars. The
model giving the best fit was a linear model involving soil
temperatures at the 20 cm depth. These equations are also

shown in Table 1.
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2.1.3 Vegetative Growth

Temperature is considered to be the single most important
factor in determining the rate of development of a plant in
the vegetative stage (Brown, 1962). Brown (1962) studied
temperature effects on the rate of development of soybeans
between planting and flowering. The rate of development
(defined as the reciprocal of the total number of night
hours from planting to harvesting multiplied by 10,000) was
found to vary in a curvilinear fashion with temperature (see
Figure 3).

Stone and Taylor (1983) reported that main root elonga-
tion was related to ﬁemperature in the form of a gquadratic
function. Hesketh et al. (1973) reported a linear relation-
ship between temperature and the rate of trifoliate leaf
development in soybeans. The temperature range of the
experiment, however, corresponds with the linear portion of
Brown's quadratic formula (See Figures 3 and 4). In the
same study Hesketh et al. (1973) reported that soybeans died
when grown at an ambient temperature of 40°C. The degfee of
temperature response in soybeans during the planting to
flowering stage was found to be cultivar dependent (Falk,
1981; Major et al. 1975a).

The length of the vegetative period 1is not the only
parameter that is affected by temperature. Hofstra (1972)
conducted an extensive study concerned with different growth
responsés to controlled daytime and nighttime temperatures.

Leaf area increase was found to be maximal at 27°C. The
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temperature effect on leaf area was most prominent during
the early growth stages. The leaf area increase can be
explained by the fact that at 27°C not only were the leaves
larger than at other temperatures but the rate of leaf
appearance was at a maximum at 27°C. |

Availability of moisture also influences vegetative
growth of soybeans. Boyer (1970) found that the rate of
leaf enlargement in soybeans was reduced at leaf water
potentials between -4 and -12 bars and was minimal at poten-
tials less than -12 bars. Read and Bartlett (1972) and Ciha
and Brun (1975) observed that leaf area index decreased when
stressed soybeans were compared with unstressed. Read and
Bartlett (1972) also found that net assimilation rate
increased in the stressed plants. Assimilates were also
redistributed from the shoot to the root in the stressed
plants.

Heatherly and Russell (1977) also showed that leaf
enlargement was reduced by 75% at leaf water potentials less
than -4 bars and was zero at -12 bars.

A third environmental factor which plays an important
role in the vegetative development of soybeans is 1light.
There are two types of plant response to light. Firstly,
the plant responds to the duration of the light period.
This response is called the photoperiodic response.
Secondly, plants respond to the intensity of the 1light

source.
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Light provides the energy for the carbon assimilation
process in plants. It therefore follows that a change in
the energy level of light will affect plant growth. Under
relatively low levels of incident radiation, net photo-
synthesis increases with 1increasing light intensity
(Salisbury and Ross, 1977). Gourdon and Planchon (1982)
studied the effect of three levels of 1light intensity (40,
64, and 112 Wm-?) and three levels of temperature (20, 25,
and 30°C) on the net photosynthesis for two soybean culti-
vars. The net photosynthesis for all temperature levels
increased with increasing irradiance. The authors noted
that the soybean plant appears to modify plant structures,
especially leaf thickness in response to different levels of
irradiation. The two cultivars, Amsoy7l (American) and GSZ;
(Eastern European) exhibited differences in temperature -
photoperiod interactions. During exposures to temperatures
of 20°C, GSZ, increased photosynthesis over the three levels
of light intensity. Amsoy71, however, showed a substan-
tially smaller increase in photosynthesis over the light
intensity levels at 20°C. At the higher temperatures
Amsoy7l1 showed increases in photosynthesis over the
different light intensity levels. This difference between
the two cultivars was attributed to the fact that the culti-
vars were developed for growth in different climates. The
Eastern European cultivar was developed for a cooler climate
than the American cultivar and consequently shows an adapta-

tion for cooler climates. Thus one would expect that under
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cooler temperatures the cooler temperature cultivar would
show different responses to that of the warmer temperature
cultivar.

Under field conditions the crop canopy has a pronounced
influence on light reception. Beuerlein and Pendleton
(1971) found that the upper canopy leaves became light satu-
rated at 1intensities close to the intensity of sunlight.
Leaves in the lower portion of the canopy became light satu-
rated at much lower intensities. There 1is a change in the
leaf morphology when one moves from the upper to the lower
portions of the crop canopy (Salisbury and Ross, 1977).
Leaf thickness, chlorophyll content and leaf area are all
parameters which are altered by light intensity (Gourdon and
Planchon, 1983). The upper portion of the canopy develops
leaves which have the same characteristics of leaves devel-
oped under high intensities. These leaves are usually
smaller, thicker and have lower chlorophyll content than the
leaves found in the lower part of the canopy. In the lower
part of the canopy the converse 1is true, Due to the lower
light intensities of the 1lower canopy the leaves wusually
have a larger area, higher chlorophyll content and are
thinner than leaves in the wuppper parts of the canopy’
(Gourdoﬁ and Planchon, 1982; Salisbury and Ross, 1977).

Any factor which alters 1light intensity in the canopy
will affect photosynthetic production by individual plants.
(Beuverlein and Pendleton, 1971) found a relationéhip between

row spacing and photosynthetic rates of individual soybean
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plants. With increased row spacings, soybean plants
increased photosynthetic production by individual - plants.
This result was attributed to the increased light intercep-
tion by the leaves in the lower portion of the canopy under
increased row spacings.

The response of soybeans to photoperiod also plays an
important role in determining the duration of the vegetative
growth phase. The floral initiation process in most plants
is influenced by the photoperiod (Zeevaart, 1976). Floral
initiation marks the change of plant development from a
vegetative to a reproductive state. Therefore the duration
of vegetative development is dependent on the processes
which influence floral initiation.

The soybean is generally classified as a qualitative
short day plant (Salisbury and Ross, 1977; Garner and
Allard, 1920). A short day flowering response occurs when
a plant has a requirement for a critical amount of daylength
above which no floral initiation will occur (Salisbury and
Ross, 1977). Although daylength appears to be the control-
ling mechanism it is generally accepted that the change in
daylength, not absolute daylength, is the important factor
(salisbury and Ross, 1977; Zeevaart, 1976).

Although soybeans are classified as a qualitative short
day plant, the response of soybeans to different photoper-
iods is dependent on the cultivar. Several experiments have
been conducted to identify cultivars which have a decreased

sensitivity to photoperiod. Polson (1972) screened approx-
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imately 400 strains of soybeans of maturity groups O and OO
(00 group has earlier maturing cultivars than group 0) for
daylength sensitivity under different photoperiods.
Cultivars of the same flowering time at a photoperiod of 12
hours had an increased time to flowering at 1longer photo-
periods. Soybeans of maturity class OO were generally less
sensitive to longer daylength than soybeans of group O.
This led the authors to conclude that early maturity and
response to daylength may be related. Nissly et al, (1981)
séreened 515 strains of soybeans of maturity group III for
photoperiod sensitivity. Thirty - two of these were deter-
mined to have low photoperiod sensitivity as 1indicated by
small delays 1in floral initiation under extended photoper-
iods. It appears therefore that photoperiod insensitivity,
although more prevalent in early maturing cultivars is found
throughout the maturity groups.

In summary, vegetative growth is influenced by moisture,
light and temperature. These environmental factors do not
influence vegetative growth independently but interact to
produce an effect on the vegetative growth phase. It should
be noted that the plant responds to the total environment,
not just the three factors mentioned above. Other factors
(such as fertility status and fertility balance) will also

influence the vegetative growth phase.
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2.1.4 Reproductive Phase

The reproductive phase of a plant begins with the initia-
tion of flowering and ends when the plant is mature. In
soybeans, the reproductive phase, as in the vegetative
phase, is influenced by the environmental factors of temper-
ature, moisture and light.

The temperature influence on the reproductive phase is
not as well defined as that for the vegetative period
(Brown, 1962). Temperatures between 20 and 30°C seem to
have no effect on the length of the reproductive phase
(Brown, 1962). Cool temperatures (below 21°C ) delay the
development of the reproductive phase of soybeans under
constant daylength (van Schaik and Probst, 1958). Low temp-
eratures can retard the rate of pod fill (Thomas and Raper,
1976) and leaf senescence at pod fill (Kao, 1980). These
two phenomena can be explained by the temperature influence
on the metabolic rates. Low temperatures decrease the rate
of the metabolism in the leaves as well as the transport
away from the leaves to the pods. This effect results in
slower leaf senesence and lower rates of pod filling. Low
temperature delay during the reproductive period, however,
increases seed quality and yield of soybeans (Elgi and
Wwardlaw, 1980; Elgi et al., 1978).

Photoperiod is also an important factor in determining
the length of the reproductive phase. The length of the pod
fill stage of soybeans is dependent upon photoperiod (Thomas

and Raper, 1976). Thomas and Raper (1976) observed that the
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pod weights and pod fill rates increased with the number of
critical short days to which the plants were exposed. This
would indicate that the number of photoinductive short days
would have a large affect on the length of the reproductive
period. Patterson et al. (1977) found that increased
daylengths decreased the length of the pod £ill stage,
contrary to the observations of Thomas and Raper (1976).
Major et al. (1975a) wusing a growth model, concluded that
short days decreased the time from flowering to maturity.

Moisture also plays an important role in influencing
reproductive development especially with respect to yield.
Doss et al. (1974) showed that moisture stress reduced yield
with the greatest effect occuring if the plants were
stressed during the pod fill stage. Moisture stress during
vegetative development will also effect final soybean yield.
Yield reductions are the greatest when plants are stressed

throughout the growing season (Doss et al., 1974).

2.2 GROWTH MODELS

As was stated previously, modeling is an attempt to guan-
tify a biological process. There have been many attempts to
model plant growth and development. These models can arbi-
trarily be divided into two basic types, statistically based

phenological models and differential equation based models.
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2.2.1 Phenological Models

Phenological models are models which are used to simulate
the phenological development of a plant using climatological
data (usually maximum and minimum temperatures). The stage
of development described by these models is wusually emer-
gence to maturity. The three most commonly used phenolo-
gical models are growing degree days, corn heat units and

biophotothermal units (Biometeorological Time Scale).

2.2.2 Growing Degree Days

The calculation of growing degree days for a crop is one
of the oldest types of models used to relate temperature to
phenological growth (Robertson, 1968). The growing degree
day units assume that there 1is a base temperature, below
which there is no growth, and a linear relationship between
temperature and growth. The formula for the calculation of
growing degree days is

MAXT(i) + MINT(i)
GDD = 3  { —-——==----------- ~ TBASE }
i

where GDD = number of growing degree days
MAXT maximum daily temperature
MINT minimum daily temperature
TBASE = base temperature for crop
i = days over which growing degrees are calculated

There are many weaknesses with the growing degree day
method of modeling crop growth. The major drawback is that
growing degree days assume that the temperature-growth
response is homogeneous throughout the 1life of the plant.

The other disadvantages of growing degree days are:
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1. The temperature growth relationship is assumed to be

linear, even for high temperatures.

2. Day and night temperatures are assumed to contribute

equally to plant growth.

3, The only climatic variable considered to affect plant

growth is temperature.

Despite these limitations, Growing Degree Days are still
considered to be accurate enough to be used in climatolo-
gical analysis. This degree of accuracy is attributed to
the fact that températures encountered by crops (in
temperate regions) wusually lie within the linear portion of

the temperature-growth response curve.

2.2.3 Corn Heat Units - Soybean Development Units

As was stated previously, Brown (1962) developed a curvi-
linear growth equation for the vegetative phase of soybean
growth. This type of analysis was done wusing corn and
resulted in the corn heat unit equation. Corn heat units
for a growing season are obtained by applying the equation
from May 15 to the first full frost (Dunlop, 1981). Corn
heat units are calculated by using the following equation,

CHU = 3 (3.3{MAXT(i)-103 - .084{MAXT(1)-10}1?%)/2
i + 1.8{MINT(i) - 4.41/2)
where CHU = corn heat units
i = days over which CHU are calculated
Maxt = maximum daily temperature
Mint = minimum daily temperature.

This method is an improvement on Growing Degree days

calculations because it considers both daytime and nighttime
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temperatures as well as being a quadratic relationship
between temperature and growth, The other limitations of
Growing Degree days are still inherit in the corn heat unit
method. Corn heat units are currently being used to charac-

terize areas of potential production of soybean in Manitoba.

2.2.,4 Biometeorological Time Scale

The Biometeorological Time Scale developed by Robertson
(1968) is the most complex of the phenological models
discussed here. The growth of a plant is considered to be a
function of temperature and photoperiod. The rate of crop
development within a given phenological stage is given in

the Biometeorological Time Scale by:

S,
l=1r =73 {a,(L-a,) + a,(L-a,)?} {b,(T,-be) + b,(T,-b,)?
S
+ by (T,~b,) + b,(T,-b,)?} (3)
where S,, S, = stages of development

L = daylength

T, = maximum temperature
T, = minimum temperature
a,, a,, b,, b;, b;, b, = rate coefficients

a,, b, = critical values of the photoperiod
and temperature, respectively.

By using this approach to model phenological growth the
Biometeorological Time Scale overcomes many of the weak-
nesses of Growing Degree Days and Corn heat wunits. The
Biometeorological Time Scale divides the period of growth of
a plant into distinct phases, each of which is considered to
be different with respect to the plant-environment growth
response. Photoperiod is considered to be a factor in

determining phenological development. The temperature
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portion of the model is quadratic and recognizes the contri-
butions of both daytime and nighttime temperature. Critical
nighttime and daytime temperatures, however, are assumed to
be the same, an assumption which 1is not totally wvalid

(Robertson, 1968).

2.2.5 Differential Models

Phenological development is not the only plant character-
istic in which modelers have interest. Total photo-
synthesis, dry matter production and seed yield are a few
of the other parameters of interest. In order to predict
these and other quantities given certain environmental
conditions a number of complicated models have been devel-
oped. These models usually consist of a series of differen-
tial equations which quantify the various processes of
growth and development. Two such models are SOYMOD (Meyer
et al., 1979) and a similar model developed by Wilkerson et
al. (1981).

A flow chart for the SOYMOD model is shown in Figure 5.
A series of differential and empirical equations are used to
model the production, translocation and storage processes of
the plant. These equations are solved using a rectangular
integration method with an interval of one hour.

The basic modeling process involves the calculation of
photosynthetic production by the plant. This photosynthate
is partitioned to the various organs of the plant where it

is stored or used for maintenance and growth. The coeffi-
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cients of the differential equati&ns determine the propor-
tion of total photosynthate which 1is allocated to each
process. This is shown in the equations used in the model

developed by Wilkerson et al. (1981).

AwL XL(Pa - R,WT)

——— m e - SL - ML
dt (g + GR)

aws (Pa - R,WT)

——— = G - §§ - MS
dt (g + GR)

dwWR (Pa - R,WT)

—== = XR-—=————————- - SR

dt (g + GR)

where W = mass

Pa = total photosynthate

R, = maintenance respiration per unit mass
WT = total mass

(g + G) = respiration cost

S = senescence loss

M = metabolic loss

X = partition coefficient

(R = root; S = shoot; L = leaf)

The partition coefficient, X, determines the relative
amount of photosynthate which is allocated to each portion
of the plant. This coefficient changes throughout the
development of the plant. This change allows the plant to
redirect photosynthate according to the stage of develop-
ment. A series of differential equations also model
nitrogen uptake and translocation in the plant.

Phenological sub-models play an important role ip differ-
ential models. Stages of development must be known in order
to define photosynthate partitioning strategies. Because

the actual physiological processes determining phenological
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growth are not exactly known, a stochastic method of
prediction must be used. In the SOYMOD model this 1is
achieved by using Robertson's Biometeorological Time Scale.
It is very interesting to note that SOYMOD which uses a time
interval of one hour to calculate the growth parameter,
predicts crop development using a method which 1is based on
daily weather inputs. This leads to some inaccuracies in
model prediction (Meyer et al., 1879).

In summary, differential models are complicated models
which predict many plant growth parameters. Despite their
complexity, these models contain phenological submodels
which are similar to those described in the previous

section.



Chapter III

METHODS AND MATERIALS

The purpose of this project was to determine the areas of
potential soybean production in Manitoba. In order to
accomplish this goal, a program was initiated in 1879 to
monitor soybean growth at various locations throughout
Manitoba. The first two years of data have been published
by Falk (1981). In 1981 and 1982, the field program was
continued and the data gathered was combined with that
collected by Falk (1981) for analysis. This section
describes the types of measurements taken‘during the field

program.

3.1 PLOT LOCATION AND DESCRIPTION

Plot locations and descriptions of the first two years of
field work were given by Falk (1981) and are summarized in
Table 2. A total of nine station years of data were gath-
ered in the first‘two years.

Site description and location of the subsequent two years
are given in Table 3. These sites were established in coop-
eration with the Manitoba Crop Zonation Trials. Four culti-
vars of soybeans, McCall, Maple Presto, Maple Amber, and
Portage were monitored 1in 1981. All cultivars except

Portage were used in 1982, An additional two station years

....29_
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Site location and descriptions for 1979 and 1980.

STATION SOIL TYPE FERTILIZER HERBICIDE SEEDING
& YEAR kg/ha EQUIPMENT
Winnipeg Riverdale none Treflan 4 row plot
silty clay applied 1.1 kg/ha seeder
Morden Morden fine none Treflan 8 row
1979 loamy clay applied 1.1 kg/ha conventional
drill
1880 same as none Treflan 4 row plot
1979 applied 1.1 kg/ha seeder
Waskada Waskada 31 kg/ha N Treflan 4 row plot
1979 clay loam 39 kg/ha P 1.1 kg/ha seeder
Brandon Assiniboine 67 kg/ha P Treflan 10 row
1979 complex 67 kg/ha K 1.1 kg/ha conventional
22 kg/ha S drill
same as same as Treflan same as 1979
1980 1979 1979 1.1 kg/ha
Basagran
.82 kg/ha
(4 app)
Dauphin Dauphin 31 kg/ha N Treflan 4 row plot
1979 clay 39 kg/ha P 1.1 kg/ha seeder
lst seeding Edwards 31 kg/ha N Treflan same as 1979
date 1980 Association 39 kg/ha P 1.1 kg/ha
2nd seeding Edwards 31 kg/ha N Treflan same as 1979
date 1980 Association 39 kg/ha P 1.1 kg/ha
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of data for the cultivar McCall was obtained from the study
by Senthanathan (1983). Therefore data from thirteen
station years of data was collected for Portage, and seven-
teen station years for McCall and Maple Presto during the

four years.

TABLE 3

Site location and descriptions for 1981 and 1982.

STATION SOIL TYPE FERTILIZER HERBICIDE SEEDING

& YEAR kg/ha EQUIPMENT

Woodmore Pelan 31 kg/ha N 1.1 kg/ha 4 row plot
sandy loam 39 kg/ha P Treflan seeder

Teulon Lakeland 31 kg/ha N 1.1 kg/ha 4 row plot
clay loam 39 kg/ha P Treflan seeder

Mariapolis Pembina 31 kg/ha N 1.1 kg/ha 4 row plot
clay loam 39 kg/ha P Treflan seeder

Bagot Almasippi 31 kg/ha N 1.1 kg/ha 4 row plot
loamy sand 39 kg/ha P Treflan seeder

Particular attention was paid to selecting sites which
represented the various types of climates found in the agri-
cultural region of Manitoba. The spatial distribution of

sites is shown in Figure 6.
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3.2 METEOROLOGICAL MEASUREMENTS

3.2.1 Temperature

Maximum and minimum temperatures were monitored at each
site during the growing season (May through September). The
temperature data was acquired from two sources.

The first source was on site weather stations which were
set up to conform to Atmospheric Environment Service
(A.E.S.) specifications. The weather stations consisted of
a recording hydrothermograph or thermograph placed in a
Stevenson screen. Maximum and minimum temperatures were
then read from the instrument chart for each day.

Due to limitations in eqguipment it was necessary to use
existing weather stations in the Atmospheric Environment
Service network for temperature data. The A.E.S. stations
were located within five miles of the plot site and in most
cases were closer. Table 4 shows the origin of the weather

data used for each site,

TABLE 4

Weather data source for plot locations.

Site Source of Weather Data
Winnipeg A.E.S.
Morden A.E.S.
Waskada 0.5.W.S.
Brandon A.E.S.
Dauphin A.E.S.
Bagot A,E.S.
Teulon A.E.S.
Mariapolis 0.S.W.S.
Woodmore 0.5.W.S.

A.E.S. Atmospheric Environment Service
0.S.W.S. On Site Weather Station



34

3.2.2 Daylength
Daylength values were determined for each site using the
formula relating daylength to latitude described by
Robertson and Russello (1968). A FORTRAN program was used

to calculate the daylength for each site.

3.3 SOIL MEASUREMENTS

3.3.1 Soil Temperature

Soil temperature measurements were taken on a weekly
basis throughout the field trials. Two sets of thermocou-
ples were inserted into the soil at each site and the temp-
erature at 2.5, 5.0, 10.0, 20.0, 50.0, 100.0, 150.0 cm were
recorded using a hand held potentiometer. Because of prob-
lems with equipment and difficulties in thermocouple inser-
tions, the data for soil temperature for the last two years

was incomplete.

3.3.2 Soil Moisture

Soil moisture status was monitored at each site at weekly
intervals. Determination of the volumetric water content in
the top 20 cm was achieved using a physical sampling tech-
nique. The sample was dried at 110°C in the laboratory and
the volumetric water contents were calculated.

A neutron moisture meter was used to determine the water
content of the soil from 20-120 cm. Because of tube inser-
tion difficulties and equipment malfunction the so0il mois-

ture data is discontinuous for the four years of the study.
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3.3.3 Phenological Measurements

In order to quantify the growth of the soybean plants
over the growing season, the phenological development of the
plant must be described. The method outlined by Fehr and
Caviness (1977) was used in this study. A summary of this
phenological classification system is shown in Tables 5 and

6.

TABLE 5

Vegetative stages of soybean development (after Fehr and
Caviness, 1977).

STAGE TITLE DESCRIPTION

VE Emergence Cotyledons above soil surface

vC Cotyledon Unifoliate leaves unfolded

vl First node Fully developed leaves at unifoliate

nodes

V2 Second node Fully developed trifoliate leaf at
node above unifoliate node

Vn nth Node n number of nodes on the main stem
with fully developed trifoliate
leaves

Phenological measurements throughout this study were
taken by two researchers (B. Burnett and G. Falk). This was
done to minimize the variation due to differences in
personal ihterpretation.

Ten plants per replicate were randomly chosen at the
beginniné of the growing season. The phenological develop-

ment of these plants was recorded at weekly intervals. A
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TABLE 6

Reproductive stages of soybean development (after Fehr and

STAGE

Rl

R2

R3

R4

R5

R6

R7

R8

TITLE

Beginning
bloom

Full
bloom

Beginning
pod

Full pod

Beginning
seed

Full seed

Beginning

maturity

Full
maturity

Caviness, 1977).

DESCRIPTION

One open flower at any node on the
stem

Open flower at one of the two upper
most nodes on the main stem with
a fully developed flower.

Pod 5mm long at one of the four
uppermost nodes on the main stem
with fully developed flower.

Pod 2cm long at one of the four
uppermost nodes on the main stem
with a fully developed upper leaf.

Seed 3mm long in a pod at one of the
four uppermost nodes on the main
stem with a fully developed leaf.

Pod containing a green seed that
fills the pod cavity of one of
four uppermost nodes on the main
stem with a fully developed leaf.

One normal pod on the main stem
which has reached its mature
pod color.

95% of the pods have reached their
mature pod color.
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replicate was considered to be at a certain stage when 50%
of the plants had reached that stage. Because the observa-
tions were done on a weekly basis, a plot was rarely at the
point of development where exactly 50% of the plants were in
a given stage. To overcome the difficulty a method of
linear interpolation (described in detail by Falk, 1981) was
used to determine the date the plot reached each stage. The
dates that each stage of development was feached for each

cultivar are given in Appendix A,

3.4 MODEL DEVELOPMENT

The model selected to simulate soybean growth was the
Biometeorological Time Scale (BMTS) developed by Robertson
(1968). The model assumes that the rate of growth of a crop
is a function of temperature and daylength. The rate of

growth is given as:

r = dM/dt = F(T) * F(L) (2.1)
where r = rate of development
M = degree of maturity
F(L) = non-linear function of daylength
F(T) = non-linear function of temperature

In order to solve for the degree of maturity over a given

growth stage, equation (1) must be integrated.

Sg ‘SZ
s rdt =M= s {F(T) * F(L)} = 1 (2.2)
Sl Sl

where S,, §, = two consecutive growth stages
Since there is no quantitative value for maturity it is
arbitrarily set to a value of one. When a plant has grown

from stage S; to S, then the value of maturity 1is equal to
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one. Any value of degree of maturity which is less than one
indicates that the stage of development 1is not complete.
The two functions of temperature and daylength are assumed
to be quadratic functions and are written in power series
form. The resultant equation is:

S,
1 = M = b {al(L_ao) + az(L'—ao)z} {b1(T1_bo) + b2(Tl-_bO)2
S)
+ bs(Tz'bo) + ba(Tz_bo)z} (2-3)

where S,, S, = stages of development
L = daylength
T, maximum temperature
T, minimum temperature
a,, a,, b, b,, by, b, = rate coefficients
a,, b, = critical values of the functions

This model assumes that there will be different critical
values and rate coefficients for each stage of growth of the
plant. It is therefore necessary to divide the growth of
the plant into distinct growth stages. The stages selected
by both Falk (1981) and Major (1975a) were:

1. Planting to emergence (P - VE)
2. Emergence to flower (VE - Rl)
3. Beginning flower to beginning pod (Rl -R3)
4, Beginning pod to maturity (physiological) (R3 -
R7)
The growth stages used in this analysis were the same as
those used by Falk (1981).

The effect of temperature and photoperiod on the growth
of the soybean plant over these stages was assumed to be
homogenous. When this assumption is made it is possible to
solve equation (2.2) using an iterative regression technique

outlined by Robertson (1968) . A computer program to solve
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Robertson's (1968) equation written in the language FORTRAN
was obtained from the Land Resource Research Institute of
Agriculture Canada and was modified for use in this analysis
by Falk (1981). The rate coefficients as well as the crit-
ical values for each stage could then be calculated using
the appropriate phenological and meteorological data.

To evaluate the effectiveness of photoperiod in the model
a temperature only model can be used (Falk, 1981).
Robertson (1968) uses this form of the biometeorological
time scale formula to determine the length of time between
planting and emergence because photoperiod does not play a
role in this stage of development. The temperature only
model is derived by setting the photoperiod contribution in
equation 2.3 to the value of one. The equation for the
temperature only model is:

S,
1 =M= g{b,(Tl-bo) + b, (T,-by)? + b, (T,-b,) + b,(T,-b,)?*}
1

This model 1is related to the corn heat unit equation
(Robertson, 1968).

The complete model for the growth of the soybean crop can
then be stated as:

VE Rl R3 R7
w o+ w o+ w o+ w o= 4 (2.5)
P VE Rl R3

where w = temperature and light quadratic equations
P, VE, Rl, R3, R7 = stages of development

(2.4)
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3.5 MODEL APPLICATION

A schematic diagram of the general model building and
application process is shown in Figure 7. The first stage
of analysis was to compare the performance of the model
proposed by Falk (1981) with the observed data of the third
year. The first two years of observations were then concat-
enated with the third year's data and a new set of critical
values and rate coefficients were calculated. The model
using these new coefficients was then compared with the
fourth year observations and tested statistically for accu-
racy in predicting the length of growth stages. Again after
this analysis the results were combined and a final calcula-
tion of critical values and coefficients were made. These
were the coefficients used in the climatological analysis.

The above procedure was repeated for the temperature only

model.
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3.6 CLIMATOLOGICAL ANALYSIS

The climatological analysis used weather stations which
had recorded weather observations (maximum and minimum temp-
erature) for a minimum of 15 years. A list of the stations
used in this analysis are given in Appendix B, The loca-
tions of these stations are shown in Figure 8.

The planting dates used in the model were obtained by
adding a constant value of 5 days to the planting date for
wheat. The planting dates for wheat are available for the
years 1948-1978 from Statistics Canada. The metﬁod of
calculating an actual planting date from this data outlined
by Dunlop (1981) was used. The historical weather data and
planting dates were then wused by the soybean crop growth
model to predict the date of maturity for each year. 1If the
predicted maturity date came before the first killing frost
(-2.2°C) then that year was said to be a suitable year for
growing soybeans. The probability of having a suitable year
for soybean production is then given by

number of suitable years
P(suitable year) = --=-----—--so—mm————oeee—
total number of years

The probabilities for all of the stations used in the
analysis were then used by SYMAP (Symographic Mapping
System) to produce a contour map consisting of contours
joining areas of equal probability for the successful

production of soybeans.
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Chapter 1V

RESULTS AND DISCUSSION

In the previous chapter the model building and applica-
tion process was described. The results of the model
building phase will be discussed by the year of the data
used in the development of the model. The complete and
temperature only models will be discussed separately. After
the model building results have been discussed then the

application of the project will be described.

4,0.1 Phenological Observations

The phenological data gathered during the four years were
used to calculate the date at which each stage was reached.
The complete set of phenological data for the cultivars
Portage, Maple Presto and McCall is presented in Appendix A,
Tables 7, 8 and 9 show the lengths (in days) of the planting
to emergence (PLT-VE), emergence to flowering (VE-R1l), flow-
ering to beginning pod £ill (R1-R3) and podfill to physio-
logical maturity (R3-R7). The cultivar Maple Presto consis-
tently matured earlier than the other two cultivars. Of the
other two cultivars, Portage, appears to mature slightly
earlier than McCall. All cultivars took approximately the
same time to emerge. Maple Presto has a slightly shorter
vegetative growth phase and a substantially shorter repro-

ductive phase.

_44_
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4,0.2 Seed Yield

Yields for the plot sites are shown in Table 10. The
missing data for McCall and Maple Presto is due to unfavou-
rable climatic conditions. Portage yield data was not
collected for the years of 1980 and 1981. McCall, in the
cases when it reached maturity out yielded Portage and Maple
Presto. Portage also showed a yield advantage over Maple

Presto at most sites.

TABLE 7

Length of growth stages for soybean cultivar Maple Presto.

Length of Stage (days)

Station Year PLT-VE VE-R1 R1-R3 R3-R7
Winnipeg 1979 12 28 8 39
Morden 1979 14 26 9 46
Waskada 1979 18 25 8 33
Brandon 1979 11 26 8 34
Dauphin 1979 14 24 13 44
Morden 1980 17 26 8 37
Brandon 19890 9 23 12 -—
Dauphin 1980 11 29 18 42
Dauphin 1980 - - 14 43

- Woodmore 1981 12 29 15 36
Mariapolis 1981 8 32 15 34
Teulon 1981 7 31 12 36
Winnipeg 1981 7 34 13 36
Woodmore 1982 11 40 12 38
Mariapolis 1982 8 40 13 -
Teulon 1982 7 35 20 -
Bagot 1982 8 39 16 34
Average 10.9 30.4 12.6 37.6 91.5

The yield of soybeans 1is thought to be related to the
length of the reproductive growth period (Dunphy et al.,

1979; Falk, 1981). There appears to be such a relationship



Length of growth stages for soybean cultivar McCall.

TABLE 8

Length of Stage (days)

Station Year PLT-VE VE-R1 R1-R3 R3-R7
Winnipeg 1979 11 33 14 47
Morden 1979 14 28 16 48
Waskada 1979 17 27 13 42
Brandon 1979 11 32 10 43
Dauphin 1979 13 35 14 --
Morden 1980 12 32 12 52
Brandon 1980 9 27 14 --
Dauphin 1980 10 38 11 -
Dauphin 1980 - -- 21 45
Woodmore 1981 12 29 21 42
Mariapolis 1981 8 34 20 47
Teulon 1981 7 33 15 44
Winnipeg 1981 7 34 17 45
Woodmore 1982 11 42 21 42
Mariapolis 1982 7 42 20 -
Teulon 1982 7 35 24 --
Bagot 1982 8 43 18 -=
Portage' 1981 11 31 17 55
Portage! 1981 11 38 14 -
Average 10.3 34,1 16.3 46. 106.7

! portage data gathered by A. Senthanathan.
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Length of growth stages for soybean cultivar Portage.

TABLE 9

Length of Stage (days)

Station Year PLT-VE VE-R1 R1-R3 R3-R7
Winnipeg 1979 13 35 11 40
Morden 1979 15 31 13 40
Waskada 1979 19 31 10 36
Brandon 1979 11 34 11 36
Dauphin 1979 15 35 14 --
Morden 1980 18 29 10 44
Brandon 1980 9 24 15 --
Dauphin 1980 10 38 11 50
Dauphin 1980 - -- 20 43
Woodmore 1981 12 34 16 40
Mariapolis 1981 8 39 14 43
Teulon 1981 7 35 15 37
Winnipeg 1981 7 41 12 39
Average 12.0 33.8 13.23 40.7 99,7
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TABLE 10

Length of reproductive phase and yields for soybean
cultivars Portage, McCall, Maple Presto.

Cultivar
Maple Presto McCall Portage
Length Yield Length Yield Length Yield
(days) (kg ha-!') (days) (kg ha-!') (days) (kg ha-'.

(R1-R7) (R1-R7) (R1-R7)
Winnipeg 1979 47 1809 61 2559 51 1790
Morden 1979 49 3107 64 4538 53 3929
Waskada 1979 41 864 55 1416 46 1203
Brandon 1979 42 1907 53 1951 47 1786
Dauphin 1979 57 1741 -- -- -- -
Morden 1980 45 2203 64 3689 54 2927
Brandon 1980 -~ - - - -- -
Dauphin 1980 53 1510 65 1755 36 1628
Dauphin 1980 -- -- -- - - --
Woodmore 1981 51 3056 63 3101 - -
Mariapolis 1981 49 2363 67 3879 -- -
Teulon 1981 48 2593 59 3512 - -
Winnipeg 1981 49 2792 62 3669 - --
Woodmore 1982 50 2489 63 2638 -= -
Mariapolis 1982 -- -- - -- -- -
Teulon 1982 -- - - -- -=

Bagot 1982 50 2252 - - - -
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in the data as the lowest yielding cultivar, Maple Presto,
had the shortest reproductive growth phase. Regression
analysis using the Statistical Analysis System (SAS) was
applied to the yield - reproductive growth phase data to
determine if there was a relationship between yield and
reproductive phase length. When each cultivar was consid-
ered separately it was found that there was no relationship
between yield and reproductive phase. Figure 9 shows the

relationship between the two variables when the data from

all three cultivars 1s used. The model variables were
significantly related (at P = .0l1) but the model's ability
to predict was very poor (r? = ,28). This result indicates

that the inclusion of another variable to improve the model
may be appropriate. The addition of a soil water avail-
ability term may have improved the relationship but a lack
of continuous so0il moisture data prevents the use of a mois-

ture term.
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Figure 9: Relationship between yield and length of
reproductive phase.
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4.0.3 Model Assumptions

Usually in the model building process, several assump-
tions are made in the model. I1f these assumptions are not
recognized then there is a chance that the model could be
misapplied and the result could be poor prediction of crop
growth, It is therefore useful to outline the model assump-
tions before interpreting the model results.

The biometeoroclogical time scale coefficients are deter-
mined by a special type of regression analysis. Thus all
considerations that must be used in applying and inter-
preting regression analysis must be followed. The assump-
tion of regression analysis 1is that the model properly
portrays the dependence of the variables upon each other.
Specifically in this model the assumption is that growth is
a quadratic function of temperature and photoperiod. If
this is not the case then the model may not be totally accu-
rate.

When one uses a regression model to predict the dependent
variable (in this case growth) several considerations must
be acknowledged (Neter and Wasserman, 1974). These consid-
erations are:

1. The conditions in predicted period are similar to
those which were in existence .during the period from
which the model was base. In the case of this
particular model this means that the environmental
conditions (i.e., fertility,‘disease, moisture, pest)
in a predicted year were similar to the conditions in

the locations that the data was acquired.
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2. The regression model 1is only valid for the range of
values of the independent variable that were encoun-
tered in the experimental period. As a result of
this the proposed model should only be applied to
temperatures and photoperiods which are similar to
those of the research sites.

3. Thefe is no physical significance to the coefficients
developed in regression analysis. Thus, one must be
very cautious in interpreting the regression equation
as if it was an empirical equation. This is particu-
larly important in the interpretation of base temper-

atures,

4.1 TEMPERATURE - PHOTOPERIOD MODEL COEFFICIENT
DETERMINATION.

Falk (1981) calculated a set of coefficients for soybeans
using two years (nine station years) of data. The
prediction ability of this model was tested using the third
year of data. The results are shown in Table 1l1l.

The model adequately predicts Maple Presto growth in the
vegetative growth period and the pod to maturity stage.

The McCall coefficients did a péor job of predicting
growth at all stages. For Portage, the vegetative phase was
the only growth period which was predicted accurately.

The reasons for poor prediction of the independent growth
data are two-fold. The first reason 1is that the length of
the growth stage being modeled determines the accuracy which

can be attained. It is more difficult to obtain an accurate



TABLE 11

Differences between predicted and actual dates. Second

Site Year

Difference (Days)

year model .

Maple Presto McCatll Portage
(VE-R1) (R1-R3) (R3-R7) (VE-R1) (R1-R3) (R3-R7) (VE-R1) (R1-R3) (R3-R7)

woodmore 1981 2 -7 3 5 -8 -7 o} -7 -6
Mariapolis 1981 2 -4 5 5 -6 -7 -2 5 -7
Teulon 1981 1 -3 -3 5 -1 22 ] ~2 -2
Winnipeg 1981 -2 -4 -2 2 -4 -7 -2 7 -6
Average .75 -4.50 .75 4 .25 -4.75 .25 .50 1.75 -5.25
Root Mean

Square Error 1.8 4.7 3.4 4.4 5.4 11.7 3.3 5.6 5.6

€S
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model for a short growth period than for a longer one (Falk,
1981). This is shown in Table 11 as the shortest period,
flowering to pod-fill, has the largest difference between
predicted and estimated dates in McCall and Maple Presto.
The limitations of regression analysis, especially in
predicting values wusing limited data, plays an important
role in determining the accuracy of the model.

The best way to improve a model's predicting ability is
to increase the range of the independent variables. In this
case, two more years of data were collected and analysed

with the first two years.

4,1.1 Third Year Model

The model coefficients which were developed using the
first three years of data are shown in Table 12. The values
for a, and b, correspond to the critical values of daylength
and temperature. It must be emphasized that there 1is no
specific physical meaning implied by the coefficients. For
instance, the "base temperature" for the pod filling to
maturity phase is given as =-20.28°C. The equation was
developed with data that did not include temperatures that
were close to -20°C, The temperature relationship in this
case is linear with a very low value for the slope. This
leaves the intercept (critical value) a considerable
distance from the data points and results in an unreasonable
base temperature. The same is true for the base daylengths.

For instance, the base daylength for Maple Presto in the
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flowering to pod-fill (R1-R3) stage 1is 21.5 hours, well
above the maximum daylength for sites in the agricultural
region of Manitoba. Falk (1981) noted a relationship
between cultivar and base temperature and photoperiod. The
base daylength for McCall is smaller than the base for Maple
Presto in the flowering to pod-fill stage. This would
result in a longer flowering to pod-fill stage for McCall.

The ability of the third year model to predict the pheno-
logical data over the three years is shown in Table 13. The
new coefficients do a better job of predicting the four 1981

plot sites than the second year coefficients.



Cultivar

Stage AO
Maple Presto

VE - R1 .6601E
RY{ - R3 .2512E
R3 - R7 .1787E
McCall

Ve - R1 . 1907E
R1 - R3 .1823E
R3 - R7 .1275E
Portage

VE - R1 .5833E
RY - R3 .1122E
R3 - R7 .1683E

TABLE 12

Temperature - photoperiod model

02
02
02

o1
02
02

At

.1765E-02
.3360E-01
.1833E-01

.6668E-03
.2738E 00
.4550E-03

. 1737 0O
.8740E 01
.1794E 00O

A2

.1467E-03
.Q000E 00
.3324E-02

.0O000E 00
.O000E 00
.1307&-03

.7426E-02
.8751E 00
.3630E-01

BO

.4117E
.1228E
.1074E

.5016E
.TO67E
. 1043E

. 7383k
.7608E
-.2028E

coefficients - Third year model.

01

02

01

02

01

02

B1

.5874E 00
.2187E-01
.1284E OO

.1729E Ot
.5510E-02
.1069E 02

. 1348E-01
. 1658E-03
.2790E-02

B2

.2137€-02
.0000E 00
.3212E-02

.4650E~01
.O000E 0O
.3768E 00

.28289E-03
.O000E 00
.0O000E 00

B3

.2158E-
. 0000k
.OO00E

.9477E
.O000E
. O000E

.O000E
.O000E
.Q000E

01
00
00

00
00
00

(0¢]
(0¢]
o0

B4

-.8213E-02
.O000E 00
.Q0CCE 00

.6928E-0t1
.O000E 0O
.O000E 00

.O00Q0E 00
.O00CE 00
.O00CE 00

9§



TABLE 13 !

Differences between predicted and observed dates. Third vear temperature - photoperiod model.

Site Year Difference (Days)
Maple Presto McCatl1l : Portage
(VE-R1) (R1-R3) (R3-R7) (VE-R1) (R1-R3) (R3-R7) (VE-R1) (R1-R3) (R3-R7)

wWinnipeg 1979 2 1 -1 o] e} -1 -1 -1 1
Morden 1879 -1 o} -5 o} -4 -6 ~2 -2 ~2
Waskada 1979 -1 -1 2 4 0 1 1 o} 1
Brandon 1879 -3 1 0 -4 2 - -3 o} 2
Dauphin 1979 1 -4 -3 -2 -1 - -2 -2 -1
Morden 1880 -1 3 1 -1 4 o} -1 3 -1
Brandon 1980 Q (o} - 1 -1 - 1 -1 -
Dauphin 1880 (o} 1 -1 -5 3 - -1 2 -2
Dauphin 1880 - -3 -3 - -3 1 - 8 -2
woodmore 1880 o} -6 o} -1 -7 -3 o} -3 -2
Mariapolis 1981 e} -2 3 o} -3 -4 o} o} -4
Teulon 1981 ~1 -2 -3 2 o} [¢] 3 -3 -1
wWinnipeg 1981 -5 -4 -2 -2 3 -4 -4 o} -3
RMSE 1.9 2.8 2.5 2.5 3.1 3.0 2.0 2.8 2.1

! Dash indicates no data for that site.

LS
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4.1.2 Fourth Year Coefficient

Table 14 shows the difference between actual and predicted

values for the fourth year of data.

TABLE 14
Differences between predicted and actual dates. Third year

model.
Site Year Difference (Days)

Maple Presto McCall
(VE-R1) (R1-R3) (R3-R7) (VE-R1l) (R1-R3) (R3-R7)

Woodmore 1982 2 6 -1 4 -7
Mariapolis 1982 3 -2 - -1 -3
Teulon 1982 1 3 - 0 -2
Bagot 1982 -4 -4 2 2 1
Portage’ 1981 - - - 3 -2
Portage 1982 - - - ~1 -3
RMSE 2.7 4,05 1.6 2.8 3.6

! Independent data.

The third year model does a reasonable job of predicting
the independent data. Again the most difficulty was encoun-
tered when predicting the flowering to pod-fill (R1-R3)
stage. An early fall frost resulted in very little data for
the pod-fill to maturity stage.

The fourth year coefficients are shown in Table 15. Even
though the third vyear coefficients did a reasonable job of
predicting the fourth year of data, the change in coeffi-
cients between the third and fourth year models was quite
large. This has to do with the complexity of the curve
fitting process in the iterative regression (see Appendix
c). The fourth year model was eventually applied to the

historical weather data.



AO

.2143E
.2820E
.1167E

Cultivar
Stage

Maple Presto
PLT - VE

VE - RA1

Rf - R3

R3 - R7
McCalil

PLT - VE

VE - R1

.3644E
.2770E
. 1275E

02

02

01
02
02

TAB

Temperature - photoperiod model

At

~-.5648E-02
~.3079E-0t1
-.1188E-00

.5893E-01
- .5684E-01
.4550E-03

A2

.0O000E 00
.O000E 00
.2081E-01

.2584E-02
.0000E 00
.1307E-03

BO

.6012E
. 1200t
.7027E

.3988E
.2387E
. 1043E

01

o1

o1
00
02

LE 15

coefficients - Fourth year model.

B1

.6520E-01
.1574E-01
.1366E-01

.8503E-02
.3673E-02
. 1068E 02

B2

.0000E 00
.0000E 00
.2071E-03

.2208E-03
.0000E 00
.3768E OO

B3

.0000E 00
.O000E 00
.Q000E 00

.3154E-01
.0O000E Q0
.OQ000E 00

B4

.O000E 00
.O000E 00
.0000E 00

.1710E-02
.Q00CE 00
.Q000E 00

6S
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4,1.3 Temperature Only Models

A growth model considering temperature only can be made
by modifying the biometeorological time scale (Robertson,
1967). This modified equation is somewhat like the corn
heat unit equation. The temperature only model is useful in
two ways. Firstly, it can be used to model the planting to
emergence stage, an important part of the climatic analysis.
Secondly, the model can be used to compare its prediction
ability with that of the temperature photoperiod model.
This will give an indication of the contribution of
daylength to the prediction ability of the model.

Table 16 shows the coefficients for the temperature only
model developed after the third year. The differences
between predicted and observed data 1is shown in Table 17.
When this data is compared with that of the third year temp-
erature - photoperiod model, it is apparent that the temper-
ature only model 1is not quite as accurate. This 1is to be
expected as the inclusion of an extra variable, in this
case, photoperiod, will increase the prediction ability of
the model. The fourth year model coefficients are shown in
Table 18. The PLT - VE stage will be used in the climatolo-

gical analysis.



TABLE 16

61

Temperature only model coefficients - Third year model.

Cultivar
Stage b,

McCall

PLT - VE .9483E
VE - Rl .4323E
R1 - R3 -.9498E
R3 - R7 -.8156E

Maple Presto

PLT - VE .,11489E
VE - R1 -,3551E
Rl - R3 .1104E
R3 - R7 .1155E

Portage

PLT - VE .1386E
VE - R1 ,1231E
Rl - R3 .1093E
R3 - R7 .4863E

01
01
01
02

02
03
02
02

02
02
01
01

b,

.1212E-01
.2429E-02
.1967E-02
.2085E-03

.1097E-01
~.1371E-02
.6210E-02
.3499E-02

.1996E-01
.4351E-02
.3270E-02
.1932E~-02

b,

~.3211E-03

~.4115E-04
.0000E 00
.0000E 0O

~-.3503E-03
.3865E-05
.0000E 00
-.1006E-03

~-.8155E-03
-.1353E-03

.0000E 00
-.3081E-04

b,

.0000E
.0000E
.0000E
.0000E

.0000E
.0000E
.0000E
.0000E

.0000E
.0000E
.0000E
.0000E

00
00
00
00

00
00
00
00

00
00
00
00

b,

.0000E
.0000E
.0000E
.0000E

.0000E
.0000E
.0000E
.0000E

.0000E
.0000E
.0000E
.0000E



TABLE 17

Differences between predicted and observed dates. Third year temperature model.

Site Year Difference (Days)
Mapie Presto McCall Portage
(PLT-VE) (VE-R1) (R1-R3) (R3-R7) (PLT-VE) (VE-Ri)} (R1-R3) (R3-R7) (PLT-VE) (VE-R3) (R1-R3) (R3-R7)

Winnipeg 1878 1 4 5 6 7 ~4 -6 -7 1 -2 -1 1
Morden 1879 -2 5 4 4 1 -1 -7 -11 -2 1 -2 o}
Waskada 1879 -8 5 5 i1 -4 -1 -5 -7 -9 0 1 1
Brandon 1879 -1 4 5 10 2 -7 -2 -7 -1 -3 (e} 3
Dauphin 1978 -4 6 o} 2 2 -11 -2 ~ -4 -5 -2 -
Mordeni 8980 -4 5 6 7 5 -7 -2 ~-17 -2 4 3 -6
Brandon 1880 0 7 3 - 4 -2 1 - 1 7 -1 -
Bauphin 1980 -1 2 3 3 3 -10 1 - (o} -5 2 -5
Dauphin 1980 - - 0 2 - - -11 -5 - - -8 -1
Woodmore 1881 o} 4 -1 9 4 2 -12 -6 10 -5 -3 -2
Mariapolis 1981 2 3 o} 11 6 [0} -7 -10 2 -1 o} -3
Teulon 1981 2 [e] 2 7 6 -5 -5 -10 3 -2 -3 -1
wWinnipeg 1881 2 -2 1 8 6 -5 -7 -t1 2 -8 o} -2

Z9
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Temperature only model coefficients - Fourth year model.

Cultivar
Stage b,

Maple Presto

PLT - VE .1286E
VE - R1 .6033E
Rl - R3 ,130%E
R3 - R7 .1026E

McCall

PLT - VE .1145E
VE - R1 .4137E
Rl - R3 -.5303E
R3 - R7 -.8l56E

02
01
02
02

02
01
01
02

b,

.2016E-01
.1933E-02
-.6872E-02
-.3361E-02

.1491E-01
.2360E-02
.2093E-02
.2095E-03

b,

-.8129E-03
.0000E 00
.0000E 00

-.9438E-04

-.4485E-03
-.3850E-04
.0000E 00
.0000E 00

b,

.0000E
.0000E
.0000E
.0000E

.0000E
.0000E
.0000E
.0000E

00
00
00
00

00
00
00
00

b,

.0000E
.0000E
.0000E
.0000E

.0000E
.0000E
.0000E
.0000E
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4,1.4 Climatological Analysis

The model of crop growth development then was applied to
a historical weather data base to determine the areas of
potential soybean production., This analysis deals only with
the climatological factors involved in soybean production.
Other factors such as soil type and fertility are not taken
into account. Yield, an important consideration in the
production of soybeans was not used as criterion, The
fourth year coefficients for McCall and Maple Presto and the
third year coefficients for Portage were used to model
soybean growth, For each weather station, historical
planting dates for wheat were used as a base seeding date.
A constant value of 5 days was added to this date to calcu-
late the seeding date for soybeans. Predicted maturity
dates were then compared with the date of the first killing
fall frost. If the fall frost date came before the expected
maturity date then the year was considered to be unsuitable.
Probabilites were then calculated for each station and were
mapped using SYMAP. The results of the symap procedure are
shown in Figures 10, 11 and 12. |

When these figures are compared with a corn heat unit map
of Manitoba (Dunlop, 1981) a number of observations can be
made. The 80% probability contour of Maple Presto follows
approximately the 2300 corn heat wunit isoline. The McCall
and Portage 80% contours are very close to the 2500 corn
heat unit isoline. The 2300 (Maple Presto) and the 2500
(McCall) corn heat unit areas are currently recommended for

production of these soybean cultivars.
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Maple Presto is the most adaptable cultivar to Manitoba's
climate. Most of the agronomic area of Manitoba has a 70%
chance of successfully growing soybeans. The yield of the
Maple Presto may not be enough for economic production. The
other two cultivars show a significant yield advantage but
are very limited in the area in which they can be grown.
The Carman - Portage - Winkler region appears to be the most
suitable (>90% probability of maturing) for the production
of Portage and McCall cultivars. Other areas in South
Central Manitoba may be suitable, but growing these culti-

vars outside of this region has a high level of risk.



Chapter V

CONCLUSIONS

The biometeorological time scale proved to be an effec-
tive method of predicting soybean development. Of the two
soybean growth models developed, the temperature - photo-
period model proved to be the most accurate.

The model proposed byr Falk (1981) using nine station
years of data did not predict soybean development very well.
When the third year of data was incorporated into the model,
the predicting ability became better. In predicting the
fourth year growth stage lengths, the model had the highest
root mean square error in the Maple Presto R1-R3 stage. The
third year model had the most difficulty in predicting short
growth stages. Planting to emergence was modelled by a
temperature only model. The performance of the planting to
emergence model was good.

The photoperiod contribution to the model was evaluated
by using a temperature only model. The temperature only
model consistently had higher root mean square errors in
predicting the data from the first three years. The highest
root mean square error of 9.2 occurred in the McCall R1-R3
stage using the témperature only model.

A final model was derived from the four years of phenolo-
gical measurements. This model was used in the analysis of

the historical weather data. The results of the historical

_69..
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weather analysis indicate that Maple Presto is the most
suited to Manitoba's climate. A large portion of the agri-
cultural land in Manitoba has a greater than 80% probability
of maturing Maple Presto soybeans before the first killing
frost in the fall. McCall and Portage have a significantly
smaller area suited for their production. The 80% prob-
ability area for McCall is located in the south central
portion of the province, specifically the Morden - Portage -
Winnipeg region. Production of these cultivars outside this
region is risky.

The historical analysis does not take into account yield
potential. The yield potential of Maple Presto is signifi-
cantly lower than McCall. Further study should be done on
the relationship between the environment and yield of
soybeans. New cultivars, which show potential for produc-
tion in Manitoba, should be analysed in a similar manner to

determine the potential area of production.
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Appendix B

LATITUDE, LONGITUDE AND ELEVATION OF WEATHER
STATIONS USED IN THE CLIMATOLOGICAL ANALYSIS
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STATION NAME NUMBER LAT. LONG. ELEV,(ft.) YEARS
Baldur 5010140 49 1°9 89 20 1400 1963-1980
Bede 5010180 49 22 100 56 1450 1956-1980
Birtle 5010240 50 23 100 49 1707 1904-1980
Brandon 5010480 49 55 99 57 1337 1949-1980
‘Brandon CDA 5010485 49 52 99 58 1200 1890-1980
Camp Shilo 5010540 49 49 99 39 1253 1954-1960
Carberry 5010548 49 52 99 21 1263 1962-1980
Cypress River 5010640 49 33 99 05 1232 1904-1980
Deloraine 5010760 49 11 100 30 1642  1965-1980
Deloraine 2 5010761 49 10 100 24 1750 1954-1980
Hamiota 5011240 50 11 100 37 1700 1930-1980
Melita 5011720 49 20 101 00 1450 1936-1960
Minnedosa 5011760 50 16 99 50 1700 1966-1980
Oakner 5012054 50 04 100 36 1650 1965-1980
Pierson 5012080 49 11 101 14 1538 1946-1980
Portage La Prairie A 5012320 49 54 98 16 867 1952-1980
Portage La Prairie 2 5012322 489 59 98 18 851 1963-1983
Rivers A 5012440 50 01 100 19 1553 1938-1970
Roblin 5012471 51 12 101 27 1735 1969-1980
Rossburn 5012500 50 46 100 48 1936 1956-1980
Russell 5012520 50 47 101 16 1837 1957-1971
Somerset 5012720 49 37 100 15 1350 1912-1969
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Appendix C
GUIDELINES FOR THE USE OF ITERATIVE REGRESSION
PROGRAM

The iterative regression program requires initial or seed
values in order to find a solution to the biometeorological
time scale formula. The relation of these values is impor-
tant because they help determine the effectiveness and effi-
ciency of calculating the regression coefficient. The
problem of selecting initial coefficients is easy if the
biometeorological time scale has been used to analyse the
growth of the crop previously. It 1is then a simple matter
of using these coefficients developed 1in the previous study
which should be adequate for wuse as the initial coeffi-
cients. Problems arise however when either there has been
no previous coefficient determination or the previously
determined coefficients were developed under dissimilar
environmental conditions. After using the trial and error
method of selecting seed coefficients it became apparent
that an estimation procedure could be used to determine
appropriate initial coefficients. The procedure 1is as
follows:

1. Run the iterative regression program using dummy
coefficients. The program will calculate the mean
daylength, maximum temperature, minimum temperature
and growth period for the particular crop development
phase.
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2. Estimate appropriate daylength and minimum tempera-
ture base values for the particular growth phase.
(Exactness is not required as this is just an estima-
tion procedure).

3. Calculate the average daily growth rate by using the
reciprocal of the mean days to complete the growth
stage.

4, Assume that daylength and temperature contribute
equally to daily growth. This means that the daily
contribution to growth by temperaturé and daylength
is equal to the sguare root of the average daily
growth rate. Using this assumption one can arbi-
trarily set the coefficients to the equation so that
the average_daily growth is close to that of the
data. In order to estimate the temperature portion
of the -equation 50% of the temperature contribution
can be assumed to come from the minimum temperature
and 50% from the maximum temperature.

Even if these starting coefficients are carefully chosen
there is no assurance that the program has determined the
best set of coefficients; A number of program runs are
usually necessary to be sure that a set of coefficients are
the appropriate ones. Experience dictates that the
following procedures should be used to test the particular
coefficients. |

1. Check the program's coefficients which occurred after

each iteration., Note all of the points when the base
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temperature or daylength changes substantially to the
next iteration. The other <coefficients of interest
are those which are the best choice, lowest coeffi-
cient of variation for the program run,

2. The base temperatures of the coefficients that have
been selected by the previous procedure are those of
interest. This is because of the nature of the quad-
ratic terms.

In a typical guadratic equation there are two critical
points of the function. The base temperature or daylength
which has been calculated by the program corresponds to only
one of these critical values. It is necessary therefore to
use the other critical point to see if the one chosen by the
program was appropriate. If the wrong critical point was
used the iterative analysis might not have determined the
proper coefficients. To solve this problem the critical of
the sets of coefficients determined to be of interest (in
step 1) should be changed. An approximation procedure that
can be used to calculate the other critical values:

1. Subtract the critical value and the mean daylength or

temperature.

2. Change the sign of this value to the opposite (eg.
negative to positive, positive to negative).

3. The initial wvalue is then calculated by adding the
changed value to the mean daylength or temperature.

By inserting this value into the -equation from which

these new values were calculated and changing the appro-
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priate sign of the eqguation a new equation can be estab-
lished. This new coefficient can then be used in the itera-
tive analysis. Comparisons then can be made between the
coefficients of the various program runs to determine which
set was the most appropriate.

As long as the initial values aré reasonable estimates
the program, in theory, should converge to the best set of
coefficients. The iterative procedure however, 1is not
dealing with a mathematical function, but with a statistical
relationship. A statistical relationship is used because of
the variability of fhe data. In this iterative analysis one
assumes that there is one set of critical values which will
giye a "best fit". Because of the variability of these data
there may be many critical values which will give a best fit
in relation to the values around itself. This however, does
not ensure that there is elsewhere a set of critical values
which will be even better. In other words, the program will
give the best fit <coefficients for the set of critical
values which it used during the iterations. If the itera-
tions did not include a point close to the actual critical
values (the ones which will give the absolute best fit) then
the critical wvalues derived by the program will be incor-

rect.



