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Physical Environment.

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

The effect of physical environment - air and soil temperature, rain-

fall, photoperiod - on corn development was studied under laboratory and

field conditions. Throughout the study, two early maturing hybrids,

Pioneer 3995 and Northrup King 403, and one medium maturity hybrid,

Pride 1108, were used. Under controlied environment conditions, the

duration of germination and emergence phases under varying soil tempera-

ture and moisture regimes were studied in two soil types: Àlmasippi

J.oamy sand and Carroll clay loam. In the fieid, twelve station years of

data were collected from I sites throughout central, eastern and south-

eastern Manitoba.

Under controlled environmenL conditions, both germination and emer-

gence rates decreased with decreasing temperature and/or moisture, When

soil moisture vras expressed as relative available water, the mathemat-

ical relationship describing germination rate could be applied to both

soils. In the case of emergence rate, one mathematical relationship was

adequate for all brybrids in bolh soi1s.
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During the planting to emergence stage (pn) under field conditions,

emergence rates were predominantly controlled by soil temperature, with

soil moisture having a minor but significant influence. Àccumulated

corn heat units (CHU) r+as a better estimator of stage duration than

calendar days but the variability was still very high (coefficienL of

variation = 20e"),

The duration of the emergenee to st,em elongation stage (nSS) rlas more

closely related to air than to soil temperature. The CHU required for

completion of this stage were not constant but increased with the number

of days needed for completion. The development models tested were all
substantially better estimators of stage duration than calendar days.

The best estimator of stage duration of ESE was the iterative model

developed during this study and called the IF model.

For the stem elongation to silking stage (SnSt), corn heat units were

again an inadequate estimator of stage duration because of the depen-

dence of CHU requirement on length of time needed for stage completion.

Calendar days was a better esLimator of the duration of SESI than were

the development models. it appeared that moisture stress significantly

influenced t.he duration of this stage.

For the combined period from emergence to silking (nsl), all develop-

ment models rvere more accurate estimators of stage duration than

calendar days" However, ño model was found to be superior to the CHU

model 
"
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Chapter 1

iNTRODUCTION

In a previous study of corn growth and development in Manitoba,

Tataryn (1974) found that the northerl.y location of Hamiota required

approximately 200 nrore corn heat units (Cttu) than the southerly location

of Lyleton. Tataryn further found significant statistical differences

between locations and years in the numbe{ of heat units required for

tasseling and silking. Daynard (972) found increased accumulat,ed CHU

for planting to silking with delayed planting. These studies indicated

that the accumulated CHU required for stage completion were not constant

but varied with environment"

The purpose of this study was to a) evaluate the CHU equation and

compare it to other existing thermal models, b) introduce iterative

models that may result in inproved accuracy for estimation of stage

duration anC c) study the influence of air temperatures as well as other

environmental variables, such as soil temperature and moisture, on corn

development.

To improve accuracy and t.o quanlify the effect of environment on corn

phenology, development was studied and analyzed during the planting to

emergence (pn) stage under both controtled environment and fietd condi-

+"ionsi and during Ehe stages emergence to stem elongation (nSn), stem

elongation to silking (SnSi ) and .emergence to silking (nSl ) f or f ield

conditions on1y"

2
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LITERATURE REVIEW



Chapler 2

GERMINÀTlON AND EMERGENCE

The duraLion of the p).anting to emergence stage can depend on soil

temperature, soil moisture and soil aeration. Soil aeration is usually

not a problem unless excess soi] moisture conditions exist (wolfe, 1927i

Dasberg and Mendel, 1971), For dryland farming, soil temperature and

soil moisture are probabJ.y the most important environmental conditions

influencing germination and emergence of corn.

2 "1 SOIL TEMPERATURE

Many controlled environment studies of t.he ef fects of soil tempera-

ture on the germination and energence of corn have been " conducted.

Beauchamp and tathwell (1967 ) observed the effects of controlled soil

temperature on the early growth of corn. They found days to emergence

decreased as soil temperature increased. The relationship between time

to emergence and temperature is strongly curvilinear (Warrington and

Kanemasu, '1983ai Beauchamp and Lathwell, 1967). However, Warrington and

Kanemasu (1983a) found the rate curve (reciprocal of time to emergence

versus mean temperature) to be linear between 9 and 300C. They also

concluded that thermoperiodicity (large ðay/night temperature differen-

tials versus zero day/night lenrperature differenLials) had no marked

effect on the length of the energence stage. Their data also showed

t.hat the emergence rates of the two corn belt hybrids used in their

4
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sludy were equal. Eagles et aI. (1983) compared corn belt hybrids used

in New Zealand to a yellow dent population developed for highland

regions of the tropies. They concluded that the highland populations

emerged more rapidly and reliably at low temperatures than did the corn

belt hybrids. The differences in emergence times at 200/150C were less

than one day but were 3 to 4 days at 110C.

Temperature influences rate of emergence through its effects on

germination and shoot growth. Blacklow (1972 a, b; 1973) studied the

influence of soil temperature on imbibítion, germination, radicle and

shoot growth of corn seedlings until emergence. The rate of water

uptake (imbibition) was high during the first hours. Even at low temp-

eratures t,he water content of the seeC increased substantially in a

short time. Miedema (1982) concluded therefore that t-emperature would

probably not rest,rict germination by its effects on imbibition.

Blacklow (1972a) showed that elongalion of both the radicle and shoot

vias greatest at 300C and effectively ceased at 9 and 400C. The increase

in elongation rates of both the radicle and shoot were essentially

linear between 9 and 300C and then decreased rapidly to zero at 400C.

The near constant elongation rate of the primary root was also observed

by tist (1969). Couchat et al. (1980) observed constant radicle and

shoot elongation rates for a Lemperature regime of 250/200C. Other

researchers have found varietal differences in the elongation rate of

the primary root at low temperatures (Miedema , 1982).

Miedema (982) found a minimum temperature for germination of about

6oC. He also observed a linear increase in germination rate between I
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and 320C. Times to 50co germination ranged from .10.6 days at 80 to 18 -

19 hours at 320C" The minimum shoot elongation rate occurred at a temp-

erature just above 80C, and the optimum occurred at 320C, These find-

ings were similar io those of Blacklow (1972b, 1973). Miedema (982)

found that the rate curve could be divided into two linear parts, I to

180C and 18 to 320C - similar to a division suggested by the data of

Lehenbauer (191a). Miedema suggested that shoot elongaLion was a func-

tion of two separate processes, nesocotyl and coleoptile elongalion; the

former being more temperature sensitive Lhan the latter.

Root direction as well as root length is infl-uenced by soil tempera-

ture. Mosher and Miller f972) studied the effect of soil temperature

on the geotropic response of corn roots. They suggested that the soil

temperature vlas the primary factor influencing directional growth. They

found roots did not respond to temperature gradients; the roots grew

downward regardless of a positive or negative temperature gradient. The

angJ.e at which the radicle grew varied from 300 from the horizontal at

180C to 610 at 360C. Onderdonk and KeLcheson (1973) found ttrat above

and below a constant temperature of 170C, roots grew in a more vertical

direction. They also found the maximum temperature in a fluctuating

temperature environment controlled the dírectional growth of roots.

Using a 330/170C temperature regime, Sheppard and Miller (gll ) found

that a single change from 17 to 330C resulted in more verLical root

growth"

Other researchers have observed cardinal temperatures similar to

those above for germination (Bierhuizen, 1973; Riley, 1981) and emer-

gence (I^larrington and Kanemasu, 1983a; Cooper and Law, 1978). Singh and
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Dhalir+al (1972) observed 60eo emergence of corn at 400c but no emergence

at either 450C or 100c. However, Hough (1972) using Iinear regression

analysis on field data found a base temperature of 5,90C for emergence.

He attached no physiological meaning to this temperature. It was the

temperature that gave the best fit of the linear equation to the data.

Upon further analysis, he concluded that 100C was approximately the base

temperaLure for emergence.

In field experiments, various mulch treatments have been used and

their effects on soil temperature and emergence have been studied.

Miller (1968) compared bare soil to 3 mulches: g1ass, asphalL and water

in clear plastic bags. The differing effects of the mulches on

increasing soil temperature - glass> asphalt> water> bare soil - was

reflecLed in emergence rates. In the highland tropics, Cooper and Law

(1978) found that a mulch treatment increased soil temperature and

decreased time to 75eo emerge.nce by 3 days. In England, Iremiren and

Milbourn U979) compared two muich treatments. Polyethlyene increased

soil temperature an average of 40C over a chalk treatment resulting in a

.1 5 day decrease i. n t ime to emergence .

It
unde r

is important to noLe that aII the above studies were conducted

optimum or near optimum moisture conditions.
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2,2 sorl, MQIéÏUBE

Although the effects of soil temperature on germination and emergence

of corn has been studied extensively such is not the case for soil mois-

ture. In controlled experiments Wolfe /1927 ) observed a decrease in

germinat.ion rates with a decrease in soil moisture aL 25, 30 and 350C.

Other researchers using field data have alluded to the possible influ-

ence of soil moisture on emergence rates. Hough (1972) found soil mois-

ture deficit to be a minor but significant factor influencing emergence

rate, Lal (1973) stated that high soil temperature and moisLure slress

can be serious problems in the tropics. Both forms of stress can act

eoncurrently to decrease both percentage and rate of emergence. Shaw

and Thom (1951), wall and Stobbe (1983, 1984) and Major et al. (1983)

Ì:ave attributed differences in energence rates unexplained by soil temp-

erature to soil moisture conditions. Major et al" (1983) found calendar

days, as opposed to growing degree days (Coo) and corn heat units (CHu)

- calculated using air temperatures - to be the best estimator of time

to emergence. They concluded that moisture at seed depth, seed depth

itself as well as crop residue and soil type influenced the relationship

between air and soil temperatures resulting in differing CHU (and GDD)

requirments for emergence.

2,3 TILLAGE AND SEED DEPTH

Tillage practices and seeding depth can influence the emergence rate

of corn. However, in these types of stuCies it may be difficult to

separate the effects of tillage fron those attributable to soil moisture

and soil temperalure, Wal1 and Stobbe (19e3, 1984) studied the effect.s



9

of tillage practices (modified versions of zero and conventional

Lillage) on the soil temperature regime. They found that tillage coutd

have a marked effect on soil temperature but these temperature differ-

ences may not be reflected in emergence rates. They indicated lhere may

be confounding effects due to soil moisture and poor seed bed conditions

(poor seed - soil contact). Alessi and Power (1971) studied the effecLs

of seeding depth and soil temperature on tinre to 80e" emergence. In

controlled studies soil temperature had a much grealer effect on emer-

gence than did seed depth; seed depth altering emergence rates only at

the lowest temperature (130C). In the field an extra day for each 2,5

em increment in seed depth was required for emergence. In one experi-

ment I days were required for emergence from 7.5 cm whereas 22 days were

needed for emergence from 2.5 cm. The difference rvas attributed t.o

differences in soil moisLure stress.

2,4 OTHER FACTORS INFTUENCTNG GERMINATTON AND EMERGENCE

Dasberg (1971) stated that germination is dependent on the rate of

seed water uptake, which is determined by the soii r+ater status.

Dasberg and Mendel (1971) further concluded that this rate is deternined

by the matric potential of the soil water, the hydraulic conductivity

and Lhe area of contacL between the seed and medium. Hadas and Russo

(1974a, b) supported the above conclusions but their data also showed

that under field conditions the area of water contact would be of minor

importance, especially for a relatively 3.arge seed such a.s corn.

Williams and Shaykewich (1971) found retarded germination rates and

decreased germination percentages of rapeseed with decreasing matric

potential. They also concluded that hydraulic conductivity of the soil
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system, as compared to a membrane and osmotic system, vras a limiting

factor in the germination process. In their experiments they used two

soil types, a loam and a silty clay, for which Lhere was an order of

magnitude difference between respective hydraulic conductivities at Low

maLric potential. However, there were no significant differences

between rates for seeds germinated on the two soiJ. types. Similar

results were found for germination rates (pawloski and Shaykewich, 1972)

and emergence rates (de Jong and Best, 1979) of wheat seeds planted in

various soil types ranging from sandy loam to clay, After reviewing the

Iilerature on seed germination, Hadas (1982) concluded that although

waLer potentials and hydraulic conductivity of the soil and of the seeds

may affect germination, the limiting influence along the water pathway

Lo the seed is the seed - soil water contact zone and its properties.



Chapter 3

EMERGENCE TO SILKING

This stage in corn gror^rth and development can be further subdivided

into 3 distinct substages: 1. emergence to tassel initiation (stem elon-

gation), 2, tassel initiation to tassel appearance (Lasseling), and 3.

tasseling to silking. Before tassel initiation, the apical meristem

remains approximately 2 to 3 cm below the soil surface and as such may

be strongJ.y influenced by the soil environment at this depth. Very

shortly after the apical merisLem changes from a vegetative to a repro-

duetive mode (t.assel initiation), the stem starts t.o rapidly elongate

moving the norv reproductive apical meristem out of the soí1 into the

aerial environment,. Because of the position of the apical meristem,

prior t.o stem elongation, three local environment.s - aerial (shoot),

soil surface (apical meristem), subsoil (roots) - may have varying

levels of influence on corn growth and development" However, once stem

elongation begins and the apical meristem moves above the soil surface,

the three local environments may now be combined into two loca1 environ-

menLs - aerial (shoot) and soil (root). Environmental factors associ-

ated with each of the three above environments wiIl determine the rate

of development and growth of the corn plant.

- 11
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with the

of corn

Beauchanp and Lathwell (1966, 1961), using constant root temperatures

between 12"5 and 250C, found that decreasing root zone temperature inde-

pendent of aerial temperatures increased the duration of the stages used

in their study. The duration increased with decrease in root tempera-

ture in a curvilinear manner. They also found that the Ìength of the

interval from planting to the 2 leaf stage rlas less affected by J-ow root

- zone temperatures than the interval from the 2 to 6 leaf stage. The

duraLion of the 6 to I leaf stage vras essentially not affected by the

root - zone temperaLure treatmenLs. They concluded that after the 6

leaf stage the apical meristem converted from a vegetative to reproduc-

tive phase and with stem elongation, aerial temperatures became more

important than root - zone temperatures. They also found the number of

leaves at tassel initiation increased slightly with increasíng root

temperature,

Brouwer et aI. (1973) concluded that the temperature of the growing

point of the shoot mainly determined the rate of leaf appearance (used

as their measure of rate of development). They also found that root

temperature controlled the rate of leaf appearance up to lhe I leaf

stage, while air temperatures gradually became the controlling factor as

the growing point emerged from the soil environment. Once stem elonga-

tion had carried the apical meristem away from the influence of the root
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temperature, all further develcpment of the inflorescences v¡as

controlled by air temperature. They also found that iighl quality,

iight intensity and even variations in nutrient supply rvere of minor

importance in determining rate of leaf appearance.

It has been shown that abruptly lowering the root temperature can

result in water stress v¡ithin the plant, Lowering leaf growth and exten-

sion rat,es (Watts, 1972; Brouwer et a1., 1973). Tf the temperature drop

was not too severe, recovery of both elongation rate and leaf water

content could occur gradually through osmotic adjustment (Brouwer et

â1., 1973) and/or adjustment 'of root permeability (Miedenra , 1982),

Miedema (1982) found maize plants reared at root temperatures of 130C

had higher water permeability than plants gronn at root temperatures of

200C, Lowering the temperature of the growing point did not alter the

internal water status but could drastically curtail growth and only

through release of the temperature stress would recovery occur. Because

of these findings it has been assumed by many researchers that root

temperature influences the growth of young corn seedlings mainly by

affecting bhe activities of the growing point and additionally by aggra-

vating plant water stress.

The optimum root temperature for leaf and stem growth and extension

appears to be between 25 to 300C. Àbove this temperature range (I.ialker,

1969; Lal , 197 4) and below thi s range (t^talker , 1969; Watts , 1972 ) growth

rates decreased, i.e", there rvas a curvilinear response of growth to

root lemperature. The maximum root temperature for growth varies from

35 to 450C (walker, 1969; La1, 1974), The minimum root tenperature for

leaf expansion varies fronr'12.50C (garlow et aI., 1977) to less than 50C

(watts, 1972) depending on experimentai procedure. Miedema ('1982) found
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that leaves elongate at temperature less than 70C but with prolonged

exposure to temperatures of 100C or lower, leaf exLension steadily

decreased and the apical meristem eventually died.

l,latts (1972) found temperature gradienLs existed within the corn

shooL in response to root - shoot temperature differences. With an

air/soi1 temperature regime of 2A0/SoC,, the shoot temperature 1 cm above

the soil surface was 120C; with temperalures of 13"50/25aC, the shoot

temperature lras 210C, The existence of'temperature gradíents within the

plant may have important implicaiions when studying the effect of

changing root - shoot temperatures on corn growth and development. The

temperature of the apical meristem may be quite different from either

the shoot or the root. l^iatts (1972) measured the apical meristem temp-

erature as the root - shoot temperature environment was changed and leaf

extension rates measured. lthen air temperatures r+ere constant at 250C

and root temperatures varied between 0 and 350C, the meristem tempera-

ture range r+as between 10 - 300C; the same was true when root tenpera-

"'ure was held at a constant 250C and air temperatures I'ere varied

between 5 and 350C. Extrapolation of the meristem temperature curves

for both situations yielded base temperatures of beLween 10 - 120C,

i.e., for the conditions of his experiment, below 10 - 12oC meristenr

temperature leaf extension rates would be zero.

À number of field trials have been carried out to study the effects

of decreased or altered soil temperatures on the growth and development

of corn.
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Mulching vlas a common method used to decrease anâ/or stablize the

soil temperature near the soil surface. In England, Watts (1973)

observed the eifects of various mulch treatments on soil temperature and

corn phenology. The four treatments arranged in order from highest to

lowest mean June 5"0 cm soil Lemperature were glass> black polyethylene>

bare soil-> perlite. Dates of lasseI appearance, anthesis and harvest

appeared to be related to this temperature, since they occurred in the

same order among treatments. However, between treatmenLs there were

only minor differences in the duration (days) from tasseling to anthesis

and from anthesis to harvest. Therefore, at stem elongation air temper-

ature may have become the important temperature parameter with the soil

temperature differences between the mulch treatments becoming secondary

in importance.

It should be noted that for mulch experiments, unless soil moisture

levels are monitored and/or controlled, it would be difficult to deter-

mine whether moisture, temperature or both, conlrol corn growLh. The

field plots of WaLts (1973) were kept at fie1C capacity. To do so the

bare soii plot had to be irrigated 6 times whereas the other plots were

only irrigated once"

Other researchers using field experiments similar to those of Watts

(1973) have made similar observations. The mulch treat,ments used by

Miller (1968) eould be ranked for increased soil temperature at seed

depth and also for increased earliness of emergence, silking and harvest

in Lhe order: glass> asphalt> waler> bare soil. For the very early

seeding date, the stage most affected by Lhe mulches was planting to

emergence. The duralion of this stage was 11, 15, 17, and 27 days for

the gIass, asphalt, v¡ater and bare soil treatments, respectively.
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However, for the later seeding date when soil temperatures were less

affected by the mulches the duration of pLanting to emergence was 5, 6,

7 | I days, respectively. For the next stage, emergence to silking,

there was an average 3 to 4 days difference between each successive

mulch treatment, i.e., for both early and late seeding silking occurred

3 to 4 days earlier for the glass mulch compared to the asphalt mulch,

etc. For both early and late seeding the spread in days between Lhe

first and last seedling emerged and the first and last cob silked

decreased with increase in average temperature. Similar observations

were reported by Iremiren and Milbourn (1979) and Phipps and Cochrane

(1975).

Cooper and Law /1978) increased soil temperatures for varying lengths

of time by applying a muleh at planting and then'removing it at 6

different t.imes: at crop emergence, 1, 2,3, 4 and 5 weeks after emer-

gence. The number of days from emergence to the 12-leaf stage decreased

with increased mulching time up to 3 to 4 weeks after emergence.

However, mulching times beyond 3 to 4 weeks did not alter the length of

this stage. They concluded that the apical. meristem emerged from lhe

soíl at this time and was no longer influenced by the enhanceo soil

temperature caused by the mulches. The number of days from the 12-leaf

to tasselling stage was approximately the same for all the mulch trials,

Wall and Stobbe (1984) found tillage practices influenced the soil

temperature regime, especially for the surface 10 cm. Zero tillage
practices were found to decrease maximum and slightly increase minimum

soil temperatures relative to those for conventional tiilage. However,

these temperature differences were not reflected in days to emergence or
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They suggesLed that soiL moisture may have been a confounding

3.2 AIR TEMPERATURE

Controlled environments have been used to study the effects of temp-

erature and/or photoperiod on corn growth and development. For a given

photoperiod, increasing temperatures from < 20 to > 300c will at first
decrease and then increase the duration from planting or emergence to

tassel initiation (Hunter et al. , 1974; coligado and Brown , 197sa¡

Breuer et al", 1976¡ Warrington and Kanemasu, 1983a). The relationship

between duration of the stage studied and mean temperalure vlas strongly

curvilinear in all the above studies. Warrington and Kanemasu (1983a)

found cubic regression eguations gave the best fit to their data for

bot.h time from planting to tassel initiation and from planting to

anthesis. They also found that development rates (I/time) for +-he two

stages increased approximately !.inearly with temperature from the base

temperature to 280c, Above 280c, the rates decreased rapidly. For

their experiment they found thermoperiodicity did not significantly

alter the relationship between rate and mean Lemperature. Both hybrids

used in their studies had the same base temperatures for tassel initia-
tion and anthesis, S and 70c, respectiveJ.y; and both stages had the same

optimum temperature, 280C. Although the cardinal temperatures vrere

similar the earlier hybrid had higher development rates at all the temp-

eratures used in their study. BriefIy, the cardinal temperatures þ¡ere

equal and the shape of the rate curves were simílar for both hybrids.

The only difference between the curves rvas in the magnitude of the rates

at a given temperature"
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Coligado and Brown (1975a) divided temperature into two components,

mean daily temperature and daily temperature range. Days from emergence

to tassel initiation were found to be related lo constant temperatures

in nuch the sane manner as observed by Warrington and Kanemasu (1983a)"

Increasing temperatures from '15 to 250C progressively decreased time to

tassel initiation but further increases in temperature from 25 to 300C

did not alter the duration of the stage. Therefore, it was concluded

that the optimum temperature was between 25 and 300C. For the Lempera-

Lure range treatments, temperature ranges of approximately 0, 9, 170C

about mean temperatures of 15, 20 and 250C were studied. For each mean,

days from emergence to tassel initiation increased with increase in

range (increase in temperature deviation about mean). The increase in

time to tassel initiation with increased range was insignificant at

200C. Àppreciable increase in time oecurred at 15 and 250C only when

the range would result in either a minimum temperature, Tmin, near or

below the base temperature, Tbase, or a maximum temperature, Tmax, above

the optimum (approximately 300C) (Brown , 1977). Coligado and Brown

( 1 975a ) found the response to changes in temperature v¡äs hybr id

specific. Hunter et al. (1974) reported similar observations with *,he 4

hybrids of their study. They found that under constant temperature

eonditions, days from emergence to tassel initiation decreased signifi-

cantJ.y with temperature increase from 20 to 250C but that the decrease

in time was slight when temperature r,ras increased from 25 to 300C. The

response to temperature increased with increase in mat.urity rating,

i.e., the later the hybrid, the greater the response to a given tempera-

Lure change "
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Struik (1982) found decreased times from emergence to 50eo silking as

temperatures increased but Struik also observed that the time between

50e" anthesis and 5Oeo silking increased with increese in temperature"

For a given increase in temperature the decrease in time from emergence

to anthesis was greater than the decrease in time from emergence to

silking.

Cardinal temperatures have been difficult to determine, espeeía11y

minimum and maximum base temperalures below and above which development

does not occur. Researchers have found maximum development rates for

corn under consLant or near constant temperature conditions between 25

to 300C" Deviations from this optimum temperature range will decrease

development rate. Warrington and Kanemasu (1983a) found thermoperiod-

icity did not significantly affect'development rate (daylength = 12 h;

12 h at both day and night temperatures) whereas Coligado and Brown

( 1 975a ) have concluded that thermoperiodic ity can signi f icantly af fect

development (daylength = .10 h; 10 h at day, 14 h at night temperature)"

After emergence, the influence of temperatures below approximately

.150C on developmenL rate is more implied than proven. Hardacre and

Eagles (1980) studied the growth of maize populations at consLant 130C

(both roots and shoots). they found thaL all plants grew heterotrophi-

cally utilizing seed reserves. However, they found major differences in

the ability of the populations to grol¡ autotrophically at 1 30C.

Àlthough some populations were able to grovl very slowly, the three

United States corn belt hybrids used in the study did not grow auto-

trophically at '130C. Tollenaar et al. (1979) found very poor corn

growth at constant 100C and had to improvise to obtain leaf growth meas-

uremenÈs at 100c. Miedema (1982) and Stevenson and Goodman f 972) f,ound
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plants grov¡n at constant 100C, or under Lemperature regimes where Tmax <

100C, eventually died. Taylor and Rowley (971 ) found chilling stress

damaged the photosyntheLic system at daytime temperatures of 10 to 120C,

To study low temperature affects on development rate, alternating temp-

erature regimes have been used where the day temperature may be 150C or

greater with night temperatures below 100c f60/60c, 160/110c, 230/90c -

l,larr ington anci Kanemasu, .1 
983a ¡ 150 /50c, 160 /50c - Tollenaar et a1 . ,

1979¡ 250/80C - Coligado and Brown, 1975a)" Development rate may then

be estimated for the corresponding mean temperatures (..g" 150/0oC -

Tmean = '1.10C) , assuming thermoperiodicity has negligible inf luence on

development raLe (warrington and Kanemasu, 1983a). Using these methods

for low +-emperature study, researchers have found the base temperature

for development to be in the t.emperature range of 6-100C.

There have been reports in the literature suggesling that condj.tions

of the previous stage may influence the duralion of the next stage.

Coligado and Brown (1975a) found increased accuracy in their model to

esÈimate time frorn planting to tassel initiation when the development

rate equation was multiplied by a development potential factor (np).

They assumed that under optimum conditions corn emerges in 5 days. Any

delay in emergence after 5 days rvas considered to decrease the potential

for development with the decrease being Linearly related to the number

of days from planting to emergence minus 5 days. Allison and Daynard

{1979) found that temperature conditions from sowing to ear differentia-

tion (SnU) would affect the duratíon from ear differentiation to silking

(uoSt ) . The duration of EDSI decreased as the constant temperature

regime of SED increased. This response was cultivar dependen+". (¡

confounding factor in the ÀLlison and Daynard f979) experiment may have
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light intensity levels between

Landi and Crosbie (1982) studied the response of maize to cold stress

(chilling injury) during the vegetative phase. They held corn plants at

go/30C, 100/50c, 120/70c day/night temperature regimes f.or 72 hours and

compared these to control plants in a 160/100C regime. Of the four

varieties tested, only one in the lowest temperature regime required

significantly more heat, uniLs to reach the pollen shedding stage Lhan at

the higher regimes. The other varieties were not affected by the temp-

erature stress treatments. Creencia and Bramlage /11971 ) tested 7 day

oId eorn seedlings for recovery from chilling injury incurred when held

f.ron 24 to 35 hours at 0.30C" No growth occurred at 0.30C but growth

began soon after t,ransfer t,o 210C. The chilled seedlings grew al

reduced rates during the first 72 hours at 210C but within 96 hours were

growing at the same rate as non-chilled seedl.ings,

The temperature at the reaction sites (pIant temperature) will influ-

ence the development and growth of the corn plants. Under controlled

environment conditions where light intensities and wind speeds may be

low, vapor pressure deficits low and moisture conditions near optimum

(compared to field situations) plant temperature may be close to those

of the controlled environment." Such may not be the case for fietd situ-

ations. 0n sunny days the radiation load on a plant at mid-day may be

considerabty (1.S to 2 times) nrore than that experienced by plants in

controlled environments. Vapor pressure deficits, wind speeds and mois-

ture condiLions may influence the Lemperature of fielci grown plants to

increase or decrease plant (or canopy) temperalure above or below the

ambient temperature (Jackson, 1982) " Transpirational coolíng may play a
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major role in the energy balance and temperature control of plant cano-

pies (Jackson , 1982). Choudhury (1983), using simulation modeling,

studied the effects of vapor pressure deficit (vpn) on canopy - air

temperature difference (¡f) of corn on clear days. For non-moisture

stressed canopies, a linear relationship existed between AT and VPD;

i.e., for VPD < 2 kPa AT was positive (canopy T greater than air T),

for VPD > 2 kPa AT was negative. I^¡ith decreasing soil water potential

(increasing plant water stress), AT depended relatively more on wind

speed and less on VPD. Gardner et aI. (1981a) found corn canopy temper-

atures to be higher for moisture slressed Lhan non - stressed plants.

The midday difference could be as large as 70C but on average was 2 -

30C. For the same level in the canopy they found non-stressed canopy

temperatures at various positions within the plot to be fairly constant

but stressed canopy temperatures varied by up to 40C. They also found

midday temperatures of sunlit leaves of non-stressed and moderately

stressed plants to be 1 - 20C lower than air temperature. Temperature

of sunlit leaves in severely stressed plants can be as much as 40C

higher bu+", on average, were only approximately '10C higher than air

temperatures. However, they also found that corn plants could be

subject to water stress and sti1l be cooler than air temperatures.

In a subsequent study Gardner et al. (1981b) did not find phenoio-

gical differences among the various moisture treatments until the latter

part of the silking stage inspite of canopy temperature differences,

During the dry - dov¡n stage the stressed plants dried and matured

earlier than the non - stressed plants. MLui et al. (1981) found Lhe

hybrids of their study had canopy temperatures lower than the daytime

air temperatures. l¡ith maximum air temperatures close to 350C, canopy
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temperatures werer oD average, 2 - 40C and '1 - 20C below maximum air

Lemperatures for irrigated and non - irrigated treatments, respectively,

Throughout most of the day, t.he difference between air and canopy temp-

erature llas approximately constant. For the non-irrigated corn, the

canopy temperature may be slightly higher than air temperature during

the night. Mtui et al. (1981 ) found that daytime temperature differ-

ences could be as high as 2 - 30C and 4 - 60C for non-irrigated and

irrigated treatnents, respectively"

3 " 3 PHOTOPERIOD

GeneralJ.y, for a given temperature, increasing photoperiod increases

the duration of emergence to silking, the magnitude of the increase

being genotype dependent (}larrington and Kanemasu, 1983a; Rood and

Major, 1980; Kiniry et al., 1983b; Francis et al., 1969). For a change

in daylength from 10 to > 16 hoursf genotype sensitivity had been

observed to range from the relativeLy insensitive (0 to 4 day increase

in duration of the slage) to the very sensitive (> ZO day increase)

(Francis et al., 1969¡ Kiniry et al., 1983a). Because of the general

response to photoperiod, maize is classified as a short-day plant

although some genotypes are day neutral and there have been reports of

one or two long day genotypes (Francis et aI., 1969¡ Russell and Stuber,

1e83 ) .

Maize genotypes may be sensitive noi only to daylength but also to

the light intensiry used to extend the daylength (or to alter the photo-

period) (rrancis et al., 1970¡ Francis, 1973). Using mostly tropicaJ.

genotypes, Francis el ai. (1970) found the magnitude of the delay in
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time to Lassel initiation under long day conditions was related to the

intensity of light used to lengthen the naturally short day. They also

found that some genotypes showed specific threshold intensity levels

above which the delay vras very pronounced and beloç which there was less

delay or none at all. Some genotypes were refatively insensitive to the

level of light intensity and/or daytength. They suggested that there

was genetic variation in the critical J.ight intensity needed for a major

delay in floral differentiation. They observed increased leaf numbers

with increased daylength for the sensitive genotypes. However, leaf

growth and development rates were not affected by daylength or intensity

levels during the experiment.

The general response of short-day corn plants sensitive to photo-

period can be divided into three regions: optimal, non-optimal, plateau

(nood and Major, 1980). In the optimal region, the corn plant does not

respond to increases in photoperiod (above a minimum value) and the

duration of the stage remains at a constant minimum (optimum). In the

non-optimal region, the corn pLant would be responsive to photoperiod;

the duration of the stage would increase with increase in photoperiod up

to some critical 1evel. Further increases in phctoperiod above the

critical photoperiod would not resuLt in increased duration of the

stage. This r,¿ould be the plateau region. The photoperiods over which

these 3 regions occur, the sensitivity (raLe of increase in duration per

hour increase in photoperiod) during the non-optimal region, and whether

or not the non-optimal and/or plaleau regions exist in the response

curve have been found to be genotype dependent (Rood and Major, 1980).

Corn genotypes insensitive to photoperio,i would only have the opti.mal

region in a response curve.
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l^tarrington and Kanemasu ( 1 983a ) found increase in photoperiod

lengthened both the time between energence to tassel iniliation and

tassel initiation to anthesis in a similar almost equal manner for the

hybrids used in their study. Breuer et aI. (976) found the hybrid used

in t-heir study was sensitive to a change in photoperiod during the emer-

gence to tassel initiation sLage but not during the tassel initiation to

silking stage.

Struik (1982) studied the effect on reproductive development of a

change in the photoperiod regime at various leaf stages. The corn

plants !¡ere grovrn under a 12 h photoperiod until a specified leaf stage

was reached. Further growth was completed under a 20 hour photoperiod.

The experiments vlere repeated with the photoperiods reversed, i,e., 20

hours first followed by 12 h. Corn plants were also grown under a given

photoperiod with no change in photoperiod throughout the experiment.

The rate of development of the reproduciive organs of the hybrids was

retarded by long Cays, the female inflorescence more so than the male;

i.e" for a given increase in photoperiod, time to 50eo silking increased

more than time to 50so anthesis. The time between anthesis and silking

(desynchronization) increased when short days (12 h) were followed by

long days (20 h). The opposite was true when long days were followed by

short days" The tinring of the photoperiod change influenced the dura-

tion between anthesis and silking. For the hybrids of Struik's study,

alteration of the photoperiod during the 4 - 5 leaf stage resulted in

the largest (for .12 --> 20 h change) or the smatlest (for 20 --> 12 h

change) desynchronization. Therefore the piants were most sensitive to

photoperiod at this particular leàf stage, with sensitivity decreasing
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on either side of Lhe leaf stage. AIso desynchronization increased with

increase in constant photoperiod (daylength). These changes were hybrid

dependent. Struik (1982) found even European 'day-neutral' hybrids were

sensitive to a switch in photoperiod. The data of Struik (1982) indi-

cates that the corn hybrids were sensitive to photoperiod changes after

tassel initiation had occurred.

In an experiment similar to thaL of Struik (1982), Kiniry et aI"

(1983a) determined the st.age over which cultivars in their study were

sensitive to photoperiod; the change in the time from seedling emergence

to tassel emergence was used as the measure of sensitivity. The culti-
vars v¡ere insensitive to photoperiod just after seedling emergence and

remained so until 4 to I days prior to tassel initiation. In general,

planLs remained sensitive to photoperiod until a few days past tassel

initiation. These findings are very similar to Struik (1982) who used

leaf stage instead of days after seedling emergence to indicate the

start of photoperiod sensitivity.

in a field experiment, Rood and Major (1981 ) found earJ.y maturing

maize genotypes adapted to northern latitudes (490 - 510 N) had an

average photoperiod induced delay in flowering time of approximately 1.5

days when grown under photoperiod conditions similar to those of these

northern latitudes. For the ear).y maturirrg maize genotypes of their

study they concluded that photoperiod was only of minor importance with

regards to development. In a fielC experiment, Bonaparte (1975) found

an average increase in days to silking of approximar-ely 1 day/}latitude

North for the three hybrids in his study.
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Generally, for photoperiod sensitive genotypes under a given tempera-

t,ure regime, increasing daylength will eventually result in increased

final leaf number (warrington and Kanemasu, 1983c; ÀIlison and Daynard,

1979i Struik, 1982¡ Tollenaar and Hunter, '1 983; Russell and Stuber,

1983). The above studies also show that, âs with duration of a stage,

the final leaf number attained under a specified photoperiod regime was

genotype dependent. Genotypes insensitive to photoperiod have approxi-

mately Lhe same leaf number regardless of the photoperiod regime (Hunter

et a1., 1974). After reviewing the literature Warrington and Kanemasu

(1983c) suggested that the final leaf number may be higher under high

intensity light conditions as compared to lower light intensity condi-

tions for a given photoperiod. For the hybrid of their study, Tollenaar

and Hunter (1983) found final leaf number to be determined by the photo-

period during the 4 - 7 leaf stage (leaf tip just visible fronr whorl),

regardless of Lemperature. The hybrid used in the study of Struik

(1982) was sensitive to daylength changes prior to the 5.5 leaf stage.

The hybrÍds used in these two studies had approximately equal final leaf

number and responded similarly to daylength changes. The leaf stage at

which Lhe final leaf number of a corn genotype is sensitive to daylength

may be genotype dependent but in all cases must occur before tassel

initiation as final leaf number would be set v¿hen the vegetative

meristem becomes a reproductive meristem (tassel initiation). Final

leaf number would be determined by leaf initiation rate and duration of

the vegetative phase" Because they found only small increases in leaf

initiation rate with photoperiod, Coligado and Brown (1975a) and

Warrington anC Kanemäsu (1983b) concluded that increased leaf number

with photoperiod resulted from the increased time to Lassel initiation.
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3.4 PHOTOPERiOD - TEMPERATURE INTERACTION

In the studies of the combined effects of photoperiod and temperature

on growth and development of corn there is evidence of the interaction

of these two environmental facLors. The magnitude of the effect on corn

growth and development due to a change in one of these factors is depen-

dent upon the level of the other factor. The interactions have been

found to be complicated with no definite patterns apparent"

Several studies indicaLed that as temperatures increase photoperiod

sensitivity may decrease; i.e., for a given change in photoperiod, the

change in duration of a stage is less at higher,than lower temperatures

(Hunter et al., 1974¡ Struik, 1992; ÀIlison and Daynard, 1979¡ Coligado

and Brown, 1975a). Warrington and Kanemasu (1983a) found. little change

in photoperiod sensitiviLy with changes in temperature for time from

planting to tassel initiation and to anthesis. Struik (1982) found the

decrease in photoperiod sensitivity with an increase in temperature $¡as

greater for the time from emergence to anthesis than from emergence to

silking. Therefore for '"he anthesis to siJ-king stage, the apparent

photoperiod sensitivity increased with an increase in temperature,

contrary to the result for the other tvlo stages. Russell and Stuber

(1983) found interactions between photoperiod and temperature for the

hybrids of their stuoy to significantly influence che time to tassel

initiation but not +,otal leaf number. However, they found the relative

importance of this interaction to be ninor compared to the effect of

photoperiod alone. Warrington and Kanemasu (1983a), after reviewing the

Iiterature, stated lhat ior UniLed States corn belt hybrids any interac-

tion between temperature and photoperiod is probably small and hybrid

specific.
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Stevenson and Goodman /1972) found a signi f icant but smaLl

interaction between photoperiod and temperature in determining leaf

number. They also found a decrease in photoperiod to be much more

effective in decreasing leaf number than were changes in temperature.

Coligado and Brown ('1 975a ) , Struik ( 1 982 ) and Tollenaar and Hunter

(1983) f ound similar results. I,iarrington and Kanemasu (1983b) f ound

leaf initiation and leaf appearance rates to be photoperiod sensitive

under Iow temperature (.180C) but relatively insensitive at high tempera-

ture (280C). They also suggested light intensity may be a third factor

interacting with photoperiod and temperature affecting the development

and growth of leaves. As with development, the effects and magnitude of

the effects of the interaction on leaf growtir were hybrid dependent.

Because the effects of photoperiod, temperature and their interac-

líons are genotype specific, researchers have been seeking relaLionships

within and between maize genotypes that can be applied across varied

environments. Tollenaar and Hunter (1983) found that for the hybrid

used in their study, tassel initiation occurred at a leaf stage equal to

approximately 50e" of the final leaf number. The coLeoptile was not

counted as a leaf. This relátionship seemed to be relatively indepen-

dent of temperature and photoperiod. Leaf stages were determined as the

tip of the leaf emerged from the whorl. Russell and Stuber (1984) used

field and controlled environment studies involving a number of maize

genoiypes lo establish a relationship between total leaf number (fl¡l)

and leaf stage at tassel initiation (fSU). LSTI was defined by Lhe

position of the leaf ligules. À leaf was considered to have emerged

when its ligule became visible and was as high as the ligu1e of the next
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lower leaf. A highly significant quadratic relationship was developed

(n2= 0.96) with the Iinear term accounting for 93eo of the variation:

tSTI 1.59 + "02 (trn) + .01 (trn)2 (1.1)

For the genotypes studied, the relationship $¡as reasonably indepen-

dent of genotype, photoperiod and temperature. For each genotype the

relationship between LSTI and TLN was linear with the later genotypes

generally having steeper slopes. This would account for the quadratic

term in the overall equation. Warrington and Kanemasu (1983a) found,

for the steady - state conditions of their experiment, that time to

tassel initiation was highly significantly related to time to anthesis

(R2=0.98); the relationship being temperature independent. For a number

of genotypes gro\{n under varying photoperiods but constanl temperature,

Kiniry et al. (1983b) found a linear relationship between thermal time

(sum of degrees above base temperature = 80C) to tassel emergence (rtte)

and lhermal time to tassel initiation (rrti). The relationship was

highly significant (R2=0.93) and was independent of the genotype studied

and photoperiod. The usefulness of these relationships would be in the

estimation of tassel initiation from an easily measurable quantity -

either total leaf number or time to tassel energence. To use these

relationships, the appropriate definitions of tassel initiation, leaf

stage and tassel emergence would have to be used.
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3"5 SOIL MOISTURE STRESS

The effecls of moisture slress on corn phenology have not been

studied as extensively as temperature and photoperiod. Bonaparte (1975)

found the three hybrids of his controlled environment study were sensi-

tive to periods of rnoisture stress prior to tassel emergence. The time

from planting to tassel emergence was increased with the application of

moisture stress; the nore severe the stress, the greater the increase,

Under constant temperature conditions (of 25oC), there r{as an interac-

tion between stress and daylength. Daylength was increased from 12 to

16 h by the use of full lighting. For a given degree of stress, the

magnitude (days) of the duration of the stage for the 16 h daylength was

approximately twice that for 12 h daylength. For the severest st,ress,

the increase in duration was approxinrately 4 days for the 12 h daylength

and I -.10 days for 16 h daylength. À11 three hybrids used in the study

responded in a similar manner,

In field experiments, Herrero and Johnson (1981) studied the effecÈs

of moisture stress on the interval between tasseling and silking" The

stress Lreatments - control, mild, severe plant water deficits - were

started at tassel emergence. The stress treatments did not alter the

lime between tassel emergence and pollen shed. Although the treatmenLs

increased the duration between tassel emergence and silking, the differ-
ence between the stress treatments !¡as minor. For ihe non-stress treat-

ment, silking and pollen shed occurred at approximately the same time.

However, for both stress treatments, silking occurred approximately 3 -

4 days af ter..polJ.en shed (desynchrcnization). The duralion between

tasseling and silking was doubled and the interval between pol1en shed

and silking was increased approximately 5 fold by the stress treatments.
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Moss and Downey (971) found similar results. The two levels of

stress at about tasseling time increased the time from anthesis to

silking; the duration of the stage was 3, 13 and 16 days for control,

medium and severe stressr respectively. In a field experiment on a

loamy sand (tiefa capacity = ,12 m3 H2o/m3 soil), Rhoads and Stanley

(1973) found maize flowered earlier as irrigation frequency increased.

They kept the surface 20 cm at various soil moisture potentials above

-200 kPa. The total amount of irrigation water applied varied from 6 cm

Lo 22 cn. From fietd observations, Shaw and Thom (1951) concluded that

moisture conditions do not significantly influence the duration from

emergence to tasseling but moisture stress could significantly increase

the duration from tasseling to silking. Mallett /1972 - cited by Shaw,

1977) found that severe stress had little effect on the time to

tasseling but silking was delayed 6 to I days.

Denmead and Shaw (1962) found that for lower potential transpiration

rates, relative transpiration (actual,/potential transpiration - Aî/?î)

for corn vJas maintained over a greater range of soil water contents than

for higher potential transpiration rates. Dwyer and Stewart (1984), in

a greenhouse study using large pots and sandy loam soil, found A'I/PT

started to decline, and other stress indicators began to develop, when

avaiLabie soil water was between 40 Lo 50% of the maximum available

water. Using field lysinreters in clay and clay loam soils Ritchie

(1973) found the evaporation from a corn canopy to be practically inde-

pendent of the available water content for all existing condÍtions of

potential evaporation. He concluded from leaf diffusion resistance and

leaf water polential measurements that at least 80e" of the extractable

water in the rooting zone vras freely available to plant roots. He
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suggested that in the field, root systems are very dynamic and may be

able to change their growth patterns and water uptake patterns in

response to soil water deficits within the root zone.

Evidence of the dynamic nature of root growth and water uptake was

found by HoIt and Van Doren (1961). In a two year study with comparable

initial moisture conditions, water removal up to the time of tasseling

was confined to the upper 60 cm of soil in the year when evaporative

demand was low. In the following year when demand was high, water was

being removed from. the .120 cm depth at tasseling time. The time from

emergence to tasseling was similar for both years.

More direct evidenee of altered growth patterns by imposed water

stress was obtained by Sharp and Davies (1979). Maize plants at the 4 -

5 leaf stage were st,ressed for 7 days" Leaf growth ceased after 5 days

of stress. At the beginning of the experiment leaf growth rate r¡as

equal during the light and dark periods (dayrlnight temperature of

250/250c - 16 h daylength). However, as stress period progressed, the

growth rate decreased at a faster rate during the light than during the

dark. 0n stress day 4, leaf extension rate during the light period was

half that during the dark period. teaf area of the stressed plants

decreased almost immediately when compared to the non-stressd plants.

However, root growth (botn root length and weight) at the end of the 7

day stress period was almost equal- for the stressed and non-stressed

plants, but the pattern of growth during lhe stress period had changed.

Between oays 3 - 5 root growth was substantially higher for the stressed

treatment. Maximum root length and weight was achieveo by oay 5 and

remained fairly constant thereafter whereas the non-stressed maize roots

grew at fairly constant rates through to the end of the experiment.
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There was a shift in growth pattern by the stressed plants in favor of

the roots resulting in a brief period where root growth was grealer than

t.hat of the non-stressed plants

Bonaparte (1975) found moisture stress had Iittle influence on Lhe

final number of leaves. l,lith severe stress leaf number lvas decreased by

approximately one leaf. The decrease was hybrid depenoent, some hybrids

more affected by a given stress period than others.

During the latter part of the emergence to silking stage, ffiâize has

the ability to withstand extended periods of flooding (excess moisture)

with little affect on growth or yie1d. Wenkert et al. (1981 ) found

maize plants grown on a clay loam soil flooded at various times of the

year for varying durations (3 - 13 days) wittr nutrient rich animal waste

solution (190 - 370 ttg/ha added N) shov¡ed normal growth rates, leaf

color and nitrogen content. The recovery of growth rat,es may be associ-

ated with adventitious roots. These roots are short and may be porous

enough to alÌow oxygen diffusion to their meristems from the above

ground environment. These roots have high conductivity to water and may

be able to supply the plani with water and nutrients as long as they

are in contact wiLh nutrient rich water or high moisture soil (Wenkert

et al., 1981). Ritter and Beer (1969) found flooding for 96 hours just

before tasseling and at silking did not reduce growth in soil with a

high N level. Under low N conditions, the reduction in yield was

greatest when corn was flooded at tasseling rather than at silking.
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3"6 SOIL FERTTLTTY

Bonaparte (1975) found a highly significant increase in duration from

planting to tassel emergence under low fertility compared to high

fertility conditions. The response was hybrid dependent and the magni-

tude of the increase was independent of the temperature regime for all
the hybrids in the experiment. The increase Ín duration ranged from 5

to 14 days depending on hybrid. Fertility l"evel had only a minor influ-

ence on the total leaf nunber; the influence increased with temperature

and was again, hybrid dependent. The high fertility treatment had an

average of 1 - 2 more leaves than the low fertility treatment. By

contrast, Hesketh et al. (1969) found changes in nutrient level did not

alter final leaf numbers.

Peaslee et al, (1971) found high leve1s of phosphorus decreased time

to silking but had little effect on time from silking to maturity. High

Ievels of potassium decreased time to silking and increased Lime from

siiking to maturity.
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MODETING CORN DEVELOPMENT

There are many methods that can be used to estimate the duration of a

stage during the development of a corn plant. Most of t.hese methods are

temperature related and are referred to as thermal or heat unit

formulae.

4.1 HEAT UNITS

Most

gene ra 1

heat unit formulae used in recent years are modifications of the

formula:

GDD = l(tmax + 'tnin)/2] - Tbase (,21

where GDD = growing degree day (daily thermal units); Tmax, Tmin = daily

maximum, mininum temperatures (0C), respectiveÌy; Tbase = base r-empera-

ture (0C) below which development does not occur (Gilmore and Rogers,

1958; Cross and Zuber, 1972).

Brown (1963, 1969) developed the corn heat unit equation where the

contribution of Tmax to the daily development vras represented by a quad-

ratic equation developed from soybean data (Brown, 1960). The contribu-

tion of Tmin was assumed to be linear and was represented by a linear

equation with a base Lemperature of 4,40C. The base temperature for

Tmax was 100C. The corn heat unit equation is of the form:

CHU [3.33(rmax-10) 0.084(tmax-.10)2 1.8(rmin - 4 .4)l/2 (1.3)+

36-
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where CHU = corn heat units (aaity thermal unit); Tmax, Tmin = daily

maximum, minimum temperature (0C), respecLively. The optimum Lempera-

ture for the quadratic is 300C, there is no optimum for the linear

(rmin) equation. When Tmax and/or Tmin fall below their respective base

temperatures, the contribution of the quadratic and,/or linear equations

to the daily heat unit is assumed to equal zero.

Gilmore and Rogers ( 1 958 ) found accumulated oaily heat units were

more reliable than calendar days for predicting silking dates for

different planting dates. They used modified forms of equation 1 .2 Lo

calculate the daily heat units. 0f the equat.ions tested they concluded

Lhat the equation modified in the following manner was the best esti-

mator of the time from planting to silking:

GDD = [(Tmax+Tmin)/2] - R - '10 (1"4)

where Tmin = Tmin if Tmin > 100C; Tmin = 10 if Tmin < 100C; R = 0 if

Tmax < 300C; R = Tnax - 30 if Tmax > 300C. Cross and Zuber /1'972l'

Lested 22 different methods of computing heat units for their ability to

account for variation in da+-e of pollen shedding. They found that daily

(Tmax, Tmin) temperature measurements gave results approximately as

accurate as hourLy readings. They found the daily heat stress equation:

GDD = [(Tmax+rmin)/2) - 10 (1.5)

where Tmax = Tnax if Tmax < 300C; Tmax = 30-(tmax-30) lt Tmax > 300c;

Tmin = Tmin if Tmin > 100C; Tmin = 10 ii Tmin < 100c accumulated frorn

planting to polIen shed was the best estimator of Lhis stage" This

method was only slightly superior to t.he corn heat unit equation and the

adjusted average equation:

GDD [ ( rmax+Tm ín) /2) -10 (1.6)
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Tmin = Tminwhere Tmax = Tmax if Tmax < 300C; Tmax = 300if Tmax > 300C;

if Tmín > "100C; Tmin = 100C if tmin < 100c,

The corn heat unit or growing degree day equations can be used to

rate geographic regions (tøajor et al., 1976; Bunting, 1979) and hybrids

(Carter and Poneleit, 1973¡ Major et al., 1983) according to the heat

units available or needed to reach a given stage. One of the assump-

tions associated ï'ith this type of rating is that, for a given hybrid,

the same number of heat units are required to reach a given stage

regardless of the year or location. Daynard (972) found accumulated

CHU and GDD (equation 1.5) increased for planting to silking and

decreased for silking to maturity with delayed planting. However, days

for planting to silking and for silking to maturity ciecreased and

increased, respectively, with delayed planting. Peaslee et al, (1971)

and Duncan et a1. (1973) found approximately equal accumulated heat

units for planting to silking with either early or late seeding dates

but Peaslee et al. f971) found decreased heat units for silking to

maturity with delayed seeding.

Bunting (976) found that CHU estimated the duration from planting to

silking and from silking to maturity with slightly better precision than

did GDÐ and both were more precise than the use of calendar days.

Daynarri f972) concluded that both CHU and GDD were of comparable preci-

sion and were better estimators of the duration from planting to silking

than were calendar days. However, to estimate the duration from silking

to maturity (black layer formation) neither heat unit eguation vlas

superior to calendar days, Major et al. (1983) evaluated CHU and

various GDD equations for their accuracy in estimating growth stage
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duration for hybrids grown across Canada. They found calendar days to

be lhe besl estimator of the duration of planting to emergence.

Emergence to anthesis was equally predictable by either CHIJ, calendar

days or GDD with any base temperaLure between 5 to 150C. From anthesis

to 4Seo ear moisture the heat unit equations were significantly better

estimators of the duration of this stage than were calendar days. GDD

with Tbase = 80C lras a slightiy better estimator than either CHU or GDD

with Tbase = 100C. Major et aI. (1983) found almost constant coeffi-

cient of variation for GDÐ rlith base temperatures varied between 5 to

150C used to estimate the duration of emergence to anthesis. This also

occurred for the anthesis to 45eo ear moisture stage when base tempera-

tures varied from 50 to 110C. Wang (1960) also reported no improvement

in the heat unit system when Tbase rvas varied from 0 to 100C.

Gardner et al. (1981b) substituted canopy temperature into equation

1,2, Tmax was the midday canopy Lemperature, Tmin the minimum canopy

temperature and Tbase was sel equal to '100C. This method was highiy

correlated with stage of development and provided an excellent means of

esiimating the duration of the growth stages

4,2 OTHER METHODS

Coelho and DaIe (1980) represented the relative growth rate eurve

based on the data of Lehenbauer (191a) by fitting 4 linear equations t.o

various portions of the data. To obtain the relative growth rate curve

from the Lehenbauer (191a) data, the maximum seedling extension rate

(which occurred at 30-310C) was divided into the extension rates occur-

ring at the other temperalures (<300C and >310C) used in the study.

Coelho and Dale (1980) concluded that the use of the 4 regression equa-
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tions to estimate maize development (planting to 7Seo silking) was

significantly better than the heat unit equations tested in their study.

The procedure of Coelho and DaIe (1980) was similar to that used by

Gilmore.and Rogers (1958) who arrived at much the same conclusion -

relative growth rates calculated using Leheubauer's data were slightly

better estimaLors of planting to silking than the heat unit equatíons.

Daughtry et al. (1984) tested various models for accuracy in esti-

mating silking and maturity dates for corn grown over a large area. The

models tested were (a) the model proposed by Coelho and Dale (1980)

(calleo the FT model), (b) equation 1 ,2 wíth Tbase = '100C, (c) equation

1.5, (d) equation 1.6 and (e) calendar days. They determined that the

thermal mociels were more accurate than calendar days in estimaiing

silkíng date but found no significant differences among the thermal

models. This contrasts with the report of Coelho and Dale (1980) which

indicated that the FT model r.las superior to Lhe other models. Daughtry

et al. (1984) found calendar days was +-he best estimator of the duratíon

from silking to maturity. There vrere no significant differences between

the thermal models when estimating the time from planting to maturity.

I,lhen thermal models were used to estimate silking and calendar days were

used to estimate the duration from silking to maturity, the accúracy in

estimating maturity was increased sígnifícantly. There vlas no signifi-

cant difference in accuracy among these mixed model-s.

Coligado and Brown (1975b) developed a bio-photo-thermal model to

predict time to tassel initiation. The model incorporated a genetic

factor, mean daily temperature, photoperiod, daily temperature range and

a development potential factor. The genetic factor was the t.ime
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required to reach t.assel initiation under optimum environmental condi-

tions - Tmean = 250C, Trange = 00C, 10 h phoLoperiod. Any deviation

from these optimal conoitions resulted in increased times to tassel

initiation. The effects of the three defined variables were assumed to

be independent and therefore additive.

The resulting development equation, determined from growth chamber

data, was iteratively fit Lo field data with the use of the development

factor. It was assumed that any delay in emergence beyond 5 days

resulted in decreased deveJ.opment poLentials. The bio-photo-thermal

model was found to be slightly more accurate t,han the CHU or GDD models.



Chapter 5

SUMMARY OF LITERATURE

5.1 PLANTING TO EMERGENCE

1. The duration from planting to 50e" emergence has been found to be

very dependent upon soil temperature. Under optimum moisture conditions

the relationship between soil temperature (STs30-350C) and emergence

rate has been found to be approximately linear with a base temperaLure

STbase, between I to '1 0oC.

2, Compared to soii temperature, the effect of soil moisLure on

germination and emergence of corn seedlings has received Iittle atten-

tion. It has been suggested that decreased soil moisture availability

resulted in slower emergence rates.

3. Environmental factors other than soil tempera+"ure may influence

the germination and emergence of corn seedlings. Increasing mechanical

impedence, and poor soil aeration may decrease rates of germination and

emergence. However, in a field situation soil temperature and, to a

l-esser degree, soii rnoisture are likely the two most limiting environ-

mental factors affecting germination and emergence"

4. Soil tempera.ture may indirectly control moisture availability by

influencíng both elongation rates and oirectional growth of the roots of

a corn seedling. However, elongation and direction of root growth are

-e2
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by mechanical impedence and soil moisbure

5. Major et al, (1983) found calendar days, as opposed to growing

degree days and corn heat units calculated using air temperatures to be

the best estimator of time to emergence.

5,2 EMERGENCE TO SITKING

1. Prior to stem elongation, growth room and field experiments have

shown that soil temperatures, as opposed to air temperatures, rây be the

controlling influence on the growth and development of corn. When leaf

number or leaf extension rates were used as the measure of phenology,

lower soil temperatures resulted in slower development rates.

2. For the emergence to silking stage the temperature response func-

tion relating development rate to temperature has been found to be

curvilinear. The criticaL temperatures below and above which develop-

ment will not occur have been found to be between 6 to 100C and 35 to

450C, respectively. The optimum temperature for development is approxi-

mately 300C.

3. Phenological development depends on plant, not air, temperatures.

The interaction between the plant and the aerial environment (radiation

load and transpirational cooling) influence plant temþerature and there-

fore phenology. Depending upon moisture condit.ions and evaporative

demand, plant temperatures may be significantly higher or lower than air

temperatures.
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4, Corn hybrids have been found to be either sensitive or insensitive

to changes in photoperiod. Increasing photoperiod (daylength) will

decrease development rates for sensitive hybrids. For early maturing

hybrids adapted to northern latitudes, Rood and Major (1981) concluded

that the effect of photoperiod on development was relatively minor.

5. Moisture stress has been found to delay development" From tassel

emergence to silking, developnent is very sensitive to even mild mois-

ture stress. Prior to LasseÌ emergence, moisture stress may or may not

delay development. Growth room studies indicate moisture stress may

delay development from planting to tassel emergence (Bonaparte, 1975\

but field studies suggest that moisture stress may not delay tassel

emergence (Ritctrie , 1973).

6. The response of hybrids to tenperature, photoperiod and moisLure

stress has been found to be hybrid dependent.

7. Numerous mathematical models involving temperature (t.hermal

:rodeLs) anð/or photoperiod have been tested and used lo estimate the

development rate of corn. For small.geographic regions thermal models

have been found to be better estimators of the time fron planting or

emergence to siLking than calendar days (average duration in days of the

stage under study). However, Major et aI. (1983) found thal for large

geographic regions (Canada) thermal models were not significantJ.y betLer

than calendar days in eslimating the duration from emergence to silking.
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Chapter 6

MATERIALS AND METHODS

Three corn hybrids (Zea mays L.), Pioneer 3995, NorLhrup King (¡lx)

403 and Pride 1108 were used in this study. Pioneer 3995 and NK 403 are

early maturing hybrids while Pride '1108 is a later maLuring hybrid for

Manitoba conditions. Surface soil of two soil types, Àlmasippi loamy

sand and Carroll clay loam were used as growth media. l'loisture charac-

teristic curves rvere determined for each soil using the pressure

membrane rnethod. The upper and lower Iimits of available water were

calculated from the 33 and'1500 kPa gravimetric water contents using the

following equations (shaykewich, 1 965) :

eoFC = 8,28 + 0.654 (33 kPa P") (2,1)

eoPWP = 0.021 + 0,775 (1500 kPa eo) Q"2)

Soil characteristics are given in Table 1.

TABLE 1

Soil characteristics for Carroll clay loam and Almasippi sandy loam
soi Is.

Soil Type Bulh density (K9/m3 )

Water Content (m3m-3)
33 kpa Fc 1500 kPa

dL

PWP

Carroll CL
Àlmasippi LS

1 0s0
1 380

.500

.268
.430
.356

.159

.052
.130
.056

-45-
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Water was thoroughly mixed (using a plant mister and cement mixer)

wit.h each soil Lo obtain 5 to 7 water contents distributed within the

corresponding available water range. The soil plus water mixture was

then stored in covered plastic 6 litre pots in the desired tenrperature

regime for 1 week before planting. The consLant temperature regimes

were 150 1 0"50, 190 t 1.00, 250 ! 0.50 and 30.50 t 0.50c.

Thirty seeds, 10 of each hybrid, were planted in each seed layer.

Each seed layer was divided into 3 equal parts, each part occupied by

the seeds of one hybrid. The soil - water mixtures vrere uniformly

packed to bulk densities of 1050 Kg m-3 (clay loam) and 1380 Kg p-r

( loamy sand) .

6.1 GERMINATION

Approximately 5000 9 (clay loam) or 6000 g (loamy sand) of soil t¡ith

the appropriate amount of water were added to the pots. For water

contents greater than 50eo of the maximum available, 4 layers of seeds

(separated by approximately 4 cm of soil) were sown per pot, each water

content replicated twice. For the lower water contents, 3 layers of

seeds (approximately 6 cm soil separated each layer) were sor+n per pot,

each water content replicated 3 times. At each harvest, 20 seeds of

each hybrid (2 layers) were sampled. Those that showed any sign of

radicle protrusion through t.he seed coat were counted as germinated.

This allowed 4 individual harvests per water content. Àt the higher

Lemperatures (25 and 30.50C) samplings had to be taken every 6 Lo 24

hours depending on water content; at the lower temperatures (15 and

190C) every 12 lo 48 hours. The pots were covered to prevent evapora-

tion and vrere opened Lwice daily for aeration purposes.
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6.2 EMERGENCE

The seeds vrere sown 5 cm deep in 12 cm of soil" Àt each temperature,

each water content was replicated twice, Four daily emergence counts

were made until a constant emergence count for all hybrids was observed

for 3 to 7 days. A 100 t 10C Lemperature treatment was added for the

Carroll clay loam soil.

6.3 ROOT LENGTHS

Àt completion of the

removed from the soil -
measured and recorded.

emergence phase,

water mixtures

the seedlings were carefully

and radicle root lengths were
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RESUTTS AND DISCUSSION

A controlled environment study of the effects of soil moisture and

soil temperature on germination and emergence of corn vJas undertaken.

The objectives of the study v,ere:

to observe the effect of soil moisture and soil temperature on

the time to, and rate of, germination and emergence.

to mathematically describe the combined influence of moisture and

temperature on germination and emergence. A measure of the

usefulness of a maLhematical equation to estimate the time to

emergence would be its versatility - ease of use under varying

conditions, such as with different soil types and hybrids. with

this in mind, two soil types - an Àlmasippi loamy sand and a

Carroll clay loam -: ârìd 3 hydrids - tlvo early mat,uring hybrids,

Pioneer 3995 and Northrup King 403 and one medium maturity

hybrid, Pride .1108 - were used in the study.

to observe the effect of moisture and temperature on root growth

and morphology. The ability of the emerging seedling to meet its

water requirements depends Lo a large degree on the ability of

the roots to grow under stress conditions - both moisture and/or

temperature. If the roots can grow through the drying surface

soil layers to wetter soil layers below, the water status of t,he

seedling wiIl improve. A measure of this ability is root elonga-

tion rate,

_49_

2

3
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i.1 PLANTING TO 509" EMERGENCE (PE)

Time (hours) to 50eo emergence for the different soil temperature -

soil moisture combinations are recorded in Table 2. For a given temper-

ature, emergence times increased with a decrease in volumetric water

. content, e. The difference in emergence timeÞ between the highest and

lowest 0 varied from 7 to 14 days, the range increasing with decreasing

temperature. For the clay loam soil, seedlings emerged from soil with 0

less than that at -'1500 kPa potential (compare Table 2 with Table 1).

However, the emergence times were Iong and the seedlings much less

vigorous than those at the higher water contents.

For a given temperature, NK 403 required less time for emergence than

did '1108, followed by 3995. The difference in emergence times between

hybrids may occur because of an interaction between seeC size, moisture

uptake and critical water content needed for germination" Pioneer 3995

is the larger seed, .39 g/seed, compared to 403 and 1108, ,25 g/seeð"

Being the larger seed, 3995 may require relatively more water per seed

to reach the critical water content needed for germination than would

the two snaller seeds. More time would be needed to take up the ext,ra

water lhus increasing the emergence time.

For'150C in the Almasippi loamy sand, the order of hybrids in times

to emergence was reversed. Pioneer 3995 now emerged slightly sooner

than did 403 or 1.108, the difference increasing with decreasing moisLure

content, The roots of the hybrids were shorter and thicker than those

grown at 150C in t.he CarrolI clay loam. 3995 was less affected by the

soil conditions than were 403 and 1108. The roots were similar in

appearance to those described by Boone and Veen (1982). Root and shoot
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exLension rates are influenced by bulk density - moisture potentiai

changes within a given soil (gilanski and Varma , 1976). Under the

conditions of this experiment, the adverse influence of bulk density on

the extension rates may not be significant until soil temparalures are

low enough; there may be a 3 factor - bulk density, soil temperature,

noisture potential (soil strength) - effect on the shoot and root exten-

sion rates. This interaction may be hybrid dependent. Visually

seedlings of 3995 were more vigorous than those of 403 and 1108, this

difference l¡as more noticeable as moisture conlents decreased. Seed

size, through its influence on seed protein content, has been shown to

influence seedling vigor (sutisani and }larner, 1980). At low tempera-

tures enhanced seedling vigor through larger seed size may result in

decreased times to emergence under certain conditions (increased soil

strength due to high bulk density).

For a given moisture content, time to ernergence increased with a

decrease in temperature. For example at field capacity, times to emer-

gence at 30.50C and 150C were 2.5 and 11.0 days, respectively. Near the

wilting point the time to emergence ranged fron 9 to 25 days depending

on temperature.

Time to emergence was influenced by both temperature and moisture in

approximately the same manner for all 3 hybrids. The variation between

the hybrids in times to emergence rvas generally less than 15eo.

The total number of seeds emerging as a function of temperature and

moisture are shown in Table 3. 0n1y near the PWP at the lower tempera-

tures did the final emergence percentage decrease. Although there was
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TÀBLE 2

Hours to 50eo emergenee as a function of volumetric water content and
temperature.

TemperaLure (0c) HyUriO Volumetric water content (cc water/cc soil)

Carroll clay loam

30.5 .436
63
56
59

,341
70
59
61

.286
74
63
65

.215
90
85
B4

. 184
130
119
127

,149
241
214
242

Pioneer 3995
Northrup King 403
Pride .1.108

25 .366
89
82
85

.294
100

87
92

. ¿¿5
124
109
116

,17 6
187
161
169

.156
262
248
248

Pioneer 3995
Northrup King 403
Pride 1 1 08

19 .418
151
131
135

.310
164
146
150

.254
178
16s
173

.199
249
224
248

,1 67
3s1
305
424

.159
453
429

Pioneer 3995
Northrup King 403
Pride 1 1 08

1s .335
284
269
277

.315
285
268
286

"238
303
283
292

"200
385
Jbt
361

.186
378
376
376

.161
643Pioneer 3995

Northrup King 403
Pride '1'108

Àlmasippi loamy sarrd

30.5 .331
63
60
60

.228
70
69
62

. 153
84
86
82

.108
tbt
147
147

.09s
185
i83
183

Pioneer 3995
Northrup King 403
Pride 1 108

25 .346
85
74
80

.225
96
84
84

. t5¿
121
107
10s

,120
147
13i
141

.0-o1
291
274
285

.086
407
311

Pioneer 3995
Northrup King 403
Pride 1'108

19 . 348
156
142
145

" ¿¿¿
179
1s0
153

" 155
192
178
162

"t¿J
243
239
¿13

,097
455
437
463

Pioneer 3995
Northrup King 403
Pride 1 1 08

Pioneer 3995
Northrup King 403
Pride 1'108

15 327
258
258
270

"¿5t
285
298
303

.166
327
356
381

. rJ5
416
455
527

"111
543
617
6s0



TADLÊ 3

Number of enerqed secdlinqs, ouL of 20 seeds plånted. ôs a tunction ot tempe(atu(e and vol.umetric aðÈer content

Tcmperåture (C) Hybrid vôLumctric yater content (cc uater,/cc soil)

Carroll clay loam
30.5

Pioneer 3995
Northrup King 403
Pr ide 1 'l 08

Pionccr 3995
Northrup Xing 403
Pride 1108

4 36
I
0
7

0

9
9

0
0
9

.286
20
20
16

215
11
20
l7

366
19
19
18

225
20
r8
l6

r29(644)r
0

0
0

254
20
20
19

199
l9
20
t8

159
20
14
l0

129(1000)r
2
{
0

316
19
18
l9

.238
20
19
20

2

t9
15

108
r8
20
20

152
11
20
l8

086(585)r
l7
l7

9

{t
0
I
9

25 16
9
0
6

56
I
I
1

294
20
20
18

r9 .418
Pioneer 3995 1 9
NÕrthrup Xinq 403 19
Pr ide 1108 1'l

1

9
9
9

l5
Pioneer 3995
NorÈhrup King 403
Pride 1108

10(1248 hours)
Pioneer 3995
Northrup King 403
Pride 1108

Àlnasippi loamy sånd
30.5

Pioneer 3995
Northrup Kinq 403
Pr ide I 108

25
Pioneer 3995
Northrup King 403
Pride ll08

19

33s
20
20
15

374
1

5
3

56
6
I
5

86

5
1

228
1

9
0

09s
11
20
t8

09 !

17
16
16

09?
r5

t0

12
19
18
t8

15

Pioneer 3995 20
Northrup King {03 20
Pride 1108 15

P!onecr 3995
Northrup King 403
Pride 1108

222
r8
20
15

0?9(833)f
r0
13

5

166
r8
20
11

23
0
1

1

35
9
9
6

55
6
'l

6

3?
I
I
I

348

9
9
0

111
11
l5
14

t hours Irom planting !o harvest

(-Il
(¡)
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Some emergence at O below PWP calculated using equation 2,2, the eo emer-

gence vlas very low, Àt 100C the eo emêFgêrìce did not reach 50eo af t.er

'1248 hours (52 days). Until lhe young seedlings can photosynthesize,

the metabolites needed for growth come from the seed reserves. The

Ionger times required for emergence at the low temperature (100C) and

low moisture (< e(pwp) ) values may have resulted in respiratory deple-

tion of these seed reserves before emergence could occur. At 100C, the

seeds at the time of sampling (52 days) were small and shriveled. The

seedlings had various lengths of shoot and root growth. The maximum %

emergence was attained.l0 days earlier. It would seem the seedlings had

used their seed reserves and were norv "not viable".

The inverse of time to emergence is a measure of emergence raLe.

Before data were used in calculating emergence rate, certain criteria

had to be met. At least 14 seedlings had to emerge before the hybrid at

the specified noisture - temperature combination would be included in

the anaLysis. This limit was used because an emergence e" of at least

70ea was thought to be required for economic yields. AIso the statis-

tical population would change if the number of seeds emerging was too

small 
"

The rate curves for all 3 hybrids grorvn ín Carroll clay loam and

Almasippi loamy sand are represented by Figures 1 and 2, respectively.

The rate of emergence vlas plotted against the volumetric waLer content.

As temperatures decreased, the plateau region of the curves extended to

include progressively loller soil moisture contents. As Lemperatures

decrease, moisture may become progressively less significant to the

measured growth process (stem extension). The Qro for the Lemperature
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controlled portion (biochemical) of the emergence processes may be

higher than the Qro for the moisture controlled portion (biophysical)"

Therefore as Lemperatures decrease that portion controlled by tenpera-

ture would decrease at a faster rate than that controlled by moisture.

This would cause the plateau region Lo extend towards lower moisture

leveIs as temperatures decrease. The curves also seem to be approaching

approximately the same threshotd water content below which emergence

rates would be zero"

The shape of the curves suggest an equatiorr of the form:

Rare = Rmax (l - EXP[-k(e-eo)] ) (3.1)

r+here Rate = emergence rate
Rmax = maximum emergence rate at optimum moisture

k = rate consLant
0 = volumetric moisture content

Oo = threshold moisture content below which
Rate is zero.

Rmax, being relatively independent of moisture, would depend on tempera-

ture only while the exponential part of the equation would be the reduc-

tion factor due to decreased moisture availability. 0-0o is in effect

the moisture available for emergence.

An iterative procedure employing the Gauss - Newton method of curve

f itLing v¡as used +-o calculate Rrnax, k and êo in equation 3.1. The

derived parameters are listed in Tabte a (p. 58)" For a given soi1,

there was little change in Oo with temperature both within and between

hybrids. For the clay loam, 0o r.las approximaiely equal to the calcu-

lated 9(pwp) of Table 1 (p. 46). For the loamy sand, 0o was slightly

higher than O(pr,¡p). The -1500 kPa potential volumetric moisture content
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of the clay loam was subs+-antially greater than 0o; this difference

would probably increase with increasing silt and clay content. Based on

the close approximation of Oo to the calculated 0(pwp), eguation 2.2 was

used throughout the rest of the experiment to estímate 0o.

The maximun rates, Rmax, decreased with decreasing temperature (rable

4). For a given temperature and hybrid, Rmax does not differ signifi-

cant.ly between soils. Rmax differs slightly between hybrids; 403

emerging slightly faster, under optimum moisture, than 1108 followed by

3995.

The rate constan*', k, is a measure of the changing slope with

increase in moisture from €o. Larger k indicates steeper curves. Any

factor influencing the availability or movement of water to the roots or

seed and any factor influencing the response of the seedling to this

available water would affect the magnitude of k. For a given change in

water content, the rate of change in both water potential and hydraulic

conductivity will help determine availability and therefore influence k.

These rate changes with water content are probably soil dependent. The

faster these changes occur, t,he steeper will be Lhe slope of the rate

curves - larger k values.

These changes are Iikely to be hybrid specific. Temperature influ-

ences bot.h the physical properties of water and the biological processes

involved in growth and development. Viscosity and surface tension

increase with a decrease in temperaLure resulting in decreased flow-

ability and increased water contents at a given potential (Taylor and

Ashcroft, 1972¡ ConstanLz , 1982), These changes are also soil (texture)

dependent. i{owever such physical changes may not be as important as the
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TÀBLE 4

Threshold volumetric water content, 0
rate of emergence, Rntax, as obtained

Remer = Rmax{1_ex

or r
bvi
p [-k

ate constants, k, and maximum
terative fitting of the model
(e-eo)l l.

Hybrid Tempe
(0

rature 9o (n3 m- 3 
)

C) Carroll Almasippi
k

Carroll Almasippi
Rmax (hr- 1 

)

Carroll Àlmasippi

Pioneer 3995 30 " 5

25
19
t5

,124
.118
.t¿5
,128

.069

.059
,0't 7

.067

11 ,77
9. 96

12,80
20 ,41

14 "82
t5,bl
¿3"t5
14.26

0"0160
0.0122
0.0068
0.0036

0.0161
0.0117
0.0062
0.0039

Àverage

Northrup King 30.5
403 25

19
t5

,124 ,071 13 .7 4 1 7. 00

.124
,127
"125
.136

" 054
.067
.078
.064

10"79
13.30
1'1 .38
23.10

11.93
13. s5
20.06
1 0.98

0.0187
0.0128
0.0079
0.0038

0.0173
0.0137
0 . 007'1
0"0041

Àverage

Pride 1.108

.128 .068 14J64 '14.13

30 " 5

25
19
15

,129
,122
.136
.134

,07 2

.073

.085

.065

12,37
11.51
11 ,78
24.44

15.15
17.58
31.66

9.99

0.0176
0.01 2s
0 " 007i
0.0036

0"0173
0.0127
0 " 0068
0 " 0040

Àve rage

Overall Àverage

.130 .074 1 5.03 1 8.60

.t¿t . 07'1 14.47 1 6.50



,.

:,1

,.ai.

59

biological responses to temperature. Given time, the seedlings may be

able to adjust or adapt to the new temperature environment. There are

reports in the literature of increased permeabil.ity of root,s with

decrease in temperature (Uiedema, 1982). The Iiterature review of

Miedema (982) indicated the confusion that exists among researchers

with regards to the response of corn seedlings to low temperature treat-

ments. The conflicting findings are an indication of the adapability of

plants to changing environmental conditicns. Mechanical irnpedence (soil

strength) can also influence the response of roots and shoots to

changing soil moisture conditions (¡iLanski and Varma, 1976; Boone and

Veen, 1982). There is also evidence in the literature that plants can

adjust in some degree to moisture stress f-hrough osmotic adjustment

(Turner, 1980). This response to moisture stress is'cultivar speeific

as, probably, is the response to temperature.

Generally at the 3 higher temperatures, k values for the clay loam

were lower than those for the loamy sand. This may in part have

reflected the pore size distribution. The sandy loam would have larger

water holding pores than the clay loam. These larger pores would empty

abruptiy with decreasing potential and this would result in steeper

slopes for the emergence rate curves, i.e. larger k values. At'150C the

reverse occurred, k being larger for the clay loam soil. If there is an

interaction of bulk density, temperature, and moisture potential

affecting the growth of corn seedlings at low temperatures, this may

help explain the observations regarding k at 150C. The sandy soil had a

bulk density of 1380 Kg/ms which may have, under the conditions of this

experiment, approached the limiting bulk density for unhindered seedling

growth and development (Taylor and Àshcroft, 1972). The differences in
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root morphology among seedlings grown in the clay loam and those in the

loamy sand may give an indication of the ability of roots to extract

waLer from the soíls, Roots from the sandy soil were short, thick and

had litt1e, if any, branching and root hairs. Those fron the clay loam

were Ìonger, thinner, were more branched and had much more root hair

growth than those from t.he sandy soil. Because of the increased root

growth (J.ength and root hairs) of the roots from the clay loam, water

would be relativeJ.y more available to these seedlings than t.hose gror.in

in the sandy soil. The seedl-ings from the sandy soiJ. probably had to

rely more on the movement of water from the bulk soil to the roots and

less on the ability of roots to proliferate in areas of greater water

availabilíty.

For a given hybrid, the rate curves for both soils were plotted as a

function of relative available water. Relative available water was

defined as:

e - e(pwp)
RAW =

e(Pc) - o(pwp)
(3.2)

where RAW = relative available water
0 = existing volumetric water content

e(FC) = cal-culated volumetric fietd capacity
e(pwp) = caliulated volumetric permanent wilting content.

The curves for the 3 hybrids - Pioneer 3995, NK 403, Pride 1108 - are

represented by Figures 3, 4 and 5, respectiveì.y. For a given tempera-

ture, the rate curves from the two soil types correspond very closely"

This was similar to the findings of de Jong and Best (1979) in their

study of wheat emergence, The rate curves were mathematically described

by an equation of the form:

Rate = Rmax {tl - EXP(-S RÀvl)lj (3.3 )
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where Rate = emergence rate
Rmax = maximum emergence rate (optimum moisture)

S = rate constant
RÀI,i = relative available water (equation 3.2).

The derived parameters of equation 3.3 are shown in Table 5. Às previ-

ously stated, Rnìax was strongly dependent upon temperature and only

slightly dependent upon hybrid. Decreasing temperature decreased Rmax"

The rate constant, S, increased slightly with decreasing temperature,

reflecting both the changing properties of water and the water - matric

medium and the changing biologicaì. responses to water availability. The

rate constants at each temperature did not differ substantially among

hybr i ds .

Because of the similarities in Rmax and S among hybrids, the rate

curves for the hybrids were plotted together on a single graph (nigure

6)" Equalion 3.3 was again used as the model for the relationship

between rate of emergence and relative available water. The parameters

are listed in Table 5. Às before, Rmax decreased substantially and S

increased slightly with decrease in temperature. The equations fit the

data very well - R2>.99.

The vaiues of Rmax for the individual hybrids and for the eombined

data (fable S) were plotted versus temperature (rigure 7), The rela-

tionships were best described by linear equations of the form¡

Rmax = (/uuo) (r - rbase)

where Rmax = maximum rate (under optimum moisture)
T = temperature (oc)

Tbase = base temperature (below which emergence
raLe is zero)

H5o = degree-hours to 50eo emergence.

(3.4 )
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TABTE 5

Maximum emergence rate (Rmax) and raLe constant (S)
hybrid-temperature combination for the model:

Remer = Rmax {.1-exp [-s naw] ] .

for each

Temperature Rmax
(h- 1)

Rat i of S ¡2

Pioneer 3995

30.5
25
19

t5

.01 63

.0121

.0066

.0037

.36

.38

.J I

.25

3. 6C

3.53
4"13
5, 1¿

0. 99
0.99
0 .99
0.99

Northrup Kinq 403

30. s
25
19
t5

,0182
,01 36
.0076
.0039

.26

.¿t

.¿¿
,17

3 " JU

3,51
3"78
4 "31

0"99
0. 99
0"99
0"97

Pride 1 1 08

30.5
25
19
i5

.0179
,0128
.0075
.0037

"29
.26
.24

aa

? Á.?

3 .84
7, 1L

4.30

0"99
0.99
0.99
0 ,98

ÀtL HYBRIDS COMBINED

30. s
25
19
15

.01 75

.0128

.007 2

.0037

3 "44
3.62
3"88
4 ,61

0.99
0"99
0.99
0.99

t Ratio = Ratio of Rmax for emergence divided by
Rmax for germination.
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The parameters for equation 3.4 as they relate to emergence are shown in

Tabte 6. This relationship was similar to those reported for field data

(Hough, 1972; Feddes, 1972) and controlled environment data (warrington

and Kanemasu, '1983a). The base tenperatures, Tbase, for the different

hybrids were essentially equal Lo 10.80C. At 100c, the total emergence

percentage after 52 days was less than 402o, lending support to the above

determined base temperature.

Tbase was close to that reported in the iiterature (Cooper and Law,

1978¡ Warrington and Kanemasu, 1983a). The differences that occur among

the reported base temperatures may be because of the different defini-

tions of emergence and different seeding depths. A seeoing depth of 5

cm l¿as used in our experiments. Warrington and Kanemasu (1983a) used a

seeding depth of 2"5 em and obtained a base temperature for 50eo emer-

gence of 8.90C. In our studies 50eo emergence did not occur at 100C with

a seeding depth of 5 cm. However, emergence as defined would have

occurred if the seeding depth were 2.5 cm. For each hybrid at the

highest 0, more Lhan 14 of.20 seeds had greater than 2.5 cm of shoot

growth. Therefore seeding depth may determine Tbase for emergence.

There were slighi differences in slope between the hybrids but the rela-

tionship of Rmax versus temperaiure rlas adequately described using the

combined data for all 3 hybrids (R2=0.99 - Table 6).

The inverse of the slope divided by 24 is equivalent to the (growing)

degree - days needed for emergence (Hro (O¡y-C) in Table 6). 47 oC-day

above '10.80C was needed for emergence. T^tarrington and Kanemasu (1983a)

reporled degree day requirements for lhe hybrids of their study to be

approximately 62"5 oc-day above 90C. Their times for emergence v¡ere

measured to the nearest day, ours Lo the nearest hour.
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Figure 7: Maximum germination and emergence rates as a function of
temperature.
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TÀBLE 6

parameLers for the equations describing the relationships of rhe maximum
rates, Rmax, to Lemperature. Rmax = (1/Hso) (t-tbase)"

Hybr id 1/Hu,
(n-c) -1

Rmax
H¡ o Tbase
(n¡v-c) ( oc)

pz

planting to 50eo germination

3 995
403
1 108

.001 94 21

,00322 1 3

,00279 '15

7"8
7.5
8.3

.98
" 9"1

.99

planting to 50eo emergence

399s
403
'1 108

.00082 s1

.00093 45

.00091 46

1 0.6
10.8
1 0.9

qq
oo

.99

combined .00089 47 10.8 qq

50e" germinat ion to 509o emergence

399s
403
'1108

.00136 31

.00127 33

.00132 32

1 6

41

1



The values of lhe rate constant 
'

decreasing Lemperature (taUle S).

this relationship is:

68

S, showed a definite increase with

The regression equation expressing

S(pn) = 8.'1965 - 0.3229 T + 0.0055 T2 R2 = 0.99 (3,5)

in which T is temperature in degrees Centigrade. If one examines the

model (equation 3,3), one observes that S occurs in the negative expo-

nential, and thus as soiJ. temperature decreases, emergence becomes less

sensitive to changes in relative available water.

The equations used to describe the rate curves are listed in Table 7.

The emergence rate for all the soils and corn hybrids used in this study

can novl be adequately described by a single function of temperature and

moi sture.
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TABLE 7

Equations used to oescribe t.he relationship of germination and emergence
to temperature and moisture"

Rate = Rmax {1-gxpl-S n¡wl }

Rmax = (1 /HE o) (r-to )

S(PE) = 8..1965 - 0.32291 + 0.0055T2

s(PG)=mT+d

RAW = [e-e(pwp) 1/[e(r'c)-e(pwp) ]

e(Fc) = BD l(/lo0) (e.28 + 0.6s4(33 kpae"))l

e(pwp) = BD l(/100) (o.ozr + 0.175(1500 kpa%))l

where BD = bulir density
33 kPa eo = 33 kPa gravimetric water content as eo

1500 kPa % = 1500 kPa gravimetric water content as eo

RAll = relative available water
s(pn) = rat,e constant for emergence wiih all hybrids combined
S(PG) = rate constants for germination for each hybrid

separately
Rmax = maximum development rate (at optimum moisture)
Rate = development rate (as function of T and moisture).
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7.2 PI,ÀNTTNG TO 50e" GERMINATIoN (PG)

Tinre (hours) to germination for Carroll clay loam (Ct) and AJ.masippi

loanry sand (f,S) are shown in Table 8" For both soils a decrease in

temperature and/or moisture content increased times to germination.

Comparing Table 2 b, 52) with Table 8, approximately 20 to 40s" of the

time to emergence involved the germination process. The percentage

varied T¡ith hybrid, temperature and to a lesser degree, e" Generally

less time was needed for germination of 403 compared to 1108 while 3995

required the J.ongest time to germinate. Pioneer 3995 was the larger

seed, .39 g/seed compared to .25 g/seed for bot-h 403 and 1108.

Apparently, longer times may be needed to take up enough water to start

the germínation process. For the clay loam soil, at the lswer tempera-

tures and higher moisture contenLs there were slight delays in germina-

tion of 403 and 1'108 but not 3995 as moisture contenL increased. The

delay may indicate aeration problems for the smaller seeds at low temp-

eratures and high moisture levels.

The inverse of time to germination is the germination rate. The same

procedures used to mathematically describe the rate curves for emergence

were used Lo describe the germination rate curves. An example of the

raLe curves for germination is given in Figure 8. The shapes of the

curves resemble lhose for emergence. The parameters obtained when equa-

tion 3.1 was iteratively fitted to the data are Listed in Table 9. êo,

k and Rmax behave similarly to those for emergence. For a given soil 0o

increased slightly with a decrease in temperature butr âs was the case

with emergence, Oo can be estimated with equation 2"2. 0o for the loamy

sand was greater than the corresponding -1500 kPa 0, while 0o for the
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TÀBIE 8

Hours to 50eo germination as a function of volumetric water content and
temperaLure 

"

Temperature (0C) Hybrid Volumetric water content (cc water/cc soil)

Carroll clay loam

30.5 Pioneer 3995
Northrup King 403
Pride 1 1 08

.405
25

18

,302
25
16
19

.264
29
18
22

.205
36
24
29

.1s6
61
45
JJ

,126
IJJ
114
158

25 .430
31
17
23

,321
JJ
17
26

"278
3t
19
30

)))
45
27
37

"170
58
46
65

.137
116
123
123

Pioneer 3995
Nor thr
Pride

up King 403
1108

19 .440
47
32
37

.316
45
28
34

,272
54
35
43

,214
57
39
52

173
94

'60
9'1

.140
179
149
171

Pioneer 3995
Northr
Pride

up King 403
1108

15 .413
65
54
67

.315
72
50
62

,271
77
4B

60

.215
86
57
81

,17 1

133
97

135

,137
Pioneer 3995
Northr
Pride

up King 403
1108

426

Almasippi loamy sand

30.5 ,352
22
t5
18

,210
21

17
21

.134
40
20
30

.106
48
36
41

.087
73
57
75

Pioneer 3995
Northrup King 403
Pr ide '1 

1 08

25 .342
33
17
22

.227
35
19
25

. 146
43
26
40

,126
56
35
4'l

.104
72
48
66

Pioneer 3995
Northrup King 403
Pride 1 1 08

19 ,324
49
28
33

,235
50
JI
35

,161
55
34
43

.104
100

66
90

" 081
180
151
186

Pioneer 3995
Northrup King 103
Pride 1 1 08

Pioneer 3995
Northrup King 403
Pride 1 1 08

15 .368
70
41

57

,222
74
42
61

.1 46
86
53
58

.1 15
121
85

106

.097
172
123
168
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clay loam was substantially less than the corresponding -1500 kPa e

reflecting the influence of hydraulic conductivity on the biological

permanent wilt point, 0o for germination was approximately equal to 0o

for emergence.

The rate constant, k, generally increased with decrease in tempera-

ture, The rate constants for the loamy sand were generally slíghtIy

greater than those for the clay loam, suggesting an influence of texture

on the rate constant. 0n the whole, the rate constants for germination

were noL significantly different from those for emergence. However, the

rate constants at 150C for the loamy sand were very different. During

germination there may be relatively 1ittle biological growth able to

respond to changing soil environmentaL conditions. interaction among

growth, temperature, moisture, and bulk density would not be limiting

during the germination stage. Temperature and moisture availability

limit germination but under the same conditions soil strength may be a

third limiting factor affecting emergence. These combined limitations

would influence the slope of the rate curves and therefore the magnitude

of k.

Rmax decreased with decreasing temperature. For a given hybrid and

cemperat,ure, Rmax was reasonably independent of soil type. For a given

temperature t.he differences in Rmax between hybrids was substantial.

This was contrary to results obtained for emergence.

Às was done for emergence, the rate curves of both soils were plotted

together on the same graph, a separate graph for each hybrid (".g"

Figure 9). Germination rate was plotted as a function of relative
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TÀBIE 9

Threshold volumet,ric waLer content, 00, rate constants, k,
rate of germination, Rmax, as obtained by iterative fitting

Rgerm = Rmaxil-exp[-k(e-eo)] l.

and maximum
of the model

Hybr i d Temperature go (m3 m-s) k
(0C) Carroll Almasippi Carroll Àlmasippi

Rmax (hr-1)
Carroll Almasippi

Pi oneer
3 995

30. s
îtr
LJ

19
15

.109

.104
" t¿¿
.118

" 065
.070
.066

n"t a.

tt. rb
9. 88

14.72
13.21

13.54
t/"Jb
10 a1

22,16

0 . 0428
0,0336
0.0221
0.0154

0.0489
0.0306
0.0208
0"0142

Àverage .113 .069 12.24 18.07

Northrup
Ki ng
403

30.5
25
19
15

.114

.122
,127
. t3¿

.072

.073

.070

.079

9. 56
9 .41

16.11
22,03

19.33
13.01
17 .28
19.92

0.0725
0,0653
0.0335
0,0212

0.0659
0.0608
0.0356
0.0248

Àverage "124 ,A72 14.28 17 "39

Pride
1 108

30.s
25
19
1s

.116

.113

.124

.1 47

.062

.067

.068

.081

9, 68
7 .17

11 .57
25.39

10,92
9. s8

13,69
25,67

0.0603
0 . 0488
0.0295
0.0160

0.0609
0.0495
0.03'13
0.0173

Àverage ,125 .081 13.44 14.97

0vera11 Average .121 .070 13 ,32 1 6. B0
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available waLer. For a given hybrid and temperature the rate curves for

the two soils coincide reasonably we11" Àpproximately equal germination

rates between different soit types has been observed for wheat (Ward and

Shaykewich, 1972). The parameters obtained from fitting equation 3.3 to

the data for each of the 3 hybrids are given in Table 10.

As was the case with emergence rate curves, the plateau region of the

germination rate curves extended to lower moisture contents as tempera-

ture decreased. Generally at higher RAW the loamy sand curves l¡ere

slightly above those for the clay Loam but as RAll decreased the position

of the curves was reversed.

In the model R = Rmax {l - EXp(S n¡W)}, S(pG) generalLy increased

slightly with decreasing temperature (rable 10).. Rmax again decreased

with decreasing temperature. Rmax for 403 and 1108 at 250C was greater

than Rmax for 3995 at 30.50C. The rate curves were thus hybrid depen-

dent and could not be combined further as was done for emergence" Rmax

for germination were substantially larger tLran Rmax for emergence,

reflecting the shorter times needed for germination than emergence.

The variable called Ratio (table 5, p. 63) is the ratio of iime to

germination:time to emergence under conditions with optimum moisture.

The values of Ratio for 3995 vrere larger than those for 403 and 1108,

due in part to the larger seed size of 3995. One would expect that

longer times would be needed to attain the critical water content needed

for germination. I,lithin hybrids, Ratio decreased with decreasing temp-

erature. I.lith decreasing temperature, the time required for germination

increased at a slor+er rate than the time required for emergence, i.e.,

the Qro for germination was less than the Qro for emergence. The lower
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TABLE 1 O

Maximum germination rate (Rmax) and rate constant
hybrid-temperaLure combination in the model: Rgerm= Rma

(s) r
x{1-e

or eaeh
xp[-s RAI,¡] ]"

Temperature
(oc)

Rmax
(h- 1 

)

S pz

Pioneer 3995

30.5
25
19
15

0.0455
0. 03'1 2

0.0216
0.0149

3.79
4.38
4.85
4.59

0,98
0"99
0.99
0. 99

Northrup King 403

30. s

19
'1s

0.0694
0.0643
0.03s1
0 "0228

2

4
4

,74 0. 99
0"99
0. 99
0.98

.98

.28

.58

Pride '1 108

30. s
25
19
t5

0.0605
0"0483
0.0308
0.0173

3"18
2.62
3.43
4.51

0. 99
0. 99
0"99
0"99
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Qro for germination may reflect the much larger portion of that stage

that was dependent on waLer movement to, and uptake by, the seed (phys-

ieal processes). 0n the other hand, the processes occurring during

gernination to energence are more biological. This is supported by Lhe

view that physical processes have a much lower Qro than biological

processes (t'tiedena , 1982).

PloLs of Rmax and S for germination as a function of temperature are

given in Figures 7 (p. 65) and 10, respectively. For each hybrid there

r+as a definite linear relationship between Rmax and temperaLure. To

determine the relationship of Rmax to temperature, linear regression

analysis was used to fit equaiion 3.4 to the data. The parameters are

listed in Tab1e 6 (p. 67). For S, the only noticeable trend for all 3

hybrids r+as an overall decrease in S with an increase in T (Figure'10)"

t'or each hybrid, the relationship of S to T was significani at the 0,05

level.

The base Lemperatures, Tbase, for germination þ¡ere approximately

equal to 7.90C. Miedema (1982) observed miniumum temperature for germi-

nation slightly above 60C. Bierhuizen (1973) reported Tbase may raRge

between 80 - 100C. Tbase for germination was lower than Tbase needed

for emergence. As stated earlier, this may reflect the importance of

biological processes involved in emergence as opposed to the importance

of physical processes involved in germination.
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Figure 10: Rate constant, S(PG), for germination plotted as a function
of temperature.
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7.3 5_qå cERUJNÀrroN T0 50% EMERGENCE (cE)

Using the equations deveLoped from the emergence and gernination

data, the rate of germination to emergence (Cn) was determined by

subtracting the calculated time to germination from the calculated time

to emergence. From the calculated times of GE, rate curves for GE were

generated and analyzed following ihe same procedures outlined previ-

ously. The parameters for the linear regression analysis of the data

are listed in Table 6, Þ. 67,

There were relativeJ.y small differences in Rmax among hybrids. Rmax

for 3995 vlas now larger than that of 1108 followed by 403, the reverse

of the order in the two previous stages, PG and PE. The base tempera-

tures were ' approximately equal t.o .11 .50C (Table 6) , slightly greater

than Tbase for emergence. Since Tbase for PE would be a weighted

average of Tbase for PG and GE, it was expected that Tbase for GE should

be ì.arger than that for PE.

The differences in base temperatures for germination and emergence

are not easily expiained. As stated previously both seeding depth and

the defined criteria of emergence can alter the base temperature for

emergence. CelI division may not be needed for germination (Haber,

1962¡ Miedema , 1982), Seeds exposed to lethal doses of gamma radiation

to prevent cell division may sti11, under proper conditions, show signs

of germination (Haber, 1962). Presumably the upiake of water by Lhe

embryo results in cell enlargement causing the protrusion of the coleo-

rhiza through the seed coat (germinatíon). However, cell division and

ce11 enlargement are both required processes for emergence. These



factors may combine in some way to alter

for germination and emergence"

80

+"he base iemperaLures needed

7,4 ROOT ELONGÀT]ON

In early seedling growth, bot.h root length and direclion can be very

important in obtaining water for subsequent growth. Äs the surface soil

layers dry, the roots need to grow to deeper soil oepths where water may

be more plentifut. The direction and length of root growth depend on a

number of factors, ê.9. soil temperature, soil aeration, soil strength

and soil moisture.

Root lengths of the individual hybrids were measured at harvest and

are listed in Table.11" For each hybrid and temperature, as moisture

conte.nt decreased, the root lengths generally decrease. The response of

the roots to moisture content was hybrid dependent. All hybrids were

responsíve to decreasing moisture contents but 3995 was less affected

than was 403. The hybrid most affected was 1108. Similar observations

occurred for the GE stage of emergence. Às temperatures decreased,

progressivel.y longer times were needed to attain a given root length.

At'100C root growth was minimal but all the hybrids had germinated and

had some degree of root growth.

Figure 11 is a plot of root elonEation rate versus relative available

water for Pioneer 3995 grown in the Carroll clay loam soil at four

different temperatures. Elongation rates v,ere determined by first

subtracting the calculated time to germination from the time to harvesL"

The mean root length was then divided by the tin¡e from germinatíon to
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TÀBLE 1 1

Hean root lengths (crn) at harvest as a function of vol.umetric aater
content and temPerature.

Temperature HYbrid volumetric rlater content (cc Hater/cc soil

CarroII clay loam
30.5

Pioneer 3995
Northrup King 403
Pride 1i0B

,297
to I

(93)i .258(93)
(2.0)*16.8(2.8)
Q.2\ 19 .2(1 .9\
(2.1) 13.6(3.0)

.200(141
19.3(3.9
15.4(5.4
12.6(3.6

.1s0(28s)
18.2(s.9)
11.1(4.4)
7.0(2.9)

19.3
16.6

25 .366(145)
20.9(3.0)
20.2(2.8)
20.7(3.s)

294 ( 145 ) .7.25(16'? I .176(
18.9(
14.6(
9.6(

240 .1s6(380)
18.2(3.s)
11.1(r.9)

1 .6(2.8\

i29\
4.s(
2.6(
0.5(

64

1.
1.

6
0

B

0

Pioneer 3995
Northrup King
Pr ide .1 

108

16. 9
18.3
16.9

J. t

2C

) 20.1(3.3)
) 17.9(3.i)
) 14.3(2.9)

4.+
4.3

19 .337 (21 6l
22.2(5.4\
23.3(4.9)
20.9(1.9)

.27 0 {216t
19.4(3.3)
19.3(3.1)
16.0(2.8)

.215(264
18.0(2.0
16.8 ( 2. B

10.8 ( 3 .7

157(s20) 1s9(600)
9.8(2.1)
8.1(2.3)

129(1050)
5 .6(2 .7 \
3.9(1.7)
2.1(0.9)

Pioneer 3995
Northrup King
Pride 1108

14.6(3.7)
11.5(2.8)
5.5(1.4) 6.6(1.8)

'I 5 33s(280).3 16(4
1(1

.J(J
)17

10

.7

.2

.8

.233(410) .185(s07)
14.6(4.2)
11.6(3.4)
6.6(2.8)

1s6(720)

Pioneer 3995
Northrup King 403
Pride 1108

17
IJ

'1(e.61
8 (7.8 )

2(3.71

14.2(
14.6(
11.1(

3.4 )
? o\
2.8)

12.7(4.2\
2 8.4(1.s)

s.4(1.s)

Àlmasippi loamy sand
30. s

Pioneer 3995
NorthruP King 403
Pride 1 108

.331 ( 95)
1s.4(3.3)
16.1(2.7)
1s.6(2.2)

.228( 951
15.4(3.0)
17.2(3.8)
14.4(3.2)

.1s3(
19.9 (

14.0(
1 L(

143)
4.s)
2.91
1.6)

. 108
21 .8
9.9
8.8

(263)
(5.9)
Q.7)
(2.5)

.095 ( 253 )

1s.7(6.3)
9.4(2.s)
7.7(1.7)

34
B.
5.
6.

6

5

5
7

I
I
7

5

225(11
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13.4(3.1)
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11.9(
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9.7(3.0)
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Northrup King
Pride 1108
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5.1) 7.8(2.3
4.4 ) 7 .5(2.7 s.1(2.3)
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7.3
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B

4

0

B
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ç
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B(s.1)
5Q.71
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4.3
4.3
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5
E

1

0

Pioneer 3995
Northrup King 403
Pride 1 108
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5

3(3.1
s(1.4
9(1.3

IN
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umbers in brackets are the number of hours after planting when harvest occurred.
unbers in brackets are standard deviations'
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harvest. This calculation assumed constanl elongation rates simiiar to

f indings of Blacklow ('1972b) and Miedema f982), The shapes and rela-

tive positions of Lhe curves were similar to those plotted for germina-

tion and emergence. Maximum elongation rate of the primary root

occurred at lower water contenLs as temperature decreased. Às was

observed for emergence, the plateau regions extended to lower water

contents as temperatures decreased.

Morphologically, roots vlere not iceably thinner as temperature

increased. Roots grcvrn at 150C were thicker, less branched with much

fewer root hairs than those grovrn at the 3 higher temperatures. The

effect of bulk density on the growth of these roots at low temperalures,

was striking. Compared to the clay loam (bulk density=1050 Kg m-3)

roots grown at 150C in lhe loamy sand (bulk density=1380 Kg m-3) rlere

very thick, short, with no branches and no root hairs.





PART TV

FIETD STUDY



Chapter I

MÀTERIÀLS AND METHODS

To study the effects of environment on corn phenology, field experi-

ments were carried out during the growing seasons of 1980 to 1983" Site

location and soil type are given in Table 12. Àt each site, except Vita

198'1, 3 corn hybrids were grown - two early maturity hybrids, Pioneer

3995 and Northrup King 403, and one medium maturity hybrid, Pride 1108.

Because of flooding and soil type differences at Vita'1981, NK 403 and

Pride '1'108 were monitored f rom planting to emergence and only Pride .1108

h'as monitored thereafter. The plots were fertilized to meet or exceed

soil test recommendations.

8.1 SITE DESCRIPTION

Six sites - Poplarfield, Treherne, Arborg, Vita 1981 and 1982, Fisher

Branch - e¡ere established in cooperation with the Manitoba Corn

Committee and the Agro - Man Corn Project. The Portage sites were

established at the Department of Plant Science field station, Portage la

Prairie. The Glenlea siLes were established at the GIenlea Research

Stat i on .

85-
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TABLE 1 2

Site location, statíon number and soil types.

Station, Year
and Legal

Descríption

Àbbreviation Station
number

Lat i tude
(degrees)

Soil Type

Poplarf ield 1 980
NW 8-22-3W

Pop80 50.9 Inwood Sand

Portage 1 980
NE 30-1 1 -6W

Por tB 0 2 50.0 Gnadenthal CIay Loam

Glenlea 1 980
Lot 6-8-38

GIenB 0 ? 49.6 Red River CIay

Treherne 1 980
NW 9-8-1 0W

TreB 0 4 49.6 Holland Loam

Arborg 1 98 1

Nw 20-22-2F,
Àrborg 5 50.9 Tarno Clay

Portage 1 981
NE 30-1.1-6W

Por t 8.1 6 50.0 Gnadenthal Clay Loam

Glenlea 1 981
Lot 6-8-3E

GlenB 1 7 49.6 Red River Clay

vi ra .1 
981

st^i 21-3-78
vi ta8 1 I 49,2 Pine Ridge Sand

(poorly drained)

Glenlea 1 982
tot 6-8-38

GlenB 2 9 49.6 Red River Clay

Vi ta .1982

sÏ^t 19-1-88
vi ra82 10 49.1 Pine Ridge Sand

Fi sher Branch '1983 Fish83
NI,¡ 1 5-23-1W

11 s1 .0 BaImoraI Clay Loam
(tiff substrate)

GìenIea 1 983
tot 6-8-3E

Gle nB 3 12 49,5 Red River Clay
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8.2

8"2

¡'tEÀsuREuENTÊ

1 S_qil Characterist:!ts, Soil }dç¡_istUle a¡d 5oi1 Temperature

Soil characteristics are shown in Table 13. Bulk densities were

determined using the method described by Zwarich and Shaykewich (1969),

Field capacity and permanent wilting points were determined using equa-

tions 2.'1 and 2,2 f.rom Shaykewich (1965). The 33 and 1500 kPa water

contents were determined using the standard pressure membrane technique,

Particle size analysis and particle densit.ies were determined using

standard soil analysis procedures.

}.Iithin row soil moisture contents were determined on a weekly basis

from planting to silking. Soil moisture contents were determined gravi-

metrically in 5 cm intervals to a depth of 20 cm. Four to six repli-

cates were taken per plot. Soil moisture below 20 cm was determined

using the neutron scattering method. Because of equipment mal-function

this data was discontinuous and of questionable accuracy.

Soil temperatures (Sr) r,lere measured from planting to silking except

at Portage 1981 where soil temperatures were measured from planting to

the starl of stem elongation. Soil temperatures were not measured ai

Treherne 1980 or Vita 1982, Readings were taken at least once every 3,,

hours by using automatic recording potentiometers.l Thermocouples were

positioned on wooden stakes placed in the soil within the corn rovrs so

that temperatures were measured at 2.5, 5, 10 and 20 cm depths" Six

replicates for each depth r,lere recorded except tviLh the Granl recorder

a) Honeywell multipoint recorder from Honeywell Induslrial Products
Group, Phila., Pa. b) Campbell CR-5 digital recorder from Campbell
Scientific Inc., Logan, Utah. c) Grant Lemperature recorder from GranÈ,
Inslruments ttd., Toft, Cambridge"



TÀBT,E 13

soil characteristicst, pRop and seed depth for each stat ion.

Station Station Seed
Number Depth

(cm)

PROP Particle
Density
ls/ccl

Bul k
Densit

( q/cc
v
)

Volumetric llater Contents(cc uater/cc soi 1 )
Fiel.d Permanent

Capacity Hilting point
0-15 >l5 0-15 >15

Particle Size (t) Texture
Sand SiIt Ctay

0-15 0-15 >ts

PopS 0
Port80
Glen80
Tre80
Arborg
PortS l
GIenS 1

vita8l
GLenB2
vi râ82
FishB3
Glen83

1

2

3
4

5
6
1

I
9
0
I

6.0
6.0
5.0
5.0
7.0
5.0
5.0
7.0

1 2 ,62 1

0
0
1

1

1

1

1

1

1

1

1

22
87
94

.50 .25
.40
.42
.30
.42
. {4
.45
.32
.46
.22
.29
.46

.15

.45
c?

.30

.48

.45

.52

.2q
qt

.36

.52

.25

.2
ac

.7

c

.2

.8

.6s

.7

.0?

.20

.24

.07

.19

.20

.24

.10
-24
.04
.12
.24

.02

.19

.24

.07
t1

.19

.24

.03

.24

.04

.17

.24

8 3

9
4
4
q

9

.,1

4

0
9
4

15.
53.
26.
32.
48.
53.
26.
12.
26.

{
0
7
4

5

0
7

9
1

0
7
1

3

36
67
I

48
36
67

4
67

2

3
1

9
2

0
1

9
5
9
0

9

LS
SICL

c
SL

src
srcL

c
LS

c
LS
CL

c

2.56
2.60
2 .60
2.51
?.56
2 .60
2 .61
2 .60
2.57
2 .62
2.60

.11

.0

.04

.06

.09

.06

.29

.03

.23

.21

.49

.32

.23

.21

.51

.21

.56

.48

10.
q

59.

12
7.0
6.0 .02 1 .21

3.
10.

q

82.
5.

83.
34.

c

I5
35
26

29.
67.

t Particle density, particler PROP - partitioning factor
size and
Ior vater

texture apply to 0- 1 5 cm layer only
withdrawal from the soil profile.

co
co
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llhere only 2 replicates lrere recorded.

8,2"2 Crop Measurements and Observat i ons

The phenological development of corn was divided into various stages

- planting Lo emergence, emergence to stem elongatíonr sLem elongation

to silking. The phenological events marking the beginning and/or end of

the stages vlere defined as: 1. emergence - coleoptile just emerging fronr

soil surtace 2. stem elongation - that time when the growíng point of

the corn plant first extended above the soil surface. This phenological

event was considered to have occurred when approximately 2.5 cm of hard

stem could be measured above the soil surface. 3. silking - silks just

beginning to emerge from the ear sheath.

Dates when 50eo of the corn plants reached the respective phenologieal

events were determined from'weekly visits to each of the sites. Because

the plots were observed once a week, linear interpolation was used to

estimate the dates when 50eo of the plants completed the respective

stage. An example of the interpolative procedure follows:

DAY 1

'10 emerged seedlings
DAY 8

40 emerged seedlings

If the total number of seedlings which finally emerged was 50 then

50eo emergence Q5 emerged seedlings) occurred someday between DAY's 1

and 8. To find this day the following formula was used:

DATE = (u¡v g-oev 1 )

7 115/3ol)
"5

{ (zs-ro)/(40-10) }l

50eo emergence occurred on approximately the fifth day.

DA

DA

DA

DA

Y1+[
Y.1 +[
Y1+3
Y 5.
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The number of emerged leaves $rere also determined on a v¡eekly basis.

À leaf was counted as emerged when the Lip was visible above the leaf

whorl" Dates on which the phenological events occurred and appropriate

leaf number are given in Àppendix D.

All crop measurenents and observations were made at 4 randomly placed

3 to 4 meter strips for each hybrid at each site, A total of at least

40 p).anls per hybrid from each site were used for observation and meas-

urement purposes

Seed depth (Tab1e '13) was measured by physical removal of young

seedlings from the soil and measuring from the position of the soil

surface on the seedling to the attached seed. Accurate measurements of

seed depth and date of emergence rlere not obtained for Glenlea 1982 and

Vita 1982. Seed depths were assumed to be 6 cm and the emergence model

was used to estimate the date of emergence at these two sites. For the

emergence model actuaL soil temperatures were used for Glenlea 1982

while estimated soil temperatures were used for Vita 1982.

8.2,3 Weather Data

Daily measurements of rainfall, maximum - minimum air temperature and

solar radiation were taken from planting day untiJ" final harvest. À11

weather data was collected at the experiment sites. A standard climato-

logical station is located at the Glen1ea Research Station. At all

sites pyrheliographs2 were used to measure solar radiaLion. Rainfall

Pyrheiiograph, Belforl Instruments, Baltimore,
Pyranograph" heather Measure, Sacramento, Calif .

Md" Mechanieal



and temperatures vrere measured using recording rain

ermographsa at all siLes except Glenlea.
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guages3 and hygroth-

8.3 MODELS AND ANALYSiS

1 t'todel Description8.3

8,3.1.1 SoiI MoisLure Model

Soil moisture contents were measured once a week" To use an emer-

gence nodel based on the controlled environment study, daily soil mois-

ture contents for the surface 0 - 20 cm would be required. À soil mois-

ture model was developed to estimate daily moisture contents. This

model vras iteratively fitted to the field measured soil moisture

contents.

The soil moisture model is given in Àppendix À" The mode] is a modi-

fied version of the'mimic'procedure developed by van Keulen (1975).

The daily soil moisture content is obtained from the summation of calcu-

lated daily infiltration and loss by evaporation. Rainfall is assumed

+"o infiltrate and redistribule throughout t.he profile instantaneously.

Actual evaporation is calculated as a function of the potential evapo-

transpiration and the water content, ' dryness', of the soil surfaee

layer - the thickness of which was set equal to 2 cn, Ritchie and

Burnett f971) found evaporation decreased rapidly as the surface 3 cm

dried"

3l^¡eighing Rain Gauge. Belfort Instruments, Baltimore, Md.

a Hygrolhermograph.
Hygrothermograph,

Belfort I nstruments,
Weather Measure, Sacramento,

Balt ímore ,
Calif"

Md
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In Lhe model the soil profile was divided into I layers, the thick-

ness of which increased with depth - 2,3,5, 5, 5, 20, 30 and 50 cm.

ÀIl rainfall was assumed to enter the soil profile, i.e., no runoff.

Infiltration and distribution of rain water was assumed instantaneous

with each layer filLing to field capacity before water drained to Lhe

next Iower layer, Actual daily evaporation was obtained by multiplying

the potential daily evaporation by a reduction factor due to the dryness

of the surface layer. The potential daily evaporation was calculated

using the regression equation of Baier and Robertson (1965):

PE = .0085 [.gZe Tmax + .933 (rmax - rmin) + .0486 ç - 87.031 (4.1)

where pg = potential evaporation (cm/day)
Tmax, Tmin = daily maximum, minimum temperatures (0p)

Q = daily total solar radiation at the top of
the atmosphere kal/(cm2-day) ) .

Solar radiation was measured at each site and therefore could have been

used, along with air temperature, to estimate daily PE with the appro-

priate equation (such as the Prieslly-Taylor (972) equation). However,

solar radiation is measured at only very few weather stations in

Manitoba. It was therefore thought more applicable and practical to use

the Baier and Robertson (1965) equation to estimate PE. Actual daily

evaporation was calculated using the folLowing equation:

ÀE = PE (nnDucr)

where REDUCT = 0.
=fì

AE, PE = ac

ÀctuaI evaporation

surface layer, Fs1.

layer available for

5 0"5
9 + 0.
075 -
LuaI,

1 Fsl for Fsl > 0.5
0.067 FsI + 3.568 Fs12 for Fsl
potential evaporation (em/day) 

"

t+as expressed as a function of the netness

Fsl is the ratio of the actual waLer in the

evaporation to the potential amount of water

(4.2')

of the

surface

in the
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the J-ayer wassurface layer Lhat

at field capacity.

wculd be available for evaporation if
Fsl can be calculated using:

Fsl = (e - ead)/@te - oad) (4.3)

where Fsl = f.raction of water in surface layer (0-2 cm)
available for evaporation

0 = vo1umetric waler content of the surface layer
(cm Hz}/cn soil)

Oad and Ofc = air dry and field capacity water contents,
respectively, of surface layer (cm HzO/cn soil).

While equation 4.2 calculates the amount of water lost from the soil

profile (to 120 cm) due to evaporation, an exponential function was used

to partition this loss over the I soil layers. The ease of water with-

drawal from a given Layer v¡as assumed to be directly proportional to the

water content of the layer and inversely proportional to an exponential

function of the depth of each layer and an extinction coefficient, PROP.

VAR(L) (e(l) - oad(r))
0.0

EXP( (-PRoP) onprH(r) )

for o(r)<ead(r)

volumetric waLer content
HzO/cn3 soil)
to centre of layer t (cm)

for o(r.)>eaa(r) (4.4)

where vÀR(t) = relative ease of water withdrawaL
e(t) = volumetric water content of layer L

f.

(

of

rom layer L
cm3 Hzo/cns soil)
layer LOad(t) = air dr

(cm
DEPTH(L) = depL

J

h
L = Iayers in soil profite (l to 8)
PROP = extinction coefficient.

The'partitioning factor tt'as calculated using the following relationship:

VAR(L) (4"4A)
PF(t)

where PF(L) = o";:¿:i"iå:3 f?:å"i;rå:";:t" 
of evaporative

I
E VÀR(t)

L- |
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Decreasing PROP increases the proportion of water extracted from the

lower layers. The water content of each layer was obtained by adding

water gained through infiltration to, and subtracting that Iost through

evaporation from, the previous day's water content for the respective

soil layer.

8,3.1 ,2 Emergence Model

The equations developed from the controlled environment emergence

study were incorporated into a compuLer progran (Appendix n) to simulate

emergence under field conditions. To adapt the controlled study equa-

tions to field conditions, several assumptions were incorporated into

the model.

Because temperature gradients exist under field conditions roots may

be developing under a different soil temperature regime than shoots.

However, for the model it was assumed that the temperature at seed depth

influenced the seedling (both roots and shoots) throughout the emergence

stage. Seed depth temperatures !{ere obtained by linear interpolation

between the measured (or estimated) soil temperatures above and below

seed depth using the equation:

r = Tr- {[(rr- Tz)/zJ (uuPrH - x)]

where T = seed deplh temperature (0c)
Tl, T2= IItêêsured soil temperatures above and

below seed depth (0c), respectively
Z = difference between the depths at which Trand Tz

r+ere measured (cm)
X = depth at which Tr v¡as measured (cm)

DEPTH = seed depth (cm).

(4.5)
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Many simplifying assumptions vlere used in determining the moisture

conLent to be used in the emergence equation, Moisture contents vrere

calculated using the soil moisture model. Since the seed was planted

deeper than 5 cm, it was assumed that only the moisture in the third (S

- 10 cm) and fourth (10 - '15 cm) layers r''as available for germination

and emergence" In an attempt to include the influence of moisture

gradients and moisture movement within the soil profile on the rate of

emergence, the moisture content used in t.he emergence equations was

determined in the following manner:

O = 0.75 e(3) + 0.25 e(4) (4.5)
(when planting to emergence stage less than half completed)

= 0.25 0(3) + 0.7b 0(4)
(when planting tc, emergence stage more than half completed)

where 0 = volumetric moisture content influencing emergence rat,e
(cm3 H zo/cn3 soil)

e(3), e(4) = volumetric moisture contents of Layers 3 and 4,
respectively (cm3 H zO/cn3 soil).

It was reasoned that when the planting to emergence stage was haLf

completed the roots would be growing into the fourth layer. This layer

would then beconre the major source of moisture to the emerging seedling.

The directional growth of roots has also been shown to be influenced

by temperature gradients (Sheppard and Mi1ler, 1977). Roots do not grow

vertically down from the seed but grow at an angle determined by the

temperature regime in the vicinity of the seed. Àlthough root growth

rates were observed to increase with temperature, the controlled study

also shov¡ed that the germination phase occupied a larger portion of the

emergence period as temperatures increased. For a given temperature

increase, root growth rates would increase, lhus decreasing the time

from germination for roots to reach a specified depth. However, the
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germination process l.rould occupy a higher percenbage of the duration

from planting required by the roots to reach a specified depth" The

Lime from planting for the roots to reach a specified depth r+ould there-

fore be influenced by temperature through the two separate events; with

Lhe change in one tending to offset the change in the other. Based on

these observations and assumptions, the accumulated development of 0,5

rvas assumed to be the time at which the roots entered the fourth layer

which was independent of the temperature regime.

The daiLy emergence rate was calculated using the equations deveJ-oped

from the controlled environment study. The moisture content calculated

using equation 4.6 was converted to relative available water (nnw) by:

$f = I
=!

RÀ e - e(pwp)l/te(r'c) - e(pwp)l
"0

for O>0(pwp)
for OSê(pwp)

(4.7)

where RAW = relative available water
0 = volumetric moisture content from equaLion 4.6
0(pwp), e(FC) = volumetric permanent wilting point and

f ield capacity, respectively"

The emergence rate was calcuLated by the exponential. equation:

R = Rmax 11 - ExP(-S RAvr)l (4.8)

where R = emergence rate (hr-1)
Rmax = emergence rate at optimum moisture (hr-1)
S = rate constant
RAW = relative available water.

Rmax was found to be a function of temperature only and described by the

Iinear equation:

(4"e)Rmax = 0.00089 (T - 10.8)

where T = temperature (oC).



When T S .10.8, 
Rmax was set equal

cceffícient had been found to be

laLed by the equation:

DR = 12 n(STmax)
= 12 R(STmax)
-0
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to zero. The moisture sensitivity

temperature dependent and was calcu-

s = 8.1965 - 0.3229 T + 0.0055 T2 (4.10)"

For a given day, the above equations were used to calculate hourly emer-

gence rates for the appropriate maximum and minimum'soil temperatures.

0 was assumed to be constant throughout lhe day and therefore RAI^7 would

also be a daily constant. lthen minimum soil temperature (Sfmin) vlas

above the base temperaLure, Tbase=10.80C, the hourly rates at both daily

maximum and minimum temperatures r+ere multiplied by 12 hours and added

to give the daily emergence rate. I f STmin rr'as below Tbase, only STmax

multiplied by 12 hours equaled the daily rate. When STmax was less than

Tbase, daily emergence rvas zero. Mathematically, the above could be

expressed as:

(4.11 )

where DR = daily rate of emergence
R(STmax) = hourly development rate for STmax
R(Srmin) = hourly development rate for STmin.

Thus, the method used to calculate the daily rate assumes a sguare wave

daily temperature function. This was considered to be an improvement

over using the average daily soil temperature. In that instance, if the

average fell below Tbase, the daily development rate would be calculated

as zero even if STmax were above Tbase. Thus the time during which

development could have occurred would not have been taken into account,

+ 12 R(Srmin) for STmin > 10.8
for STmin < 10.8, STmax > 10.8

for STmax < 10.8
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Another alternative would have been to use a sine function to calcu-

late hourly temperature from STmax and STmin, However, many of the heat

unit equations used for practical purposes and by researchers use daily

maximum-minimum temperatures which would be equivalent to a square vrave

temperature function" It was therefore decided to continue to use daily

maximum-minimum instead of calculated hourly temperatures in estimating

daily development units.

It was assumed that energence occurred when:

E DR = .98 (4,12) 
"

Normally, emergence would occur when the sum of the daily rates equals

or exceeds .1.0 but it was found that a value of .98 resulted in more

accurate estimates.

8.3.1.3 Iteration Mcdel (Ir uodel)

This model (Àppendix C) used an iterative procedure to obtain the

best fit of the development rate (tf') equation to the field data. The

criterion for best fit was determined by the lowest eoefficient of vari-

ation (cv). The IF equation was expressed as:

B

IF = (tnmax/c) {(r - Lcr) (ucr - t) } (4"13)

)(
)/(
tr

where Ç=(ropt-tcT
þ=(uct-ropt
IF = developmen
IFmax = maximum
Topt = optimum
LCT, UCT = lowe

B

UCT - Topt )

Topt - LCT)
aÈe

(4.13A)
(4"138)

development rate, assumed equal to 1.0
temperature for the function (curve)
r, upper critical Lemperatures

for the function, respectively.
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For a given function, LCT would be the cardinal temperature below which

development would not occur, and UCT would be the cardinal temperature

above which development would not occur. With lFmax assumed equal to

one, IF becomes, in essence, a relative development rale. By assuming

IFmax - 1 .0 the iterative procedure rvas simplified tremendously. I f

IFmax were not assumed to equal 1.0 it would have to be solved for in
the iterative procedure. This would necessitate 2187 separate runs of

the model on a daily basis for each location. with IFmax = 1.0, 729

runs would be needed resulting in a tremendous decrease in computer

t ime.

To iteratively fit the IF equation to the field data, it was assumed

thab the corn plants had two T response functions; one for Tmin and one

for Tmax. For the two equation approach, there were 6 cardinal tempera-

tures; 3 of each equation. Each cardinal temperature r,las assigned an

initial value. Each of these initial temperatures lvas increased by a

given value, x, and then increased again by twice that value so that the

following ternperat,ure matrices resulted:

Equation 1 (f
tCT Topt.
LCT+x Topt+x
LCT+2x Topt+2x

Equation 2 (T=Tmax)
tCT Topt UCT

LCT+x lopt+x UCT+x
LCT+2x Topt+2x UCT+2x

in)Tm

UCT
UCT+x
UCT+2x

Initially x lvas given a value of 50C. The values above were substituted

into equation 4.13. Using dail.y temperature data from the beginning to

end of a given stage, a contribution to daiJ.y development from both Tmin

and Tmax was calculated.

R=tF(Tmin)+IF(Tmax) (4.14)

where R = relative daily development raLe
iF(Tmin) = equatíon representing response
IF(Tmax) = equation representing response

function
function

to Tmin
to Tmax.
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1

The Caily development rates,

stage.

Sum =

8.3.2

100

R, r¡ere summed over the duration of the

(4,15)
n
ER

l= I

where Sum = accumulated daily rates from beginning lo
completion of stage (for a given location)

i = day number
n = last day of stage (duration of stage and was therefore

location dependent )

R = relative daily development rate.

For these sums over all station-years, the mean and standard deviation

were calculated. The combination of LCT, UCT and Topt for Tmax and Tmin

giving the lowest coefficient of varia+,ion was selected for further

study. À value of 20C r+as novr assigned to x and the process repeated.

Finally, x was assigned a value of '10C in order to 'zero. in' on the

values of LCT, UCT and Topt. Thus, t,he equations were evaluated at all
possible temperature combinations and the criterion for selection of the

cardinal temperatures rvas the lowest coefficient of variation.

8.3.2 Plantinq to Emerqence Staqe

1 umpirical Estimation of Soil TemperaLure

Linear regression analysis was used to develop empirical equations

relating soil temperatures al 2.5 and 5.0 cm lo aerial weather vari-

ables; and soil temperatures at 10 and 20 cm to the 2,5 and 5.0 cm soil

temperatures. Maximum soil temperatures at each depth were regressed

against the current and previous days air temperatures, solar radiation

and calculated daily soil moist,ure content of the surface soil layer"

The same procedure was used when regressing the minimum soil tempera-

tures against the aerial weather variables" Only those variables that



added significant).y at the P=0.05 level to the

in the resulting equations.
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regression were included

To empirically relate soil temperatures to aerial weather variables,

the soils were divided into two groups, coarse and fine, as defined by

their textural class. Fisher Branch 1983 was included with the coarse

soils because of a high coarse sand content, a light surface color and a

Iow water holding capacity (table 13, p. 88) relative to the other soils

in the fine group. The resultant regression equations are listed in

Tables '14 and 1 5.

8 "3 ,2 .2 So i I t'¿o i sLure Mode1

Soil moisture contents were measured on a weekiy basis. To mcdel

corn emergence using the equations developed from the controlled envi-

ronment study, a daily estimation of the water content of the surface

soil layers lvas needed. The infiltration - evaporation model was itera-

tively run adjusting PROP until the best fit between actual and esti-

mated fieid values was obtained. PROP is the partitioning coefficient,

Decreasing PROP increases the proportion of water extracted from the

lower soil layers. The model vras run for a minimum of 3 weeks for each

site starting with the planting day when the first moisture samples were

taken" For each location, 3 to 4 field observations were compared to

the estimated values. The PROP values giving Lhe best fiL for each

iocation (table'13, p. 88) were used in estimating evaporation and hence

daily moisLure slatus"
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TABLE '14

Regression equations developed to estimate daily maximum and minimum
soil temperature for coarse textured soils during planting to 50e"

emergence + 7 days.

Depth (cm) Equation R2*

2.5

STmax =
STnax =
STmin =

6. s6
1 .3s

+ .8 Tmaxl
+ .82 Tmax + .0092 RÀD
+ .B Tmin

.85

.90

.932.49

5.0

STmax = 5

STmax = 2

STmin = 3

STmin = 3

.86
q,

.87

"84

+ .7 Tmax
+ .53 Tmax +

+ .69 Tmin
+ ,64 Tmin +

.22 Tmin + .0094 RAD

. 0'1 (PTmi n ) 2

.85

.87

.89

.93

10

STmax =
STmax =
STmin =

.07 + .77 STmaxs

.5 + .55 STmax5 + .29 STmins
1.98 +.9 STmins

.90

.95

.96

20

STmax = 3.99
STmax = 0.83
STmin = 1.03

+0
+0
+0

.87 STminro

.4 STmaxro + 0.53 STminro

.89 STmin r o

.86

.94
q?

*À11 equations significant at P=.00.1
tPTmin = previous days minimum air T, 0C

RÀÐ = daily solar ràdiation received at site, cal/(cm2-day)
STmax, STmin = maximum and minimum soil temperatures for the

specified depth, respectiveLy, oC

STmax5, STmins = maximum and minimum soil temperatures,
respectiveJ.y, at 5 cm öepth, oC

STmax1s, STmin1s = Inêximum and minimunr soil temperatures,
respectively, at'10 cm depth, oC

Tmax, Trnin = maximum, minimum air temperatures, respectively, oC.
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TÀBLE 1 5

Regression equations developed to estimate daily maximum and minimum
soil lemperature for fine textured soils during planting to 501"

emergence + 7 days.

Depth (cm) Equation R2*

2,5

STmax = 3.5
STmax = 0.8
STmin = 2,8
STmin = 2.1

7+0
5+0
4+0
6+0

,84 Tmaxl
,72 Tmax +

. i I 'l'm]n

.54 Tmin +

.0093 RAD

.1 PPTmin + .0029(Ptmax)2

"80
.85
.78
.83

5.0

STmax =
STmax =
STmin =
STmin =

5.0 +

3,25 +

5.22 +

1.66 +

.63 Tmax
.55 Tmax +

.6 tmin
0.2 PTmax +

.006 RAD

.38 Tmin + .14 PPTmin

,79
.84
.75
.84

10

STmax = 2

STmax = 2

STmin = 2

.69

.19
+ ,66 STmax5
+ ,52 STmax5 + .32 STmins
+ ,82 STmin r

,82
.92
"9556

20

STmax = 3.'16 + .82 STminro
STmax = 0.29+1.13 STmaxro+.25 STminro-.43 STmax5
STmin = 0.94 + 0.87 STminle

.84

.95
o2

*À11 equations significant at P=.00i
IPPTmin = lhe two day previous minimum air temperaLure, 0C

PTmax = previous days maximum air temperature, 0C

RAD = daily solar radiation, cal/(cmz-day)
STmax, STmin = maximum ano minimum soil temperatures for the

specified depth, respectively, oC

STmax5, STmin5= nìâximum and minimum soil temperatures,
respectively, at 5 cm depLh, oC

STmaxls, STminl¡ = nìâximum and minimum soil temperatures,
respectively, at 10 cm depth, gC

Tmax, Tmin = maximum, minimum air temperatures, respectively, oC.
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8"3"2"3 Emergence Model

The emergenee model þJas run using actual and estimated conditions,

Both actual and estimated daily soil temperatures were used in the model

in conjunetion with estimated soil moisture contents. The model was

also run assuming moisture was nonlimiting to deternine the magnitude of

"the contribution of moisture to the emergence rate. As well, the model

rlas run using the measured average seed depth for each location and an

assumed seeo depth of 6 cm. If an emergence model was to be adapted to

estimate emergence at a number of locations, measuring seed depths would

be impractical and an eslimated seed depth would probably have to be

used. The average seed depth for this study v¡as approximately 6 cm.

8"3"3 Development Models

1 Standard Thermal Models

À number of development models were tested for their ability to esti-

mate the duration of the growth stages (1) emergence to stem elongation

(nSn), (2) stem elongation to siJ.king (SnSl) and (3) emergence to

siLking (nSt ). The literature reports a large number of thermal models

used for predicting silking dates. Four of these models, or slight

modications of these models, l¡ere used in this study.

1, Growing degree day

GDD=(tmax+Tmin)/Z-10

where Tmax = 30 for Tmax > 30oC
Tmin = .10 

f or Tmin < 100C.

2. I'todi f ie<i growing degree day

MGDD = (Tmax + Tmi n) /Z - lO

where Tmax = 30 - (Tmax - 30) for Tmax > 300C

(5.1)

(5"2)

8.3.3
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Tmin = 10 for Tmin < 10oC'

3. Corn heat unit

cHU = (x + u)/2 (5"3)

where X=1.8 (tmin-¿.¿) for Tmin>4"40c (5.34)
X=0 for TminS4.4oC
Y=3.3 (tmax-10)-0.083 (tmax-10) 2 for Tmax>100C (5.38)
Y=0 for Tmaxll 0oC.

The maximum temperature response function, Y, reaches an optimum, Ymax,

at 300C, Dividing Y by Ymax results in a relative rate. This relative

rate plotted as a function of Lemperature is represented by curve 1 in

Figure 12. Curve 1 indicates that the maximum temperature for develop-

ment would be 500C. The literature suggests that development does nol

occur at temperatures above approximately 400C. Therefore, the quad-

ratic portion of the CHU equation overestimates development at tempera-

tures greater than 30 - 35oC

4. Optimum day

The optimum day concept was developed from the da¡-a of Lehenbauer

(1914) by Gilmore and Rogers (1958). They plotted relative elongation

rate of corn seedlings against temperature to obLain a temperaLure

response function. This function was then used to estimate the daily

contribution to development. Coelho and Dale (1980) fitted a series of

Iinear equations to the data of Lehenbauer (1914). Using lhese equa-

tions, called the FT model, they obtained a better estimation of the

time from planting to 75e" silking than with GDD, MGDD or CHU. However,

Daughtry et aI. (1984) did not find any significant differences among

the 4 models in estimating eiLher silking or maturity dates. Our

approach was to fit two polynomial equations to the response curve

obtained fro¡n the Lehenbauer (191a) data by Gilmore and Rogers (1958).
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Figure 12: curves representing temperature response functions
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The best fit was obtained by plotting the polynomial equations and

eomparing the plotted curves to the original curve. The response func-

tion obtained using the polynomial equations can be described as:

LEH=LEH'1 f or 4.4ST<27.50C
=LEH2 f.or 27 . 5sT<4 3 o 

C

-0 for T<4.40C and T>430c (s.4)

where LEHl=-.0678+,01,1 4T-. 00092T2+.0000555T3
LEH2=-20. 99+1,4'l 6T-. 01 946T2- 

" 
0001 529T3

-6,642x10- 6Ta+1 .115x.10- 8T5

+l ,042x.10- 8T6_ j 
"441*.lQ 

- t or¡z .

Curve 2 (Figure 12) is a graphical representaLion of equation 5.4.

There is an initial curvilinear increase in relative rate with T from

4.40c to an optimum at 3'10C followed by an abrupt and rapid decrease in

rate fronr 31 to 430C. The temperature response function represented by

equation 5.4 (curve 2) is a vastly different response funetion from that

represented by equation 5.38 (curve 1 ).

LEH was evaluated separately using boLh Tmax and Tmin - LEHX and

LEHN. The daily development was estimated by:

TEHEN= (lnHx+mHN)/2.

The above thermal models were used to calculate the daily contribu-

tion of temperature to deveiopment" The summation, from the beginni.ng

to the end of a stage, of the calculated daily conLributions gave the

total thermal units needed to complete the stage. The theory behind

thermal models is that development should depend on temperature, i.e.,

thermal time, and not on chronological Lime, i.e., days. For a given

stage, the duration of that stage in days may not be constant but accum-

lated heat units (thermal time) shouJd be constant, I^iith 12 station
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years of data there vlere 12 estimates of the thermal units needed Lo

complete the given stage. The coefficient of variation (CV) for these

estimates was used to compare the thermal models for accuaracy and reli-

ability in estimating the durat.ion of the stage.

8,3,3,2 Iterative Models

Three iierative procedures were used to estimate the duration of the

growth stages ESE, SESI, ESI.

1. Modified corn heat unit equatÍon

The corn heat unit equation was iteratively fitted to the field data

in a manner very similar to that described in the model description

section. The CHU equation is the sum of two other equations, oRe a

l-inear equation and the other a quadratic equation representing response

functions for Tmin and Tmax, respectively. Both of these response func-

tions have their or.ln base temperature. The CHU equation was modified by

changing the base Lemperatures of the linear and quadratic equations.

This had t.he effect of moving the Iinear and the quadratic equalions

atong the horizontal (temperature) axis without changing their shape.

For each site, daily heat units were summed to give the total corn heat

units needed to complete a given stage. The iterat ive procedure

searched for the base temperature combination (for the linear and quad-

ratic equations) that resulted in the lowest coefficient of variation

(Cv) for the Lotal corn heat units needed to complete the given stage.
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2, Robertson's (1968) iterative procedure

Robertson's (1968) iterative procedure (nIp) was fitted to the field

data to simulate development. The fitting procedure was developed by

Robertson (1968). The model assumes that a) rate of growth is a func-

tion of temperature and oaylength, and b) the response functions for

temperature and daylength are quadratic. The overall response function

is represented by the equation:

vr (Vr+v, ) (5.s)

v1 = ar (L-ao)+az(L-ao) 2

Vz = br (Tmax-bo )+bz(Tmax-bo )

vs = bs (Tmin-bo )+b¡ (tmin-bo )

SrE = start, end of a given
L = daylength
Tmax,Tmin = daily maximum, minimum temperature
ê.t ¡?z,bl rbzrb¡,b¿ = rate coefficients
40,b0 = critical values of the function.

The stage is assumed conrpleted when the sum of the daily rates equals 1.

If phoLoperiod (daylength) does not influence the development rate, as

with emergence or for photoperiod insensitive hybrids, Vr is set equal

to 1. Then the rate equation is a function of the two temperature

response functions:

{b r (rmax-bo ) +bz (Tmax-be ) 2+bs (rmín-bo )+b¿ (rmin-bo ) 2 } ( 5 ' 6)

This equation is very similar lo t.he corn heat unit equation.

The RIP was iteratively fitled to the field dala assuming that photo-

period did not influence the duration of +-he stages. Rood and Major

E

1=I
S

E
1- ç
l- ¿¿

s

9esta



(1981) conciuded that corn genotypes adapted to northern

be relatively insensitive to changes in photoperiod.
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latitudes would

The procedure of Robertson (1968) iteratively fits equation 5"6 to

the field data by continually changing the shape and position of the

quadratic equations along the temperature axis. The model continually

changes the rate coefficients, br to bq, and the critical va1ue, bo,

until the best fit to the field data is obtained, with the best fit

being determined by the lowest CV. Several runs of the model may be

needed until a best fit can be obtained.

One disadvantage to this approach is that the base temperature, bo,

is assumeC to be equal for both the maxÍmum and minimum temperature

response functions. This means that the two response funclions are not

completely independent of one another but must both have the same

'starting point' , although their shapes (response functions) may be

different.

3. IF Mode1

An equation representative of T response functions was given by

Landsberg (977), The equation is:

B

R = A(r-r,cr){(ucr-t) } (5"7)

B

where A = Rmax/{(Topt-rcr) (ttcr-topt) }
g = (ucr-ropt )r/(Top+;-LCT)
LCT,ToptrUCT = lower, optimum, upper cardinal temperatures

for the equation
Rmax = maximum rate at Topt
R = rate.
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LCT and UCT define the base temperalures for the equation below and

above which rate, R, equals zero. If Rr¡ax = '1 then the rate, R, would

be a measure of the relative rate of the process being studied; in our

casef development" Two possible temperature response functions repre-

sented by equation 5.7 are shown in Figure 13 (p. 106). Curve t has the

cardinal temperatures LCT = 80C, Topt = 280C, UCT = 380C while for curve

2 the cardinal temperatures are LCT = 160C, Topt = 280C, UCT = 340C"

The shape and position of the curves are determined sole1y by the 3

cardinal temperatures. Many temperature response functions can be

represented by equation 5.7 simply by changing the cardinal tempera-

tures. For curve 1, there is a graduaÌ increase in the relative rate

with increase in T to Topt with further increases in T above Topt

resulting in rapid decreases in the relative rate. The same pattern is

evident in curve 2.

Data from the literature indicated temperature response functions

similar to those respresented in Figure 13. Coligado and Brown (1975a)

studied the effect of various temperature ranges (0, 8.6, 17,20C) about

given mean temperatures (15, 20,250C) on the number of days from emer=

gence to tassel initialion. Reworking their data gathered under a 10

hour photoperiod (rigures 2 and 5, Coligado and Brown , 1975a) resulted

in the data plotted in Figures 14a and b. Regression analysis of the

data gave the equations:

Rate = -0.0618 + 0.00971T - 1.6x10-7Ta (n2=,98) (5.8)

Rate = -0.0543 + 0.00751T - L79x1fl- t 1r¡0 (n2=.99) (5"9)

for Figure '14a (hybrid united 108) and Figure 14b (hybrid Guelph Gx,122),

respectively. The cardinal temperatures - LCT, Topt - and Rmax at Topt



112

for equations 5.8 and 5.9 were approximately 6.50C, 250C, 0.1'185 days-1,

and 7.50C, 270e, 0" 1 145 days-1, respectively. These equations and the

data indicate a relationship between rate and temperature similar to

that shown by the trr'o curves in Figure 13 (p. 106); a gradual increase

in development rate with increase in T to Topt. Further increases in

temperature result in rapid decreases in development rate. Àssuming UCT

= 360C and using the cardinal temperatures for equations 5.8 and 5.9,

equation 5.7 provides a very good representation (nigures 15a and b) of

the temperature response function for the two hybrids of Coligado and

Brown's (1975a) sLudy, Àlthough R2 values were not determined, the fit

of the equations io the data r+as very acceptable. Equations 5"8 and 5.9

also show that the temperature response functions were hybrid dependent.

The data piotted in Figure14 was obtained from the original data of

Coligado and Brown (1975a) by solving linear equations relating develop-

ment rate under a given day/night temperature regime to the sum of the

development rates for constant temperature conditions in the following

manner:

R(day+night)=aRday+bRnight (5.10)

where n(day + night) = development rale (1/days) for a given
temperature regime

â,b = coef f icients
Rday, Rnight = individual development rates for the day

and night temperatures.

The photoperiod was 10 hours (10 nrs daylight, 14 hrs darkness), there-

fore, coefficients a and b were assumed to be; a = 1A/24 = "42 and b =

14/24 = .58. The basis of the above equation was the assumption that

the Cay and night temperatures contributed equally to lhe development

rate. By progressively solving alt the formulated linear equations, a

development rate for a given temperature could be determined. For
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example, at a consLanL day/night temperaLure of T = 200C, the duration

from emergence to tassel initiation (eTI) was 10 days. Therefore the

development rate at T = 200C was R(20) = 1/10 =.1 days -1" For a day,/

night temperature regime of.20/11.40C, the duration of ETI was 14 days"

Therefore the development rate for fhe 20/11.40C T regime was RQ0/11.4)

= 1/14= 0.071 days-1. From this information the development rate at

1'1 .4oC can be calculated by:

RQo/11.4)
0.071

R(11.4)

a R(20)
.42(.1)
(.ozl

+ b R(11.4)
+ .58 R(11.4)
.042)/.58 = 0.05 days-1

The data of Warrington and Kanemasu (1983a) reaffirm the conclusion

thal equation 5.7 would be a good representation of development rate as

a function of temperature. Reworking their data slightly by subtracting

days from planting to emergence from days from planting to tassel initi-
ation gives the duration between emergence and tassel imitiation in

days. Plotting the resultant data gave Figure 16. The regression equa-

tion describing the data was:

Rate = -0,0727 + 0.00782T - 7.9ix1Q-20r¡12 (R2=0.96) (5.11)

where Rate = development rate (days-1)
T = temperat,ure (oC).

The data and equation suggest the skewed nature of development rate as a

function of temperature: the gradual increase in rate with T increase to

Topt (= 280C) with the rapid decrease in rate as T increases above Topi,

Both Coligado and Brown (1975a) and Warrington and Kanemasu (1983a)

carried out Lheir experiments in controlled environment chambers"
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Because of the equations derived from the reworked data of Coligado

and Brown (1975a) and glarrington and Kanemasu (1983a) produce T response

curves very similar to those produced by equation 5.7, an iterative

procedure (lf' model - described previously in modet description section)

was employed to fit combinations of equation 5.7 to the field data. The

iterative fitting (lr) procedure \,ras carried out using air tenperatures

and/or 5,0 cm soil temperatures. Equation 5.7 is a very versatile equa-

tion - the shape (response function) and position (along the T axis) of

the curve derived from the equation depends on the reLative positioning

of the 3 cardinal temperatures. The iterative procedure used also

allows two completely separate T response functions, representing

response to Tmin and Tmax separate).y lo be fitted to the field data.

Equation 5.7 may represent a more a.ccurate T response - gradual increase

in development rate with t to Topt l¡ith a rapid decrease in rate as T

increases beycnd Topt - than is obtained with a quadratic equation.

The accuracy of the above thermal and iterative models was further

tested by using the mean units of each model needed for stage completion

to predict the duration (in days) of emergence to stem elongation.

Using this approach, all the models could be conpared to one another for

accuracy and reliability. The predicted duration minus the actual dura-

tion (in days) of a stage was called the error of prediction, e. The

mean error, ë, is a measure of the bias of a model's predictions while

mean absolute error, lel, measures its accuracy. The standard deviation

of the absolute error, SD(lel), provides a measure of the precision or

variability of a model's errors in predicting the duration of a stage

(DaughLry et al., 1984). To minimize Lhe positive bias (a longer

predicted duration of stage than actuat - overestimation) inherent in
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all the models, the mean units of each model, except for Robertson's

(1968) iterative procedure (nlp), vrere multipled by 0.975. The modified

means were then used to estimate the duration of the given stage' To

improve the prediction ability of the RIP the base temperature ïras

adjusted until the lowest mean error was obtained" Burnett et al.

(19S5) used a similar procedure to improve Lhe accuracy of the RIP in

estimating soybean development. Similar methods were used to improve

the estimation of the duration of planting to emergence (pp). The mean

units needed to reach emergence in the emergence model were multipled by

0"98" The RIP used to estimate the duration of PE was modified in a

manner similar to that described above.
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Chapter 9

RESUTTS ÀNÐ DISCUSSION

9,1 GERMINATTON AND EMERGENCE

Unless otherwise stated germination and emergence refer to 50eo germi-

nation and 50eo emergence, respecLively.

9.1.1 Field Data

In theory, although the duration in days of a particular growth stage

may vary substantialJ.y wiLh location and year, the calculated corn heat

units (Cgu) and growing degree days (cn¡) should remain relatively

constant. Our field data (tab1e 16), and the data of the researchers

(t"ta jor et a1., 1983), does not support this concept f or the planting to

50eo emergence (pn) stage of corn development.

Table 16 shows the duration in days and the calculated CHU using

maximum and minimum air and 5.0 cm soil temperatures. The duration of

PE ranged from 10 to 32 dáys" There was also a large variation in the

calculated CHU, for both air or soil temperatures.

OLher soil parameters may be involved in the germination and emer-

gence processes" It is usually assumed that soil moisture does not

limit the emergence process. In the majority of cases this may be true"

However, during the field study there rvas a large reduction in CHU's for

119 -
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TÀBtE -16

Corn heat units (CuU) caleuiated using air temperatures and 5"0 cm soil
temperature, duratisn and total rainfall for planting to 50eo emergence.
The rainfall for the 3 days prior to planting was included in the total"

Locat i on CHU

Air Temp 5.0 cm Soil Temp
Rainfall

(mm )

Dura t i on
( days )

Treherne .1980

Glenlea 1 980
Poplarfield 1980
Portage 1 980
Portage '1 981
vira 1 981
Glenlea 1 981
Glenlea 1 983
Arborg 1 981
Fi sher Branch '1 983

150
241
205
260
226
208
283
303
354
298

242
222
254
204
221
236
283
329
334

147
0

0

0

10

14
14
16
16
'18

22
26
32

29
45
66
t4
25
23

MEAN 253
59
23>o

258
47
18eo

18
6.8

38e"
s.D.
c.v.
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emergence at Treherne where a najor rainstorm occurred just prior to
planting (rable 16). The site at Portage during .1980 was very dry

during the early part of the growing season. Because of malfunction of

the planter, depth control $¡as poor. Seed planted 5 cm deep did not

emerge until after the first. rain whereas the deeper sown seed 0 - 9

cm) emerged before the rain. The deeper sov¡n seed was placed in soil at

higher moisture content.

EarJ.y in the growing season, gradients in soiJ. temperature and mois-

ture near the soil surface can be very large. Temperaiures usually

decrease while moisture levels increase with increasing soil depth.

Increasing seeding depth may therefore improve moisture conditions at

the expense of decreased soil temperature. Depending on which is most

limiting, the duration of PE may be increased or decreased.

9.1 .2 Mq¡Lelinq Etmelgence in the Field

In their attenpt to estimate the time to emergence for corn, Major

et al. (1983) found calendar days to be the best estimator of the length

of this stage. They concluded that corn heat units calculated using air

remperaLures failed to improve the estimates because of the variation in

moisture and temperature conditions at seed depth caused by soil type,

seeding depth and crop residue. Wall and Stobbe (1983, 1984) found

conventional tillage practices provided the best soil environment. for

early corn growth and development. Under conventional Lillage, crop

residues were not present in sufficient quantity to decrease soil t-emp-

eratures and delay emergence. Crop ¡:esidue was not a concern during our

field studies. However, soil type and seed depth did vary with toca*

tion. Àn attempt was made Lo estimate on a daily basis both soil mois-
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ture and soil temperature from aería1 Þreather measurements and relate

these estimates, as well as their measured values to corn emergence"

9"1,2,1 Soí1 Moisture Model

. The coefficient determining the relative water withdrawal rate at

different depths, PROP (rable 13, p. 88) varied substantially among

locations. It was anticipated that as soils dried, the change in water

transmission properties (such as hydraulic conductivity) in fine as

compared to coarse soils would result in lower PROP values for finer

soil textures, i.e., rel-atively more water be removed from the lower

depths in fine as compared to coarse soils. The PROP values obtained

from this study did not seem to support this concept. In general, the

PROP values for the fine soils were larger than those for the coarse

soi1s. Other factors, such as tillage practices before, during and just

after seeding and evaporative demand may also influence the magnitude of

PROP.

The conoition of the surface 3 to 5 crn (spring tillage depth) may

have a strong influence on the value of PROP. For the heavy clays at

Glenlea, shallow tillage prior to seeding followed by harrowing after

seeding created a surface J.ayer of small pebble sized soil fragments

that resist wetting from be1ow. îhey would thus provide an effective

bärrier to evaporation. In .1980, when the only spring tillage operation

at Glenlea rvas planting, the 'pebbly' layer was not present. However,

this layer was present the following 3 years. During 1980, the PROP

value at Glenlea lvas much lower (reflecting relatively more removal from

the lower depths) than for the other years.



TÀBLE 1 7

Duration in days and the average daily rainfa1l, availabl.e soil water, potential evaporation for the planting to 50e"
emergence stage.

Station Station
Numbe r

Duration, N Mean Dai(oays) RainfaIl
1y
(cm

Mean ÀvaiIabIe
) water

Layer 3 Layer 4
(s-lOcm) (10-15cm)

Mean Rel,ative Mean Daily
Àvai1ab1e Water Potential Evaporation
Layer3 Layer4 (cn/aayl
( s-1 ocm) ( 1 0- 1 5cm)

Treherne 80 4
GIenIea 80 3
Poplarfield B0 1

Portage B0 2
Glenlea 82 9
Portage 8.1 6
Vita B1 B

vita 82 10
Glenl-ea B l 1
GlenLea 83 12
Àrborg B 1 5
Fisher Branch 83 1 1

10
12
14
14
14
16
tb
16
1B))
26
3¿

0.10
0.01
0.01
0.00
0.10
0.18
0.28
0.14
0.37
0.09
0.10
0.08

.68

.24

. B0

.08
1 .03

.76

.63

.49

.89

.79

.69

.31

1 .00
.81

1 .00
.58

1.10
1 .04

. B7

.58
1 .04
1 .05
1 .05

.79

.59

.27

.80

.08

.94

.63

.57

.54

.85

.72

.60

.36

.87

.90
1 .00

.58
1 .00

.87

.79

.64
1 .00

otr

.91

.93

.60

.14

.60

.56

.s8

.56

.58

. s6

.57

.60

.60

.53

¡\)
(!
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For coarse soils, the compaclion of the soil in the seed row can be

substantial compared to the soil outside Lhe seed row. This compacted

soil may have hydraulic properties contributing to lower lhan expected

PR0P values.

Ànother factor influencing PROP would be the temperature of the

evaporating surface. The temperature of the evaporating surface may

vary with air temperature, soil type, solar radiation leve1s and water

content. In coarse textured soiIs, the 2.5 cm maximum soil temperature

(Stmax) was usually higher than maximum air temperatures (Tmax) but in

fine textured soils the differences vlere very small (tab1e 18).

Examination of the regression equations of Tables 14 and 15 (p. 102 and

103), for Tmax = 250C, indicates there may be a 2oC difference in the

2"5 cm STmax between coarse and fine soil types. Because potential

evaporation was calculated using air temperatures only, the differences

between actual and assumed temperature of Lhe evaporating surface would

not be taken into account. These differences may have influenced the

estimation of PROP to give the best fit between observed and calculated

water contents.

Under the conditions of this experiment no specific relationship

between PROP and measurable soil or weather variables could be deter-

mined. To make general use of a model of this type, other than for

research purposes (where best fit to field data can be obtained), a

relationship between PROP and other relatively easily measurable vari-

ables would have Lo be determined.
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ÎÀDLE I 8
Durðt ion in days and the averaqe daily vârues ot soil 

"nd.åj.^::T!:rature, davlengrh and incoming solar rðd!âtionthe planting to 50t emergen." ,a"q"., = for

station SÈation Duration Hean DåilvNumbèr (Days) Àir,remp(oòi
ÀTmint ÀTmax

Heão
Dayleng

(h)
Hean Daily

th Solar Radiarion
Rad ( MJ/m r -day )

^ - 
Hean Dâil.y Soil Temperåturc (C)

_ ¿.) cm 5.0 cm 10.0 cmÀSTmin ÀSTmàx ÀSTmin ASTñàx ¡Stmin iifmax
20

STn
.0 cn
in ÀS Tna x

Treherne 80
GIenl.ea 80
Pop).arfietd B0
Portåge 80
Glenl.ea 82
Portãge 8l
vita 81
vita 82
Glenl.ea 8l
Glenlea 83
Àrbo.9 8f
Fisher Brðnch B3

3
1

2
9
6
I
0
7

2

I

10
12
l4
l4
t4
16
l6
r6

22
26
32

8.s
r0.4
1,4
9.9

1.1
6.0
?.8
9.2
4.6
{.6
2.2

6.0
5.6

5.6
6.0
5.6

5.8
5.8
5.8
5.9
5.9

26
21

::
21
24
22
22
22

23

9
2

I
1

3

ri.r
9.4

rr.5
10,7
8.4

l:o
9.6
7.4
6.8
5.7

'l

5
9
8
I

r1,7
r0.5
1r.8
rr.2
9.5

9:'
r0.3
8.{
8.3
6.8

l?.8
t6.3
t6.2
r5.1
14.3
15.4

;
0

1

0
I
I

.t

.2

:0
.l
.3
.{
.2

3

3

2
2

0
I

,
0
I
9

20
20
16

1{.2
13.7

l2 -8

0
I
1

1

t ATmin, ÀTmax -
ÀSTnin, ÀSTmax

average minimum, maximum air temperatures, respec!iveIy, fo- averaee minimum, maximum .oi1 i;;;;;;;;1.,iããil.,i""ry, 
"

he
he

p
d

lanting to emer
epth specitied

gence (pE) staoe
for the pl stage

ts
NJ
L¡
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9"1,2.2 Empirical Estimation of Soil Temperature

The t.emperature of the seed and emerging seedling are more closely

approximated by the temperature of their immediate environment, i.e",

soil temperature rather than air temperature. Soil temperatures are

rarely measured, other than for research purposes, whereas air tempera-

ture is the next mosl commonly measured weat,her parameter to precipita-

t.ion. Soil Lemperatures at seed dept.h (approxímately 5.0 cm) can be

substanLially different than air temperatures (raUle lg). For coarse

soils, the average maximum soil temperature (¡Srmax) at 5.C cm vras

approximately equal to the average maximum air temperature (etmax). For

fine soils, the 5.0 cm ÀSTmax was lower than ATnax. For all soils the

5.0 cm ASTmin þrere sl-ightly higher than ATmin. Therefore, for a given

air temperature regime, the soil temperatures at seed depth may differ

with texture and this difference would probably influence the time to

50% emergence. Àir temperatures may be fairly constant over a wide area

which may include very different soil types. Because of the dependence

of soil temperature on texture, it may be beneficial to estirnate soil

temperaiures from air temperatures and use the predicted soil tempera-

tures to estimate time to 50eo emergence.

The coefficient of determination (nz) of the equations relating

maximum-minimum air temperatures to the maximum-minimum soil tempera-

tures at 2.5 and 5.0 cm depths were greater than 0.85 for the eoarse

soils (table'14, p. 102) bu+" were less than 0.80 for the fine soils

(table 15, p.103). The inclusion of daily incoming solar radiation in

the regression equations for STmax at the 2.5 and 5'0 cm depth signfi-

cantly increased the R2 for STmax estimat.ion Lo between 0.g5 and 0"90

for both soi] groups. The regression of 2"5 and 5.0 cm minimum soil
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temperature (Stmin) on minimum air temperature (tmin) was highly signif-

icant and R2 were greater than 0.90 for the coarse soils but less than

0,80 for the fine soils. For the fine soils, when the previous day Tmax

and the two day previous Tmin were included in the regression, the R2

were improved from less than 0.8 to approximalely 0.84. For coarse

soils, including the previous days Tmin significantly improved the

empirical relationship for the 5.0 cm, but not the 2.5 cm, STmin. This

would indicate that for fine soils, and to a lesser degree for coarse

soils, the weather conditions of the previous one or two days may

significantly influence the present day soil temperature regime. These

differences in the regression equations between the two soil groups may

be related to the differences in the water holding capacities.

Thermal diffusivity, D, is a proportionality coefficient between the

temperature gradient and the rate of change in temperaÈure that ean

occur in a given volume. it. is proportional to the thermal conduc-

tivity, k, and inversely proportional to the volumetric heat capacity

(cv), both of which change with moisture content (Hittet, '1980). D is

usually Iarger for coarser soils than finer soils at most volumetric

moist,ure contents (e). However, âs O approaches 0.0, D for all soils

become approximately equal (Hilte:., '1980). Therefore, under most mois-

t.ure conditions, coarser soils warm up and cool down faster than fíner

soi ls.

Water has a heat capacity approximately 5 times that of the solid

matrix in soils (taylor and Ashcroft, 1972). To produce a 10C rise in

temperature 5 times as much heat would have t.o be applied to water than

to the solid matrix. Since fine soils usually hoLd more wat,er on a unit
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volume basis than coarse soi]s, sometimes 2 to 3 times as much water,

their heat capacit,ies are usually much higher. This high heat capacity

of water may act as a buffer (resistance) to changes in soil tempera-

Lure. Because of this buffering abilíty of water, soil temperature in

soils wiLh high moisture contents (fine vs coarse soils) may be influ-

enced by heat storage from previous days.

i^iithin each soil group, calculated daily moisture contenLs did not

add signficantly to the regression analysis. Under prairie conditions

and over long periods of time (greaLer than one week) other researchers

have found precipitation did not significantJ.y affect soil temperature

(Reimer and Shaykewich, 1980). However, over short periods of time

(less than one or trvo days) the soil temperature regime may be signifi-

cantly affected by precipitation. The temperature of the rain itself,

evaporative cooling and increased cloud cover (decreasing incoming solar

radiation) rnay combine to affect the soil temperature regime.

The regression equations of Tab1es '14 and 15 (p. 102 and 103) indi-

cate that for a tmax/tmin regime ot 2S/100C and incoming solar radiation

of.25.1 uJ/nz-day (600 ca|/cmz-day), the 2.5 and 5.0 cm STmax for coarse

soils were 3 and 3.50C higher, respectively, Lhan those for fine soils"

STmin for each soil group vrere approximately equal and only slightly

higher than Tmin. Therefore under the same aerial environment, corn may

develop and emerge faster in coarse than in fine textured soils.

Soil temperatures in the top 20 cm were adequately estimated using

air temperatures and jncoming solar radiation. The regression equations

here should be tested further using independent dala and should be
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revised using the larger data base" It may be beneficial to divide the

two soil textural groups into three; coarse, medium and fine. The equa-

tions of Tables 14 and 15 should be restricted to conventional tillage

conditions where trash cover is minimal"

9"1.2,3 Estimating Corn Emergence

Differences between observed dates of emergence and those calculated

from the emergence model are shown in Table 19. The inclusion of a

moisture term in the emergence equation noticeably decreased the differ-

ence between calculated and observed days to emergence, the improvernent

in the sum of the differences ranging from 7 to 10 days, depending upon

whether actual or estimated soil. temperature data was used. The use of

either the actual seeding depth or an assumed constant seed depth of 6.0

cm did not noticeably change the sum of the differences but the standard

deviation was larger when a constant seed depth was assumed. At those

locations with seed depths deeper than 6,0 cm, time to emergence lvas

underest imated (more negat ive cli f ferences between calculated and

observed days to emergence). For locations wiLh seed depths shallower

than 6.0 cm, times would be overestimated (more positive difference when

compared to the calculations for actual seed depth). This resulted in

increased deviation about the average difference.

When estimated soil temperatures were used, the model did not predict

emergence as well as when measured soil temperatures were used. The

empirical equations used to estimate soil temperatures were dervied from

the measured soil temperature data" .The equations accounted for only a

portion of the variability of the dependent (soil temperature) variable
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in relation to the independent variabtes (air t.emperatures and/or solar

radiaLion). Therefore, the error associated with the empirical equa-

tions would be transferred to the emergence model. However, the use of

estimated soil temperat,ures does have merit when considering that only

air temperalures (and if available, incoming solar radiation) need be

measured and used in the emergence model. The empirical equations

should be further tested on independent data and revised before exten-

sive use to estimate soil temperatures. Soi). temperaÈures were not

measured at location 4 (Treherne 1980). Therefore the soiJ. temperatures

for this location were estimated and used in ihe emergence model (rable

19). The calculated and observed days to emergence were very close,

lending support to the use of estimated soil temperatures to estimate

emergence.

The calculated days to emergence were less than the observed days by

an average of at least 3 days, resulting in an overall error of 15 lo

20%, i.e., calculated emergence rates were too high. The difference

between calculated and observed days to emergence increased as observed

days increased. Observed days increased as soil temperatures at seed

depth decreased.

T.then moisture is not Limiting, dail.y phenological development of the

emerging seedling would be proportional to the area under the actual

temperature curve bounded by a base temperature, Ts. The actual temper-

ature curve resembles a modified sine curve. Figure 17 shows the

assumed square temperature curve superimposed on the actual temperature

curve bounded by three base +.emperaturesi To = 0, i0, 200C. When To is

lower than or equal to Tmin, the area under both temperature curves are
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TÀBIE 1 9

Differences (days) between calculated and observed days to 50eo emergence
for each location with emergence rate a function of temperature only

(moisture assumed nonlimiting), and then a function of temperature and
moi sture.

Sta t 10n
1 2 3 4* 5 6 7 I 1'1 12 Sum of Àverage

Dif f erencesf Dif f erencet
Standa r d
Deviationt

Remerg = Rmax: function of T onlY

Measured soil temperaLure
a) measured seed depth

-1 -2 -3 -5 -3 -1 -4 -'7 -s -31 -3.4 2.0

b) seed depth assumed to be
-'1 -2-3 -9 1 0-s -9

6.0
-5

cm
-33 -3 "7 3.6

Estinrated soil temperature
a ) measured seed depth
1-2-3-1 -8-4-4-5 -9 -6 -40 -4.4 3"0

b) seed depth assumed tc be 6.0 cm
1 -2 -2 0-10 -3 -3 -6 -10 -6 -41 *4,6 3.7

Remerg = Rmax (1-gxp[-s n¡w]): function of T and moisture

Measured soil temperature
a) measured seed depth

-1 1-3 -4-2-1-4 -6 -5 -25 -2"8 2"2

b) seed depth assumed to be 6.0 cm
1 1 -2 -8 2 0-5 -8 -5 -26 -2.9 3.8

Estimated soil temperature
a ) measured seed depth
1 1-2 0-7-3-4-4 -B -6 -3¿ -3.6 3.2

b) seed depth assumed to be 6"
1 1-1 1-9 1-2-5-10 -6

0cm
-30 -3"3 4.3

* soil temperatures were not recorded al station 4 (Treherne-1980).
t the differences for station 4 were not included in Lhe

calculation of these variables. Negative numbers indicate thaL
calculated date of emergence r+as earlier than observed"
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approximately equal. When Te increases above Tmin to approach Tmax the

area under the actual curve decreases faster than the area under t.he

square curve" Therefore, as Ts approaches Tmax, the ratio of Lhe area

under the actual curve to the area under the square curve decreases from

approximately .1.0 Lo approximately 0.0. When the ratio of areas,

¡(ratio), was plotted against t.he temperature ratio,

T(ratio) = (Tmax - to)/(Tmax - tmin) (6.1 )

the relationship shown in Figure i8 resulted. The areas and tempera-

tures used to obtain Figure .18 were from daily air temperature curves.

Regression anaLysis of the curve gave the foilowing equation (n2="82):

À(ratio) 0.015+1.589 T(raLio)-C"557 T(ratio)2+0.027 r(ratio)a (6.2)"

À(ratio) represents the fraction of the area of the square wave occupied

by the area of Lhe actual temperature curve. Because the area under the

actual temperature curve dictates development, the temperature portion

of the rate equation from the controlled studies was multiplied by

A(ratio) (called REDUCT in the computer model). Without the reduction

factor, À(ratio), daily development when STs rvas close to STmax would be

overest,imated. Calcul.ated emergence would then occur earlier than

observed emergence, as illustrated by the data of Table 19.

The results from the use of this modified model are shown in Tabie

20, Multiplying the Lemperature portion of the rate equation by the

reduction factor substanLially improved the accuracy of the model,

Comparing Tab1es 19 and 20 the improvement in sum of lhe differences

between calculated and observed days to emergence was 15 lo 20 days.

The improvement was most striking when measured soil temperalures at
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measured seed depths were used in the model; the greatest improvement

occurring for those sLations where low soil tenperatures were most prev-

alent. For lhese cooler conditions, emergence rates would be overesti-

mated with greater frequency and magnitude than for warmer temperature

regimes. in this regard seed depth becomes important. l.lith introduc-

tion of the reduction factor, there rvas a separation in accuracy between

measured and constant seed depth, the measured seed depth being more

accurate mainly because of the increased accuracy for lhe'cooler'loca-

tions. Three of the'cooler' locations had seed depths greater Lhan 7.0

cm. Using a constant seed depth of 6,0 cm assumed these seeds were in a

warmer tenperature environment. This assumed environment would not be

as sensitive to the reduction factor as the cooler conditions for the

actual seed depths. This would result in overestimation of emergence

rates, increasing error.

1f hourly temperatures estimated from STmax and STmin using a sine

funct.ion had been used in the model to estimate development rate the

reduction term ¡(ratio) - called REDUCT in the model - would probably

not have been needed. In effect, when the minimum temperaiure is below

the base temperature A(ratio) approximates, from a square wave funcLion,

lhe area under a sine wave function, where development could occur.

When only daily maximum-minimum temperatures are used to estimate devel-

opment, the equation could be mul-tiplied by À(ratio) to better estimate

daily development when Tmin may regularly fall below the base tempera-

ture, i.e., early in the growing season.

Àlthough temperature was the nrajor facLor influencing development,

moisture was shown to have a lesser but important environmental influ-

eRce on development and emergence (rables 19 and 20). The emergence
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TABTE 20

Difference (days) between calculated and observed days to 50eo emergence
for each location with the temperature portion being multipled by a
reduction factor (RnoUCt) to approximate the area under the actual

temperature curve.

Stat i on
1 2 3 4*5 5 7 I 11 12 Sum of Àverage Standard

DifferencesT Differencel Deviationf

Remerg = Rmax (ngpuCt): function of T only

Measured soil temperature
a) measured seed depth

-1 -2-3 -2 1 0-3 -2

b) seed depth assumed to be
-1 -2-2 -4 2 0-4 -5

Estimated soil temperature
a) neasured seed depth
1-2-2 0-4-3-4-4 -3

b) seed depth assumed to be
1-2-2 1-6 1-2-4 -7

_t

6.0 cm

-1

-4

6.0 cm
-4

-13 -1 i. 1.3

-17 -1 .9 2.2

-25 -2.8 t.b

-25 -2.8 2.8

Remerg = Rmax (nnouct) (1-nxp[-s nnw]): function of T and moisLure

Measured soil temperature
a ) measured seed depth

-1 1-2 -1 2 A 1 -1 U
I

-l -0.1 1")
l¡J

b)
1

seed depth assumed to be 6.
1-2 -3 3 1-3 -3 0

0cm
-7 -0 .8 ¿^¿

Estimated soil temperature
a) measured seed depth
1 1-2 0-4 1-3 0 -3 -4 -13 4 ¿"¿

b) seed depth assumed to be 6"0 cm
1 1-1 1-s 2-2-4 -5 -4 -17 -1 .9 2.8

* soil temperatures were not recorded at station 4 (Treherne-1980).
f the differences for station 4 were not included in the

calculation of these variables. Negative numbers indicate that
calculated date of emergence v¡as earlier than observed.
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raLe equations developed from the controlled studies, wiLh the inclusion

of the reduction faetor and using actual seed depth and soil Lempera-

t.ures, provided an accurate estimate of emergence. The ternperatures at

seed depth would be a good approximation of the average tenperature the

emerging seedling would experience as the roots grow deeper into cooler

soil and the shoot grorvs upwards into warmer soil. Comparing the

controlled study with the field study, root volume and the shoot-root

temperature differences would not be as J-arge a problenr during the emer-

gence stage as it would for later stages. Àt these later stages, temp-

erature differences between the above ground shoots and below soil

surface roots could be very large. The interaction of these two great.ly

different temperature regimes and the effects of restricted root volumes

during controlled studies may affect phenological development. and make

it difficult to apply phenological measurements from contrclled studies

to those from field studies. However, for emergence, conditions during

controlled environment studies may closely approximate those in the

field and equations and observations from these studies should closely

describe those in the fíe]d.

9.1 .3 Reqression Analysis of Field DaLa

9.1"3.1 Ànalysis of Mean Environmental Variables and Days lo 50eo

Emergence

The influence of Lhe mean environment at each location (rables 17, p.

'123 and 18, p. 125) on emergence rate ( inverse days to 50eo emergence )

was analyzed using linear regression analysis. The resulting equations

arè listed in Table 21"
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TÀBIE 21

Regression equations relating the average daily environmental data
(tables 17 and 18) at each location to the emergence rate (inverse of

observed time to 50eo emergence).

Equat i on p2

Àir temperature{

1/n =.0053 (¡vr - 2.43) 0"54 x

1 /P
/D

=.0039 (Atmax - 5.16)
= .0062 (¡tmin + 3.06)

0,40 *
0,62 *

6.0 cm soil temperaturesT

/n
/P
/D

= .0082 (evr6 - 6.34)
= .0092 AVT6 + .0094 MAVvl - .081
= .0434 AVT6 - .001252 (¡vt6)z - .2951

0"86 ***
0.93 *x*
0.94 ***

1/n = .0033 ASTmax + "005 ÀSTmin - ,0462
.0033 (¡Stmax - 5"57) + "005 (¡Srmin - 5.57)
.00456 ÀSTmax + .00463 ÀSTmin + .0093 MAW-.08

0,87 ***
0"93 ***1/o =

i evr is average air temperature (0c)
ATmax is average daily maximum temperature (0C)
ÀTmin is average

t AvT6 is average 6

ÀSTmax is average
ASTmin is average

daily
.0 cm

dail
dail

minimum temperature (oC)
soi 1 temperature ( oC 

)

y 6 cm maxinum soil temperature
y 6 cm minimum soil temperature

(oc)
(oc)

MÀVW is mean available water (cm) from the 3 to 15 cm soil layer
D is duration from planting to 50eo emergence in days.

* significant at P=.05
** significanL at P="01
?k** signi f icant at P=.001
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The relationships between air temperatures (¡lmax, ATmin and average

temperature, AVT = [ATmax + erminl/2) and emergence rates were signifi-

cant (p=.05) Uut t.he R2 values for the regression equations were low

(s0.62)" When the 6.0 cm soil temperatures (¡Srmax, ASTmin and average

soil temperature, AVT6 = [ASTmax + ASTmin]/2) were used the relation-

ships were highLy significânt (p=.001) and the R2 values improved to

greaLer than 0.85. Emergence rate ( inverse of durat i on, I /n) and the

average 5"0 cm soil temperature (¡vf6) calculated from the data of

Tables 17 (p. 123) and .18 (p. 125) are pLotted in Figure 19. Also

plotted are the linear and quadratic regression equations (tabte Zl )

describing the relationship between 1/n and AvT6. The regression equa-

tions listed in Table 21 have no real biological significance. They

merely represent the best fit to the data. The base temperatures, To,

obtained from tire data through regression analysis were all much lower

than the accepted Îs of approximately 100C.

I,Ihen the analysis lvas carried out using air temperatures, moisture

content did not contribute significantly (at P=0.05) to the regression.

Oniy those variables that contribute significantly (p=0.0S) to the

regression l¡ere included in the equaEions. Therefore, eguations

relaltng 1/o to air T and soil moisture were not added to Table 21"

Ìlhen using ÀVT, R2 for Lhe regression !{as equal to 0.54. However, when

ÀTmax and ÀTmin were used in separate analysis the Rz were 0.40 and

0,62, respectively. These results seem to indicate that emergence raLe

may be more dependent upon ÀTmin than ÀTmax.

In equations predicting emergence as a linear function of soil temp-

erature, the addition of moisture content added significantly to the
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regression and increased the R2 from 0"85 to 0"93 (when using either

AVT6 or ASTmax and ÀSTmin). On the other hand, when the regression

analysis vlas carried out using both t.he linear and quadratic ternrs for

AVT6 (nígure'19), moisture content did not contribute significantly to

the regression. However, the R2 for the quadratic was approximaLely

equal to the R2 of the equation involving ÀVT6 and moisture content.

Hígher temperatures and solar radiation levels may be associated with

lower rainfall and therefore drier soil moisture conditions. The Iower

soil moisture may result in lower than expected emergence rates for the

higher temperatures.

The regression equations obtained when "\VT6 was partitioned into the

two components, ASTmax and ASTmin, did not differ from those involving

AVT6. The R2, intercepts and coefficients were very similar. Without

moisture, the coefficients vlere weighted Lowards ASTmin. However, with

the addition of moisture, the coefficients for ÀSTmax and ASTmin were

approximately equal indicating maximum-minimum temperaturesmade the

same contribution to rate. The change in the coefficíents with the

addition of the moisture ternr may indicate that rate limitations caused

by moisture stress may be more severe at the higher temperatures, as v¡as

concluded from the controlled study. The regression equations confirmed

the previous conclusion that under field conditions soil temperatures

rvere usually the dominating influence on emergence rate. Moisture

sLress can also significantly affect emergenee rates but would usually

be of only minor imporLance.
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9.1,3,2 RoberLson's (1968) Iterative Procedure (ntp)

À sophisticated statistical procedure involving iteration rvas

employed by Robertson (1968) to fit a combination of quadratic equations

to phenological field data. The nature of lhe method is such that a

number of best fit equatíons can be determined from a given set of data,

especiatly if the dat.a base is relatively small. Robertson's method

provides the statistical best fit to the data and it may therefore be

difficult to attach any biologicat meaning to the calculated coeffi-

cients and base temperatures. in addition, the best fit to the avail-

able data may have little accuracy when applied to ner+ data. Comparing

the statistically derived solutions with biologically obtained parame-

ters and concepts may not yield ihe best fit for the available data but

may help choose the solution that may be best applied to other data.

Robertson's procedure r.las used to fít the tenperature quadratic equa-

tions to the data assuming daylength did not influence planting to emer-

gence. Three groups of temperatures (air, measured and estimated soil

temperatures) were used in the analysis with the resulting coefficients

listed in Table 22. Measured soil temperatures gave the best results,

air temperatures the worst (raUie Zg). The coefficients and To for the

measured and estimated soil temperatures were very similar with only the

linear terms contributing significantJ.y to the relationship. The coef-

ficients were also very similar to those obtained from Iinear regression

analysis of the mean daLa (table 18, p. 125) illustrating *"he statis-

tical basis of the Robertson method" Actual temperaLures at seed depth

rarely exceed 300C. Below these optimum temper.atures the results from

fítting the RIP to field data indicate that the relationship of rate to



temperature t+as linear.

best fit resulted from

15"70c.
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When using air temperatures, the equation of

the use of Tmax only with a base temperature of

The field data were used to determine the coefficients providing the

best fit, for the RIP (tabte ZZ). There rrlas no independent data with

which to test the models. Therefore the best measure of the goodness of

fit of the model (derived coefficients) was to predict emergence dates

and compare them to the observed dates (ta¡le 2g). The origínal coeffi-

cients showed strong bias to earliness. The coefficients listed (table

22) were modif ied by adjusting the base temperat.ure, To, to obtain

mininal bias. The differences between cal.culated (using the modified

Tbase) and observed days to emergence with standard deviations are

listed in Table 23. The model using actual soil Lemperâtures resulted

in the lowest SD followed by the models using estimated soiÌ |"empera-

tures anci, lastly, air temperatures.
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TÀBIE 22

Parameters obtained from fitting Robertson's (1968) lterative Procedure
to t,he field data for planting to 50eo emergence.

Tmi n
br b¿

Air T
15.7 .01 602 -.0005644

Est imated
6.6s .0055

Actual 6 cm soil T
5.278 " 0035 .0045

TABTE 23

Difference (days) between Lhose calculated with the Robertson's (1968)
Iterative Procedure and observed days from planting to 50% emergence.

Tbase
(oc)
bo

Tmax
Coefficients

bz b¡

6 cm soil T

" 00375

Stat i on
1 2 3 4 5 6 7 I 9 10 11 12

Sum of
Di f ferences

( days )

Standard
Dev iat i on

( days )

'ì.ì

::'
.::

Àir
-l

T
0 1-3 8-2 2-3-4 -4 1 st 0

Estimated 6 cm soiL T
-3 0 0-4 5-2 2-2-4
Actuai 6 cm soil T
-1 0 0 - 4-3 0-2-3

152

41

0

'¿1

?l

)È,0

I positive days - predicted greater than actual length of stage
negative days - predicled less than actual length of stage
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9,2 EMERGENCE TO STEM ETONGÀTION (etEE )

9 ,2,1 Rela'Lionship of Averaqe Mean Te_mpe¡eturee to lhe D_Ufat¡ory q!
ESE.

Àverage daily weather variables for the emergence to stem elongation

stage for hybrids Pioneer 3995, Northrup King 403 and Pride 1108 are

given in Appendices E, F and G, respectively. The relationship between

development rate for the emergence to stem elongation (nSs) period and

the average daily air temperature (evr) for ESE was linear and very

highly significant (P=0.001 ) for all three hybrids (R2>0.75).

Curvilinear regression did not improve the relationships. Using the two

components of AVT, ATmax and ATmin, in lhe regression analysis did not

substantialiy improve the R2 except for Pioneer 3995 (tabte Z¿). From

this type of analysis the coefficients for ATmax and ÀTmin suggested

that the minimum and maximum temperalures contributed egually to devel-

opment of NK 403 anC Pride 1108. However, for 3995 the influence of the

maximum temperature on development, ôs indicated by the size of ihe

regression coefficient, rlas approximateJ-y twice that of the minimum

temperature. The base temperatures for the equations involving ÀVT were

between 8-100C, similar to Lhat reported by Warrington and Kanemasu

(1983a).

Because of problems with the neutron probes used to measure soil

moisture at depths >2Ocm, soil moisture readings were discontinuous and

unreliable. Therefore soil moisture was not included as one of the

independent variables in the regression analysis for the ESE stage.

Under Manitoba conditions the soil profile at the beginning of lhe

growing season is usually near field capacity. During ESE rool ext,en-
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TÀBIE 24

Regression equations describing the relationship between development
rate (/n - inverse of the duiation in days of the st,age) and the

average daily temperature (¡Vt) for the emergence to stem elongation
stage,

Fiybrid Development rate eguationl pz

3 995

403

1108

/n
/n

/n
/n

/p
/D

.003729 (Àvr - 8.3)
,002612 ATrnax + .00'1 182 ÀTmin - ,04126

= ,003472 (AVT - 8"0)
= .001877 ÀTmax + ,001592 ATmin - .02955

= .0042'11 (AvT - 9.8)
= .002120 ATmax + .002157 ÀTmin - .04165

,76
.81

.80

.81

,76
,76

T À11 equations significant at P=.001

TABTE 25

Regression equations for the relationships between leaf number at stem
elongation (Snrn) and the final leaf number (r'r,x) and the average 5 cm
soil temperature (eVfS) for the emergence to stem elongation stage.

Hybrid Regression equation p2

3995

1108

SELN =
FtN =

SELN =
FtN =

.2283
,4493

.5435 AVTS

.4068 AVTS

+1
+7

.44

.36

.58

.48
95"410 - 9.5i5 Àvrs + .219 Àvrs2
149.826 - 15.25 AVTS + .438 AVTSz
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sion into this deeper wetter soil would be occurring and moisture avail-

ability lherefore rvas assumed to be nonlimiting"

For all 3 hybrids, the reLationship between the development rate and

Lhe average 5 cm soil temperature (evfS = [ÀSTmin + ¡Srmax]/2) for ESE

was not significant at P=.05i neither linear nor curvilinear regression

analysis was signi ficant. The overall regression anaj-ysis indicated

that air temperatures vrere better estimators of the development rate

duríng ESE than soil temperatures. Preliminary examination indicat.ed

that these results were òontrary to those implied from growth room

experiments (Beauchamp and Lathwell, 1967; Brouwer et al., 1973) ano

field experiments using nulch treatments to control soil temperatures

(Cooper and Larv , 1978; I^latts , 1973). The above researchers used leaf

number and/or leaf extension rates as a measure of development rates.

By constrast, the criterion for development in the present study was

stem elongation, defined as that time when the apical meristem just

energed above the soil surface. Thus, the difference in results

obtained may be due entirely to the difference in the definition of

development rate.

Àlthough the development rate for ESE was significantly influenced by

air temperatures and not soil temperatures, there were indications that

the opposite may be lrue for boLh leaf number at stem elongation (Snl¡l)

and final leaf number (nru). Regression analysis indicated that at

P=.10, for Pioneer 3995, both SEtN and FLN were related linearly to AVTS

and, for Pride'1108, quadratically to AVTS (raUte 2S). For both hybrids

SEtN and FLN showed little relationship to air temperatures. A'c P=.10,

SELN and FLN for NK 403 were not significantly related to either ÀVTS or
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AVT" The relationship of leaf number to soil or air temperature would

require further research before further conclusions could be reached.

Þlarrington and Kanemasu (1983b) also found a curvilinear relationship

for FLN to temperature. They found leaf nunbers first decreased and

then increased with increase in mean temperature from 1'l to 35.50C. The

lowest leaf number o".urred at i8oC. Beauchamp and Lathwell (967)

found leaf numbers increased slightly with increase in soiJ. temperature

independent of air temperature.

Depending on how development rate is measured, and during what stage,

there may be a significant rel-ationship between development and either

air or soil temperatures. Leaf number and leaf appearance rates have

been found to be influenced by soil temperatures. The data of Iremiren

and Milbourn /1979) showed that Lhe time from planting to emergence was

significantly influenced by soil temperature but the time from emergence

to tassel initiation (nrt) or from emergence to silking (nSI) was not

influenced by the soil temperature. The duration of ETI was equal for

the two mulch treatments of their study despite an average 40C differ-

ence in soil temperature between the two treatments. Carr f977)

presented data which showed an approximate 15 day delay in silking with

a decrease cf approximately 30C in the average 5 cm soiL temperature

during the first 6 weeks after planting. This compared very well with

the data of Iremiren and Milbourn (979) which showed a 15 day delay in

emergence with an average 40C decrease in soil temperature. Therefore

for Carr's (1977 ) experiments the delay in silking caused by decreased

soil temperatures may have occurred ouring the planting to emergence

stage with soil temperat,ures having little influence on development

rates after emergence"
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The data of our experiments suggested

air temperatures vlere more significantly

during ESE than were soil temperatures.
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that, with the analysis used,

related to development rate

9.2"2 Thermal Models

For each hybrid the accumulated daily development calculated using

aír temperatures r+ith the IEHEN, CHU and GDD thermal models are listed

in order of increasing duration in days from emergence to stem elonga-

tion (nSn) in Table 26. The means, standard deviations (Sn) and coeffi-

cient of variations (Cv) are also shown. The results obtained from the

models MGDD and GDD were almost identical and therefore onLy GDD was

compared t.o the other models.

For the ESE stage there rvas very little difference in the mean dura-

tion (days) between the 3 hybríds. The hybrids can be arranged in order

of increasing mean duration (o¡yS) - 39gS> 403> 1108 - with a difference

in mean duration between 3995 and '1'108 of only 2 days. I{owever, f or a

given hybrid the difference among the locations with the shortest and

longest duration of ESE was approximately .15 days. Among hybrids there

was little difference in the means for each of the thermal models. The

order of increasing mean was the same as for increasing duration - 3995>

403 >'1108. 0f the thermal models, the TEHEN nrodel had the lowest CV;

only slightly lower than the CV for GDD. The CV for the CHU model was

substantially larger than for the other two models. Since the CV for

duration in days of ESE were approximately twice the CV's for the

thermal models, the results indicate that all of the 3 thermal models

were better estimators of the duration of ESE than calendar days"



The sum of
two of the

TÀBLE 26

the cal-cul-ated daiJ-y units for each of
iterative modeLs (lf'and modified CHU)

stem eLongation stage (eSe).

1s0

the thermal- modeLs and
for the emergence to

Àccumulated devel-opment units
Stat i on Durat i on Thermal model-s

Hybrid Number (p¡ys) r-eHeN cHU GDD
(4.4,100C)

I terat ive models
I F MCHU

( 7,'1 soc )

Pt oneer
3995

Northrup
Kin
403

I

MEÀN
SD
cv(e")

12
4
3
2
5
7

11
1

6
9

10

4
2
1

2
3
7
1

5
6
9
U

8

25
27
2B
?o
JI
?1
JI
32
36
37
40

9 .48
10.03
9.36't1.01

10 .24
10 .47

5 5.1
561
526
607
625
634
628
620
67 1

654
69s

218
220
212
244
238

238
254
233
249
255

.63

.00

.85

.35
-81
.3s
. B0
.00
.54
.55

416
415
386
453
445
456
443
452
430
442
449

11
11
11
12
12

12

tz
12

17
1B
17
17
tb
17
16

16
tb

31.64
4 .48

14 .12

brb
52
8.39

12.24
0.59
ô. '7q

10
11

9
10
10

11
11
1'1

9
11
10

35
3B
39

10.30

.88

.83
'7ñ

14
3?

4
2
2

1

7
1

5
6
9
01

)1
27
30
30
J¡
32

33

10.03
9.82

11.0.1
10.57
10.16

561
582
607
583
628
665
637
674
654
682
674

220
226
244
238
238
?qq
260
258
228
261
248

1)

-26
lo

.55

.96

.43
-66

415
430
453
438
443
485
462
484
421
465
435

0.59
4 '7 1

240
14
5.83

o7

439
22

5.01

448
24
5.36

16.13
16 .62
17.04
15.s9

11
67
39
44

32.27
3.93

12.17

.61

.63
a2

16 .96
o.72
4 .22

Pride
1 108

.03

.99
21

. 0'1
q?

MEÀN
SD
cv(e")

MEÀN
SD
cv(e")

27
28
29
30
30
31
33
34
37
40
40
45

247
15

6

632
43
6.8

'10

0
5

.83

.37

0
9
9
1

0
0
1

5b r

594
578
607
583
647
637
69s
691
735
695
806

220
231
219
244
238
252
260
267
t20

284
.EE

292

4 -75
s. B0

5.70
4 .43
6.50
6 .16
6 -84
5.33

415
436
402
453
438
472
462
501
443
510
449
515

1.57
0.13
2 .42
0.70
? ?q

16.90
15.48
16.71

10.86
0.96
I-80

253
23
9.09

15-74
0.93
5. 90

458
36
7.86

33 -67
5.66

16 -42

653
74
11 - 33
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Another way of evaluating the models was to use the mean development

units from Table 26 for the respective models to eslimate Lhe duration

in days of ESE. To correct for bias toward earliness, the means of each

model were multiplied by 0.975. The results are shown in Table 27.

Four statistical measures were used to compare the models for estimation

ability. Mean error, e, is a measure of bias of a model's predictions

while mean absolute error, lel, measures its accuracy. The standard

deviation of absolute error, SD(lel), provides a neasure of the preci-

sion or variability of a model's errors in predicting the duration of a

stage (Daughtry et a1.,1984). The standard error of estimate provides

a measure of the precision of the model when the bias is assumed to be

zero. The data in Tab1e 27 suggest the same conclusions as those

provided in TâbIe 26, v!2, the thermal models were much more accurate

than cal-endar days. The LEHEN and GDD models were of approximately

equal accuracy with LEHEN being slightty more accurate than the GDD for

pioneer 3995 and Pride 1108. The CHU model was the least accuraLe

thermal model. The CHU model had a larger mean absolute error, lel,

than the other lwo models.

The theory behind the heat unit or thermal models suggests that Lhe

accumulaled thermal units should be independent of the duration of the

slage under study. The data of Table 26 suggested that for the ESE

stage this was not the case, especially for the CHU model. Plotting

(nigure 20) and analyzing the data with Iinear regression analysis

(rabte eg) provides statistical evidence for a highly significant rela-

tionship (p=.001) belween CHU and duration of ESE (days) for all 3

hybrids" Cooler locations required mcre CHU to complete t,he ESE stage

than did vrarmer locations. The relationship between GDD and days vras
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durat ion of
using air

Difference in days for predicted minus acEual days for the
the emergence to stem elonqation stage (ESE) caLculated

temperatures with various models.

Station
n umbe r

Ca Lenda r
Days

Therma 1 modeLs
LEHEN CHU GDD

I terat ive models
I F MCHU Modi f ied

RIP
RIP

Pi oneer 3995
0*1

2
3
4
R

6
7
9

10
11
12

3
-l

3
'1

3

2
.1

0
0

-1
-1
-1
-1

2

¿
I

0
0

-1
-l

-1
0
2

-1
0)
2
0
0

-1
-2

0
3

0
0
3
2
0

-)
-1
-2
-4

I

4

1

0
I

0
-2
-l

0
3

q

1

-4
1

_Ã
_B

1
'7

-1
-1

-6
-7
-5

-5. 0
SD=2.24,s8=.5 -7

5.0
) )L

-0-09

-0.08 -0.08 -0.08 0.0
3.0 2.23 1.s1 1.76
a 

^ 
a 1 -Ê t -E 1 1)L- j¿ t - t J t -aJ t -JJ

1 -62 i -29 0-75 1.07

I

-1
-1
-1

-2
_2

-l
-3
-l

-10
-3
-¿

-6
-3
-4
-5

CT
SE=SD ( e )

SD(e)

I",,

0.36
4 .48
3.45
2.66

-0.09 0 - 09
2.34 1 - 64
1.13 1.18
1 .49 1 .08

0.0
1.18
0.91
0-70

0.18
2.32
2.O
1.0

1.22
1.0
0 - 63

0.18
1 .41
1 .09
0 -94

lelsn(lel)
Northrup K 403

0
2
?

4
-z
-¿

0
-6
-3
-2

3
2

-)
f)
0
1

-1-)
-1

0
1

)

-1
0
1

2

1

0
-3
-?

0
3
2

1n9
-l

2
2
R

-3
0

-6
-7

1
q

1

4

7
0

-3
3

11
-6
-6

q

6

1

2
3
4
q

6
7
9

'1 0
11
12

Pride
'1

2
3
4
5
6
7
ö
9

.1 
0

11
12

I

-2
I

-1
-4
-1

1

3

-1
0
0
2

1

-1
-1

1

0
2

1

0
2
1

*1
0

-l
-1

0
0
0

-2
0
1

2
-l

1

-1
-2

0
0
2

-1
I

3
-2
-'1
-1*2
-)

0
3

-2
1

-1

-3
-2
-2

0
-2

0

-2
-4
-z

0
2

-9
-B
-B

-11
-6
-2
-q
-5
-9

2

-2
-9

SE=
le

sD(

-o .27
3.93
3.0
2 .37

0.0
1 .41
1 .09
0.83

0.0 0
1 .95 1

1.64 1

o.92 0

0
41
oq
B3

0. 94
o-64
o .67

0.09
l?

1-0
o -77

-0.55
1 0?
1 .64
1 - 03

-2
,2
_2
_2

0.09 -1.36
=1 .59 ,SE=Z -21

1 .7 3
1.2'7

SD

'1 108

4
1

1

-2
6
4
1

-1
0
1

2

-2
1

0
_?

-2
0
3
1

0
2
¿

-2
1

-1
-2
-l

0
2

-l

-1
0
1

3
a

1

0
-4
-3
-1

3
2

ê
SE=SD ( e )

le
SB( el)

0.33
s. 66
4 .67
,q

-0.08
3 .23

2 '7q
1 .48

0
1

1

1

0
95
5
17

-6 .42
SD=3.03,S8=7.35

6.42
3.03

* negative
positive

1' è = mean
SD(e)
sn( lel)

* actuaL greater than predicted days
- predicted greater than actual days
error, SE =standaro error of estinrate,

standard deviation of mean error, lèl = mean absofute
= standard deviation of mean absolute error.

error,
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signíf icant (p="05) f or two of the hybrids, 3995 and '1'108" However,

only one hybrid, 1108, had a significant relationship (p=.05) between

TEHEN and days. The analysis suggested that there may be a relationship

between thermal units calculated using ËEHEN or GDD and days but that

this relationship was hybrid dependent., i.e., the temperature response

was irybrid specific" The analysis indicated there r,las a definite rela-

tionship betr,¡een CHU and days that was hybrid independent with cooler

locations requiring more CHU to complete ESE than warmer locations. The

level of significance for the relationship, and the coefficient of

determination are also shown.

The CHU model is essentially a quadratic equation describing soybean

development under growth chamber conditions that has been iteralively

fitted to field data through the use of a linear eguation representing

the developmental response of corn to minimum temperatures. The stage

used to obtain this fit was planting to silking. The results of this

study indicated that for the ESE stage, the CHU model does not represent

the temperature response functions for the phenological. development of

corn.

Àlthough the CHU model may be an accurate estimator of development at

higher temperatures (r>200C), it may overestimate development at the

lower temperatures (T<200C). Insteai of a quadratic or linear response

to temperatures, the shape of the response function for the lower temp-

erat,ures may be S-shaped (Figure 21) similar to the TEHEN model. Curve

1 (r'igure 21) is representative of the quadratic response function of

the CHU model. Curve 2 represents the S-shaped response funcLion that

would result in decreased oevelopment at the lower temperatures in rela-

tion to the quadratic funclion (curve 1 ) , Based on the CV's of Table 26

.-a:
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Linear regression
accumulated units

equations describing t
for the thermal models

(H).
he relationship beteteen
and the durat,ion of the

the
sta 9e

Stage Hybrid Egua t i on R2

ESEt
3 995 CHU = 283

GDD = 161
+
+

+

10.52 N
2.39 N

.83
Éa

403

1 108

CHU = 324 9.50 N -76 ***

CHU =
LEHEN =

GDD =

232 + 12.5 N
6.85 + 0.119 N
147 + 3.15 N

a)
.50
.bl

SEST
a) stâtions 11 and 12 (risher Branch B3 and Glenlea 83) included

3995 CHU =
LEHEN =

GDD =

52 + 21.27 N
0.533 + 0.411 N
25 + 8.69 N

t.o
-50

403 cHU = -137 + 28.11 N
LEHEN = -6.13 + 0.646 N

cDD = _117 + .1 3.75 N

11
.55
.57

b ) stat ions
3995

11 and 12 noL incl-uded

CHU = 24 + 2'1 .99 N
LEHEN = -1.15 + 0.46 N

cDD = -2 + 9.39 N

.89

.46

.öl

403 cHU = -59 +
LEHEN = -2,88

GDD = -52 +

24.78 N
+ 0.506 N
10.98 N

.92

.88

.87

1108 CHU= -3+
LEHEN = -2.62

GDD = -19 +

22-52 N
+ 0.481 N
9.58 N

-75
.52

ESI
a) stations 11

3995

1108

stations 1'1

3995

403

and

CHU

CHU

and

CHU

CHU
GDD

CHU

1 2 included

= 652 + 9.56 N

= 758 + 9.15 N

12 are not included

= 356 + 14.56 N

= 318 + 15.61 N

= 1a6 + 5.77 N

= 555 + 12.15 N

.44

b)

1108

7 **

71 **
49 *

67 x*

* sign*'t sig*** si
I ESE

if icant at P=.05
nif icãnt at P=.01
gnificant at P=.001
= emergence to stem elon
ESI = emergence to silk

gation,
ing

SESI stem elongation to silking,
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(p" 150) and the error calculations of Table 27 (p. 152), the LEHEN

model (similar to eurve 2, Figure 2'1) would be the best of the thermal

models used to estimate the development for this stage.
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9"2"3 Iterative Models

There were 3 iterative approaches used in fitting equations to the

field data" Unless otherwise stated, all fitting procedures were

performed using air temperatures and not soil t.emperatures. The first

approach was to fit a modified form of the CHU model to the field data.

The shapes of the two response equat ions, í 
" e. , the sJ.ope coef f ic ients,

representing the CHU model were maintained but the position of the

curves along the temperature axis was modified by adjusting the base

temperatures until the best fit, lowest CV, was obtained. For the orig-

inal CHU mode1, the base temperatures (tbase) for the minimum and

maximum temperature response functions were 4.4 and .100C, respectively.

For the modified CHU (t'tCHU) model the respective base temperatures were

7 and 150C. These Tbase provided the lowest CV for all 3 hybrids for

the ESE stage. The MCHU model had a lower cV (Table 26, p. 150) and was

more accurate (table 27, p. 152t than any of. the thermal models,

including the original CHU. As a method of estimating the duration of

ESA, the rnodified CHU would be adequate. However, if accuracy as well

as a true represent,ation of the temperature response functions were

desired, rÊither the original nor the modified CHU would be acceptable.

The quadratic response function indicates that for the original and

modifieci CHU models the temperature above which development ceases would

be 50 and 550C, respectively. These Lemperatures are much too high when

compared ',o the lilerature, The base temperature above which develop-

ment does not occur has been shown to range from 35 to 450C (Lehenbauer,

1914¡ Blacklow, 1972b¡ Singh and Dhaliwal, 1972). The study of

Warrington and Kanemasu (1983a) and the reworked data of Coligado and
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Brown (1975a) (Figures.14a and b, p. 113) showed that development

decreased rapidly as temperatures increased above the optimum tempera-

ture. Their results indicated Lhat t,he relationship between development

and temperature is not quadratic, nor is the curve S-shaped below Topt

as indicated by the LEHEN model.

The second iterative procedure fitted to the field ciata using air

temperatures rlas Robertson's (1968) iterative procedure (nip). The

model was fitted to the data assuming that photoperiod did not affecl

the development of the hybrids used in this study. Based on the small

geographic area over which this study was done, and the small daily

change in photoperiod during this stage (compare average photoperiods

between stations - Appendices E, F, and G) tnis assumption was consid-

ered valid. The conclusions of Rood and Major (1981) also supported

this conclusion. In this study, for all the models tested, analysis

showed no relationship between accumulated development units needed for

completion of ESE listed in Tab1e 26 (p. 150) and the average phoLoper-

iods of the ESE stage (Àppendices E¡ F, and G).

The results obtained from fitting the temperature only part of the

RIP model to lhe data for the ESE stage are shown in Table 29,

According to the fitting procedure (used for the RIP) only the naximum

daily temperatures contributed to the development of each hybrid. Tmin

did not contribute to development, i.e", Lhe corn pl-ants were dormant at

night. The minimum base temperatures obt.ained for the quadratic

response function for 3995, 403 and '1108 were approximately 16, 11 and

170C, respectively. Because in the fitting procedure the base tempera-

tures for the quadratic equations relat.ing Tmin and Tmax Lo development

are assumed equal, the two response curves have a common point.
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Therefore, if the base temperature for one of the curves was substan-

tially different from that of the other curve, the influence of Tmin or

Tmax on development may be overlooked and discarded in the fitting
procedure, âs was probably the case in this study. The base tempera-

tures of 16 and 170c were much larger than the 6 to 80c reported in the

literature (I.Iarrington and Kanemasu, 1983a) and derived from the data of

Coligado and Brown ( 1 975a ) .

For each hybrid, r-he CV's f or this f itting procedure (faUte Z9) vrere

very similar to those of the original CHU model (table 26, p. 150),

When the base temperatures and the coefficients of Table 29 were used to

estimate the duration of ESE in days for each location, there lvas a

strong bias towards predicting earliness (rable 27, p. 152). The bias

rvas especially large for hybrids 3995 and 1'108. To decrease'this bias

the original RIP equations were modified by adjusting Tbase until Lhe

bias, ë, and error lel, were minimized - rhe modified RIp in Table 27

(p. 152), The equations were evaluated on the same data from which they

were derived. This gives an indication of the goodness of fil of the

model to the original data. The goodness of fit of the derived coeffi-

cients for the RIP model iias poor (table 27, p. '152) and for this reason

the Tbase were modified to improve the fit. The original Tbase derived

by the model for 3995, 403 and 1 108 were 15.80, 10.85 and 16.930C,

respectively while Tbase for the modified RIP equations were 17,25,

11,25 ano 18.50C" Burnett et. aI. (1985) also found that the originally

derived coefficients of the RIP had to be modified to obtain reasonable

estimates of the duration in days of the stage used in their study of

soybean development" Because the goodness of fit of the originally

derived coefficients vras poor, and the results obtained with the modi-
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fied RIP model were only slightly belter t.han with the originai CHU

model, the RIP was considered inadequate for estimation of stage dura-

tion. Àlso because temperature response functions have been found to be

other than quadratic (I^?arrington and Kanemasu, 1983a), the RIP may not

reflect the true temperature response function for development. The

modified CHU model r^,as a much more accurate estimator of the duration of

the ESE stage than was the modified RIP model.

The third iterative approach to fit equation 5.7 to the field data

was the iteration (ir) model. The equation is a very versatile equation

that was found to describe the temperature response curves obtained from

the growth chamber studies of Warrington and Kanemasu (1983a) and

Coligado and Brown ('1975a). The model developed was used to fit to

field data two completely separate equations describing the temperature

response functions of Tmin and Tmax, respectively. The caroinal temper-

atures for each hybrid resulting from the fitting procedure (using air

temperatures) are shown in Table 30 with the accumulated development

units needed to complete the ESE stage, as well as CV's, shown in Table

26 (p. 150). This procedure provided the lowest cv (Table 26, p. 150),

especially for Pride 1108, and the best accuracy ( lel - Table 27, p.

152) and best precision (sc( lel ) - Table 27, p. 152) of any of the

models tested. The lowest standard error of estimate was also obtained

wiLh this method (rable 27, p. 152). Figure 22 is a graph of the devel-

opment units caiculated using the IF model plotted as a function of

duration of ESE in days" Analysis of the data showed no relationship

between accumulated units and duration of the stage in days. The

cardinal lemperatures thaL resulted from the fitting procedure using air
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TABLE 29

Robert,son's (1968) iterative procedure (nlp) coefficienLs derived using
air temperaLure (photoperiod assumed to have no effect on develspment).

Stage &

Hybr i d
Tbase

bo
Tmax TmÍ n cv(e" )

br bz b¡ bq

Emergence to Stem Elongation

3995 1s.89 .00s646

403 10"8s .002726

1108 16.93 .006920

Ene¡qence to Silkinq

399s 5.66 .0009s39

403 1,281 "0005741

1 1 08 7.853 .0009627

-.0001 348

- " 
0000'1479

-.0002345

0.0

-"000001771

0"0

0.0

0,0

0.0

nn

" 
0008577

0"0

0"0

0.0

0.0

0"0 4,7

-. 00003657 5,4

0"0 5"1

6.6

7,4

10,2
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Lemperatures (taUte gO) showed that the temperature response functions

were hybrid dependent. Although the indivíduaI hybrids responded

differently to the Tmin and Tmax temperatures, the general patterns of

the responses vrere similar" The Tmax response functions among the

hybrids were very similar wilh a lower base (critical) temperature

(r,cr), Topt and upper base (critical) temperature (uct) of approximately

i5, 33 and 35-400C, respectively. The UCT was more representative of

those in the literature than the 50-550C temperatures for the CHU equa-

tions. The Topt (330C) is slightly higher than the 25-300C optimum

reported in the literature (CoIigado and Brown , 1975ai Warrington and

Kanemasu, 1983a).

The Tmin response functions for 403 and 1108 were similar to one

another with 'the cardinal temperatures being approximately equal.

However, the Tmin response function for 3995 was substantially different

with the Topt and UCT approxirnately 100C higher Lhan for the other two

hybrids. The LCT for the Tmin response functions are similar to those

reported by Warrington and Kanemasu ( 1 983a ) and those found upon

reworking the data of Coligado and Brown (1975a). The base t,emperatures

of Lhese iwo studies trere found to range between 6 and 90C"

Replacing air temperature with the 5 cm soil temperalure and

obtaining the best fit did not improve Cv (Table 30) for the ESE stage.

The general patterns between hybrids of the response functions for the 5

cm soil temperatures (St) were very similar to those for the air temper-

aiures (nt) except that all the cardinal temperatures were lower for the

soiL compared to air temperature response functions.
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pJ.otted as a function of the duration of the stage in days.
The mean deveJ.opment units for each hybrid are also shown.
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When iterative procedures are useci, the resulting response functions

are a sum of at least trrro separate response functions: 1. the relation-

ship of plant temperat.ure (pf) to either soil or air temperature, and 2.

the temperature response function for development. The relationship

between plant temperatures and soil tenperatures will be different Lhan

the relationship between PT and ÀT. These different relationships wilI

be reflected in the cardinal temperatures determined v¡ith the IF model

using air or soil temperatures. ALthough nct shown, the same results

were obtained when the other iterative and thermal models were run using

soil temperatures instead of air temperatures. As stated earlier, using

the analysis of this study, air temperatures provided a better estimate

of the duration of the emergence to slem elongation (nSu) stage than did

5 cm soil temperatures"

The IF model provided the most accurate estimation of the duration of

the ESE stage and may also be a better approximation of the temperature

response functions both under growth chamber and field conditions. For

growth chamber studies, the IF equation represented very well the rate

of development (inverse time) from emergence to tassel initiation as a

function of temperature. A plot of the Lehenbauer (1914) data is a

repre,sentation of the elongation rate of corn seedlings as a function of

temperature. For this study, tassel initiation was coarsely approxi-

mat.ed by the beginning of stem elongation. It was expected, therefore,

that the IF equation evaluated at Tmax and Tmin would better estimate

the duration ESE lhan would equatíons developed from the Lehenbauer

data. This was not the case. Two separate IF equations, one repre-

senting the Tmin response function, and one for the Tnax response func-
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TÀBLE 30

Cardinal temperatures obtained from iteratively fitting Lhe IF model to
the field data for each location.

Stage Hybrid LCTt

Cardinal Temperatures (oC)
Tmin Tmax

Topt UCT tCT Topt UCT CV 9o

ESE*
Air temperatures

3995 7

403 5

1108 I
5 cm Soil temperatures

3995 4

403 4'1108 9

SESI
Àir temperatures

3995 7

403 7'1108 7

5 cm Soil temperatures
3995 9

403 7

1108 I

ESI
Air temperaLures

3995 1 0

403 10'1108 10

32
19
18

??

23
22

33
33
33

39
JJ

35

5
tr,

5

4.8
4.2
tro

24
17
tt

26
25
18

9

12
11

26
26
26

30
30
30

17
12
22

30
20
30

26
26
26

40
35
35

¿u

24

23
25
)Ê,

10
18
I

26
26
24

39
1¿

39

t5
IJ
t5

¿3
23
23

IU

10
IU

32
30
J¿

37
?q

37

6
6

6

9.4
7 ,4
8.4

1A.7
oÕ
5.8

8.9
4.5
4"2

4
4

4

7

7

1

î tCT, Topt, UCT - lower, optimum, upper cardinal temperatures,
respectively.

* ESE = emergence to stem elongationn, SESI = stem elongation to silking,
ESI = emergence to silking.
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tion, rather than one equation containing both Tmax and Tmin, were

needed to accurately estimate the duration of ESE. However, a good

estimate of ESE duration was obtained when both Tmin and Tmax were eval-'

uated using the elongation rate response equations deveJ.oped from the

Lehenbauer data. It is tenpting to speculate as to: 1. why for the IF

model Lhere should be two response functions, one for each Tmax and

Tmin, needed for a best fit rather one response function suitable for

both Tmax and Tmin, as indicated by growth chamber studies; and 2. lvhy

the LEHEN model, one response function evaluated at Tmax and Tmin, was a

good estimator of development (duration, not eLongation) under field

conditions.

There may indeed be two separaLe temperature response functions, one

for Tmin' and one for Tmax" Hardacre and Eagles (1980) found major

differences among hybrids in the ability to grow autotrophically at

130c. The United States hybrids of their study could not grow auto-

trophically at 130C. The lower base Èernperature of the Tmax response

function using the IF model was 150C. These results may indicate that

under the high radiaticn load that may exist during daylight hours, the

base temperature below which development does not occur may indeed be

approximately 150C. Photodegradation of the photosynthetic enzymes has

been found to occur at temperatures beiow 13-150c. Al night, there

would be no photodegradation of enzymes and development may proceed at

temperatures lower than 13-150C. Many of the growth chamber studies on

development have been done under conditions where Lhe radiation load on

the corn plants was approximately half of ihat under field (ful1

sunlight) conditions. The potential for photodegradation of the enzymes



.:..:

.,i..'

:,..

: .::.

a:,4

.a:,:,.

.:t:::
.:..:t,

168

may not be as severe for growth chamber conditions with the resutt thal

the temperat,ure response functions for growth chamber studies may be

different than those developed under field conditions. The Tmax

response function developed with the IF model may reflect the inability

of corn planr- to grow autotrophically at temperaLures less than about

i3*150C during the daylight hours.

The difference between the response functions determined from growth

chamber (warrington and Kanemasu, 1983a; reworked data of Coligado and

Brown, 1975a) and field studies may also occur because of the influence

of transpirational cooling on plant temperature. Under growth chamber

conditions the plant temperature and the chamber temperature may be

approximately equal¡ especially if humidities are high and radialion

load only half that of full sunlight (i"e.,1ow t.ranspirational demand),

However, under field conditions plant temperature may be significantly

lower or higher than air temperature, depending on transpirational

demand and moisture supply (Jackson, 1982; Choudhury, 1983; Gardner et

â1., '1981a). If this is true and if equation 5.7 is a measure of the

true temperature response function tor development, the TEHEN mode1,

which is essentially only one curve representing the response function

for Tmin and Tmax, may work well because the curvilinear response from

the LCT to Topt may also reflect the difference between air and plant

temperature brought about by transpirational cooling. For example,

plolting the LEHEN curve and equation 5.7 wilh cardinal temperat.ures 8,

32, and 360C on the same graph will help illustrate this point (figure

23), if rve assume that plant temperatures were known, equation 5.7

would represent the true temperat,ure response function for development.

I'¡ith adequate moisture supply and high radiation load the plant tempera*
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ture may be 30C lower than air temperature, i.e., with a maximum air

temperaLure of 25oC, plant temperature may be 220C. Therefore, the

development rate would correspond to the plant temperature (220C) -

point B and not to the air temperature (250C) - point À (Figure 23).

When air temperatures are used to estimate daily development rate, the

shape of the TEHEN curve would help compensate for the decrease in plant

temperature over that of the air temperature at t.emperatures lower than

the oplimum - point C (rigure 23).

Above Topt the plant may suffer from temperature induced water

stress, closing the sLomates and restricting transpirational water loss.

this may cause plant temperatures !o be closer to air temperatures.

Under Manitoba conditions, the soil profile during early summer is

usually near field capacity and during ESE, root growth, both length and

depth of roots, is probably continuing at iLs maximum rate. Therefore

water supply may not be limiting; although this could not be determined

from our study.

The fitting proceCure of the IF nodel may also reflect the effect of

transpirational cooling on the pJ.ant-air temperature relationship.

Figure 24 is a plot of the Tmin and Tmax response functions for NK 403

determined with the IF mooel. Àlso piotted is the TEHEN model tempera-

ture response function. The Tmax response function (curve '1b - rigure

24) is r¡er]¡ similar in shape and position to the LEHEN curve for

T>16-180C. As previously suggested the shape of the LEHEN curve may

help compensate for the decrease in plant temperature compared to air

temperature because of transpirational cooling. This argument may

explain why the IF model gave a better fít to the field data with two
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separate temperaLure response funetions (one for Tmin, another for Tmax)

instead of one t,emperature response function for both Tmin and Tmax.

The separation may have been broughl about by.the effects of transpira-

tional cooling during the daylight hours (when the maximun temperature

occurs). 1f the effects of the availability of moisture on plant temp-

erature could be incorporated into the IF model, the temperature

response function may then best be represented by one equaticn instead

cf two separate equations. Similarly if the effects of moisture avail-

ability could be incorporated into the LEHEN model, the shape of the

TEHEN curve representing the temperature response function may approach

that represented by equation 5.7 (t'igure 13, p, 106). From this study

it could not be determined if one, cÍ eiLher, of the above 2 proposed

hypolheses explained why two response curves rvere obtained from the IF

model, or why the LEHEN mcdel was an accurate estimator of ESE"

.:i

t::
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9.3 sTEM FroN_cArreN Tq srLKlNg (snsr)

9. 3 . 1 Relat ions_itip g[ Averaqe Da i Iy TemperaLures !o Ehe Durat i on of
SESI .

Àverage daily weather variables for the SESI stage for hybrids 3995,

403 and 1108 are given in Appendices E, F and G, respectively. The

previous two stages, planting to emergence (pn) and emergence to stem

elongation (nSn) had highly significant relationships between average

soil or air temperatures and development rate (inverse duration in days

of the stage). For SESI, analyses found absolutely no relationship

between air and/or soil temperatures and development rate obtained from

Appendices E, F, and G. It has been suggested by other researchers

(Robertson and Holmes, 1957 ) ttrat, for a given stage of crop growth and

for a number of observations, the relationship between development rate

and temperature may be determined from the average temperaEure during

the stage (development rate being determined by taking the inverse in

duration of the stage). For the present study, this concept may be true

for the PE and ESE stages but not for the SESI stage. Other methods

have to be employed to deterrnine the relationship that may exist between

development rate, temperature and other climatic variables.

9.3.2 Thermal Models

Àccumulated daily development units calculated from air temperatures

using Lhe tEHEN, CHU and GDD thermal nodels are listed in Table 31. The

locations are listed in order of increasing duration in days of the SESI

stage. ÀIso shown are the means, sLandard deviations (Sn) and coeffi-

cienLs of variation (Cv). The mean durations of this stage for hybrids

3995,403 and 1108 were approximately 24,28 and 30 days, respectively.
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Of Lhe 3 stages studied, planting to emergence (pn), emergence to stem

elongation (nsn) and stem elongation to silking (snsl), the least vari-

ability among hybrids, with respect to stage duration, occurred during

PE (0 days) with the greatest variability during SESI (6 days). For

lhis stage, the CV for calendar days (duration of SESI in days) was much

smaller than the CV for any of the thermal models. The thermal model

with the lowest CV was the CHU model with the other two models, TEHEN

and GDD, having CV's substantially larger than the CHU model. The oppo-

site was true for the ESE stage where: 1. the thernral models were all

more accurate estimators of stage duration than calendar days, and 2"

the LEHEN and GDD models were more accurate estimators than the CHU

model.

Figures 25 and 26 (p. 178) are graphs of the accumulated CHU and

LEHEN units, respectively, listed in Table 31, plotted as a function of

the duration in days of the SESI stage. À graph of GDD versus duration

would be very sirnilar to Figures 25 and 26 (p. 178)" The data of Table

31 vras analyzed in two v¡ays, with and without locations 11 and 12 -

Fisher Branch 1983 and Glenlea 1983, respectively. For these two loca-

tions there were visible signs of severe moisture stress, leaf rolling

for much of the day, for at least the last half of the SESI stage"

Visible signs of moisture stress were not evident at any of the other

locations. Locations 11 and 12 are identified on Figures 25 and 26 (p.

178)" The resuiting equations from linear regression analysis of accu-

mulated development units and duration of SESI are listed in Table 28

(p. 155)" The relationship between CHU and duration (w) was highly

signif icant (p="00'1 ) f or 3995 and 403 r'ith and wit,hout Iocations 11 and

12. The relationships between LEHEN and N and between GDD and N for
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units for the stem elongation to silking (SESI ) stage
he E.hermaÌ model-s and two of the iterative model-s ( ln

and modi f i ed CHU ) .

for devel-opment
Hybrid Station

Numbe r

from pJ-anting to silking
Durat ion ÀccumuLated Un i ts for(o¡YS) rnermaL Models

LEHEN CHU GDD(s.q,100c)

the Spec i f ied Model
I terat i ve Models

I F MCHU
(7,150C)

Pioneer
3995

Northrup
King

403

MEÀN
SD
cv(e.)

MEÀN
SD
cv(e")

MEAN
SD
cv(e")

2
10

1

11
6
1

12
9
3
5
4

21
22

23
25

26
27
28
29

8.43
8.08
8.94

11 -26
'1 0.32
9.48

13-47
1 1 .60
11.4
11.31
12 .15

472
485
486
549
577
563
651
619
606
617
67 1

'1 91
186
200
242
243
219
298
256
253
249
273

2 Èa

366
376
459
465
415
555
487
475
471
520

10.06
10 .24
10.63
13.13
12 .86
'1 1 .60
15.71
13.77
1A Ã2

13.36
14.58

21 .22
)2 )1

234

14.1

24 .45
2.84

11 .62

28
2
9

32
32
34

10.59
1.68

15 -92
69
12 .06

12-69
1 .84

14.53

450
64
14 .22

0
q
'Ì
3
6
2
)
1

I

4
9

1

23
26
26
27
27
2A
29
30
30
JI
aa

8.5
10.41
10.36
10 -87
.1 1.68
10.91
16.16
11 .41
15 -27
12 .6
13.94

521
565
576
588
655
628
770
676
751
708
742

197
227
)24
??q
273
249
356
265
334
284
307

ao

.32

.55

.46

.03

.98

.72

.71
-83

386
429
441
451
521
47 1

665
501
634
542
s81

15
16
16
11
19
1B
23
19
23

nq
.63
.34

12.01
))a

19.09

6s3 266
84 45
12.86 16.92

19 .48
2.97

15 .23

511
B8
1'7 22

Pride
1 108

0
2
2
6
7
1

B
9
3
1

4
q

2'l
27
29
29
29
29
JU
30
31

q 
^115.38

11.52
12 .63
11 .49
14 .84
10.06
12.91
12-68
11.98
12 -85
1a 1'>

sB3
730
657
708
639
730
635
689
679
714
728
761

337
263
295
258
326
236
284
279
277
291
306

15.7 4
21 .84
19 .12
20 .2
17 .28
22 .4
16 .37
19.24
18.69
19 .52
20 .57
20.98

425
633
496
564
489
6t/
454
537
526
526
554
5B'1

534278
31
11..1 5

29 -92
2 .07
6. 90

12 .46
1-73

13.89

688
5t

? .41

19.33
2 .07

10.71
62
11.61
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hybrids 3995 and 403 were significant (P=.05) when locations 11 and 12

were included ín the analysis but were highiy signÍficant when locations

11 and i2 were excluded. For hybrid Pride 1.108, there were Ro signifi-

cant relationships between the accumulated development units and dura-

tion wilh locations 11 and 12 in the analysis. However, without loca-

tions 11 and 12 the relationships were significant, with the relation-

ship between CHU and N being highly significant. These results indi-

cated that a) the temperature res.ponse functions represented by the

Lhermal models were incorrect for this stage, SESI, and/or b) other

weather variables as weIl as temperature significantly influence devel-

opment during this stage.

Warrington and Kanernasu (1983a) found the temperature response func-

tion for tassel initiation to anthesis (tte) to be very similar in shape

to the temperature response function for emergence Lo tassel initiation
(gu), i"e., equation 5,7 represents very well the temperature response

functions determined from growth chamber studies. However, Brown (977)

suggested that the temperature response function changes throughout the

1if e cycle of the corn plant. T'thereas bef ore tassel initiation (rt )

there rras a definite optimum temperature for development, the tempera-

ture response function after TI may have a temperature range over which

development v¡as opt,imum. Field studies (Herrero and Johnson, 1981; Shaw

and Thom, 195'1 ; Mallet , 19'12) have shown that moisture stress may

significantly increase the period from tassel emergence Lo silking.

Herrero and Johnson (1981) found the interval between TI and silking

could be doubled by moisture stress" The accumulated development units

for LEHEN and CHU models (tante ¡1 ) were plotted as a function of the
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mean daily rainfall during the SESI stage (Appendices E, F, and G) and

analyzed. The linear regression equations, R2 and level of significance

are shown in Table 32. Location 5 - Arborg 1981 - rvas not included in

the analysis because during the latter half of SESI the rainfall was

high enough to leave standing waler (water logged conditions) for much

of this period. There have been reports in the ]iterature that if N

levels were high, prolonged flooding during the latter half of SESI may

not influence deveJ.opment rates (Wenkert et a1., 1981; Ritter and Beer,

1969). Àlthough N levels were high (>300 kg/na) at this location, the

experiment was not designed for this occurrence and therefore it was

thought best to exclude location 5 from the analysis.

Curvilinear (quadratic) regression analysis may have increased the R2

and shown an optimum average daily rainfall for this stage, above and

below which the duration would increase. However, wit.hout the widely

varying soil types, soil moisture holding capacities and, therefore,

soil moisture supply included in the analysis, the curvilinear response

function would have little meaning. vlilh linear regression analysis a

comparison of the effects of moisture slress (as measured by amount of

rainfall) on each hybrid could be oblained, as well as whether or noL

there was a significant relationship between rainfall during SESI and

development. The addition of stored soil moisture to the analysis would

probably have improved the results, However, the soil nroisture data was

incomplete and of questionable accuracy. Figure 27 (p. 179) is a plot

of LEHEN versus average daily rainfall during SESI. The regression

equations of Table 32 show a sígnificant relationship between LEHEN and

rainfall for 3995 and a highly significant relationship for hybrids 403
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and 11C8, The only significant relationship between CHU and rain r+as

for 403. However, this may have resulted from the iterative fitting
procedure used lo obtain the best fit of the CHU model to the field

data. In using iterative procedures to obtain best fits, the influence

of other weather variables on development may be masked or hidden in the

analysis. The results indicated that the development during SESI for

all 3 hybrids was affected by moisture stress. For the data of this

study, the equations of Tab1e 32 indicated that as rainfall during the

SESI stage increased the calculated development units for the duration

of SESI decreased. The R2's indicate that more of the variation in

development units for hybrids 1108 and 403 was accounted for by rainfall

than for 3995. These results may indicate that 3995 was less sensitive

to moisture stress than were hybridd 1'108 and 403.
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TABTE 32

escribing the relationship of the
he thermal models LEHEN and CHU and of
o the average daily rainfall (pnne) to
ESI .

Hybrid Equation pz

3995 LEHEN = 12,33 - 12,71 PREC .51 *

403

MCHU = 514.2 - 465.4 PREC

IF = 14.56 - 13.58 PREC

LEHEN = 15.94 - 23.16 PREC

CHU = 780.3 - 728.4 PREC

MCHU = 662.4 - 878.4 PREC

rF = 24.91 - 26.93 PREC

MCHU = 624.1 - 549.3 PREC

rF -- 22.23 - 17,68 PREC

**
*

,69
.54

lL1 *
.49 *

.70 **

.60 **

"59 x*
qq *:k

1108 LEHEN = '15.11 - 16.02 PREC "64 **

*
**

signif icant at 5eo

signif icant at 1eo
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9.3.3 Iterative Models

Listed in Table 31 (p. 174) are t.he accumulated development units

calculated using the IF and MCHU models that were derived from the data

for the previous stage, ESE. The assumption, based on the observations

of Warrington and Kanemasu (1983a), was that the temperature response

function for SESI r+as very similar to that for ESE. The CV's of the

iterative models were much larger than the CV for calendar days, i"e.,

calendar days would be the beiter estimator for the duration of the SESI

stage. 0vera11, the IF model was siightly superior to the MCHU model

and was a better estimator of duration than the LEHEN and GDD models.

The CHU model- had the lowest CV of any of the mcdels Iisted in Table 31

(p. 174). There r,las a significant and highly significant Linear rela-

tionship between accumulated development units of the IF and MCHU models

and duration (days) of SESI for hybrids 3995 and 403, respectively

(rabte g¡). when locations 1.1 and 12 were excluded from the analysis

(because of visible signs of moisture stress) the relationships were

highty significant for 3995 and 403 and were now significant for hybrid

1108.

The relationship between the accumulated development units of the IF

and MCHU models and average daily rainfall (pnnC) during SESI was highly

significant for hybrids 403 and 1.108 and significant for 3995 (fabte

32). The overall results of Table 32, as well as field observations and

the root growth results of t.he emergence stuCy, indicated that 3995 was

more tolerant of moisture stress Liran were 403 and 1108; i¡ith 403 being

slightly more sensitive to moisture stress than 1108. if the tempera-

ture response functions for ESE and SESI were similar, as the data of
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Warrington and Kanemasu (1983a) indicated, then the results of Tables 3.1

(p. 174),32 and 33 woutd suggest that moisture stress had a significant.

influence on the duration and accumulat,ed thermal units needed for the

eompletion of this stage, SESI. Às mentioned previousJ.y other

researchers have found moisture stress significantly delayed silking, as

was indicated by the results of this study. If we assume that the 
"temp-

erature respoRse function changes with age as suggested by Brown (977),

then the dat.a and results of Tables 3.1 (p. 174) , 32, and 33 indicated

that the temperature response functions represented by the models tested

may be influenced by other wealher variables such as moisture during the

SESI stage.

The iterative approaches to curve fitting, RIP, MCHU and IF models,

Lhat were relatively successful for the ESE stage, were not as

successful for the SESI stage. The RIP was completely unsaiisfactory.

Àfter repeated but unsuccessful attempts to stabilize the iterative

procedure at coefficients that were reasonable, the fitting procedure

was abandoned. tsase temperatures ranging from -25 Lo -1500C were not

acceptable and the CV's v¡ere approximately equal to the CV's for

calendar days (fab1e 3'1, p. 174), The RIP model, therefore' provideo no

improvement over calendar days in estimating the duration of SESI.

The procedure used to fit the modified Corn Heat Unit (}¿CHU) model to

the field data provided similar results to lhe RIP model. The CV's for

3995,403 and 1108 were 11.2, 11.7 and 5.,9%, respeclively. Although the

CV's for the MCHU model vrere superior to those of the CHU model, they

were approximately equal to the CV's for calenda¡ days and t.herefore did

not improve on the ability to estimate the duration of the SESI slage"
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TABLE 33

Linear regression analysis of the accumulated development units during
SESI catculated using the iterative models IF and MCHU determined for

the ESE stáge to the duration in days (H) of SESI 
"

Hybrid Equation pz

a) stations 11 and 12 (risher Branch 83 ano Glenlea 83) included

399s

403 IF = -'1 .08 + 0.945 N

MCHU = -195"3 + 25.1 N

b) stations 11 and 12 nol included

3995 IF =-Q"28+0,510N
MCHU = 7.1 + 17.4 N

403 iF = -J.6 + 0.792 N

MCHU = -75.5 + 20.0 N

1108 iF = -Q.24 + 0.628 N

MCHU = -23,4 + '17.8 
N

IF = 1"30
MCHU = 56.1

.466 N

6.1 N

. 5'1

.51
+0
+t

.50

.52

*
*

.70 **

.56 **

"83
,79

" 92 ***
" 
$g *x*

***
**

*
*

* si**s
**:lr

90

0.1%

gnif icant at Seo

igníf icant at .1

significant ai
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The base Lemperatures of the Tmin and Tmax response funct.ions of the

MCHU model were 8.4 and 20C, respectively. The 20C base Lemperature for

the Tmax response function (quadratic) llas significantly lower than the

'150C base temperature of the MCHU model for ESE. The optimum tenpera-

ture for the quadratic with Tbase = 20C would be 220C, much lower than

the Topt = 300C for the CHU model and Topt = 350C for the MCHU model for

the ESE stage.

nitting the IF model to the field data for SESI provided some inter-

esting results. Comparison of the CV's for the cardinal temperatures

determined using air temperatures (tab1e 30, p. 166) to the CV's for

calendar days (fable 31, p. 174), showed that the IF model provided

little improvement in the ability to estimat.e the duration of the SESI

stage. However, using 5 cm soil temperat.ures in the IF iterative proce-

dure provided lower CV's than did air temperatures. it is difficult to

explain why soil temperatures should provide a better estimate of stage

duration than air temperatures. One reason may be that during the SESI

stage the canopy becomes 'closed'. The leaves fill in the rows and

provide an effective barrier to air exchange between the canopy and

atmosphere above the canopy. Without this air exchange, the canopy may

become a heat source during the day, i.e., the air temperature wiËhin

the canopy may be significantty greater than air temperatures outside

the canopy. If this were the case, soil temperaLures may have provided

better estimates of plant temperature than air temperatures ouLside the

canopy and this would have been reflected in the ability lo estimate the

duration of SESI 
"
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The thermal models and the iterative models did not prove to be

better estimators than calendar days of the duration of the SESI stage.

This study and other research has shown that moisture stress can signif-

icantly delay silking. I^iith the addition of a moisture stress term to

the IF iterat.ive procedure, the iF model may have provided a more accu-

rate estimate of the duration of SESI. However, with the use of tenper-

ature aloner none of the iterative procedures or thermal models were

acceptable estimators of this stage.

9,4 EMERGENCE TO SITKING (NSI)

The duration of ESE was much more accurately estimated by aLl the

development models than it was by caì.endar days. However, the duration

of SESI vras not accurately estimated by the development models tested.

Since this stage, ESI, is a sum of the previous two stages the estima-

tion abilíiy of the development models should be sonewhere between

reasonabl-y accurate and inaoequate.

9 " 4.1 Thermal Modeis

The accumulaied development units calculated using the thermal models

LEHEN, CHU and GDD are shown in Tab1e 34. For 3995 and 1108, the

thermal models were better estimators of the duration of ESI than was

cal-endar days - the CV's of lhe thermal models were less than the CV's

for ealendar days. t'or 403, only t.he CV for CHU was slightly less than

the CV for calendar days, the CV for LEHEN and GDD were substantially

Larger than the CV for calendar days" t'or all 3 hybrids the model with

the lowest CV was Lhe CHU model. This r+as contrary to the results of

Coelho and Dale (1980) who found t.heir FT model (essentially the LEHEN
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model) was a slight.ly superior estimator of the planting to 75% siÌking

sLage than were the CHU and GDD models. Hybrid ¡Ui 403 was found to be

especially sensitive to moisture stress during the SESI stage and this

would result in the higher calculated CV's for ESI.

Using linear regression analysis as a means of testing for a signifi-

cant relationship between the accumulated units calculated wiLh the

thermal models and duration of ESI yielded lhe results shown in Table

28, (p. 155). With locations 1.1 and 12 included in the analysis there

vlas a significant relationship between CHU and duration (calendar days)

for hybrids 3995 and 1108 - the two hybrids least sensitive to moisture

stress. Excluding locations 1.1 and'12 from the analysis, the relation-

ship between CHU and calendar days became highly significant for al-l 3

hybrids" As stated for the previous stage, SESI, the relationship

between CHU and calendar days indicate a) tne CHU model does not repre-

sent the proper temperature response function, andrlor b) other weather

variables were involved in development. It is apparent from previous

research, ôs well as irom this study, that moisture stress can prolong

development, especially the SESI stage.



TÀBLE 34

Àccumulated daily units for the emergence -to :itking (EsI ) stage
.ãf."i.t"d using the thermaÌ models. The development units were

calculated using air temperats-ures'
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Hybr id StatÌon
numbe r

DL¡ra t i on
( o¡vs )

Àccumulated Units
Thermal Models

LEHEN CHU GDD
(4.4,10oC)

Pioneer
3995

Northrup
King
403

Pride
1108

MEAN
SD
cv(e")

MEAN
SD
cv(e")

2
)
7
1

3
4
1

5
6
0
9

4 .16
7 .41

20.89
1.36
6.49

22 .62
2 .14
9.48

11BB 417
60 26
5.05 5.45

50
5l
53
53
CE

56
57
59
59
bl
63

aa o<

19 .43
19.41
21.42
20.76
22-19
20.64

ËE

20 .19
18.78
22.44

1 202
107 9
1119
117 6
1133
1 232
1 182
12 42
1 248
1 180
127 4

56
51
5B
5B
58
59
61
62
62
63
70

25.98
21 .44
21 .91
22 .63
21 .50
21 .53
25 .42
21.35
18.94
)) 11
25.33

1171
I ¿36

1 269
1 241
1 239
137 9
1310
1194
1313
1 424

584
483
501
510
495
492
574
501
445
527
568

55
5B
59
59
60
61
65
66
67
6B
10
75

25 .37
24 .15

22.89
22 .32
23.25
23.34
22.77
20.18
25.29
.E ? ?

22 .45

1 324
1 308
1 264
1 289
1285
1 262
1351
1400
127 B
1 456
1 424
1 441

57 1

545
515
516
514
523
539
534
476
579
568
529

60.36
3.93
6.51

1 284
79
6.15

s16
43
8.33

578
443
446
482
468
498
475
494
476
441
504

56. 09

3
2
4
7
5

'1 '1

6
10

1

9

2
4
7
3
1

6
10

q

9
I

1 352

'1 
1

MEAN
SD
cv(e.)

63.58
5.85
9 .21

1 340
1)

5-37

23
1

6

21

.52

.53

ç2)

29
5.45
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I "4.2 I ter t ive Uodcls

Às with the ESE and SESI stages, |he MCHU, RIP and IF models were

iteratively fitted to the field data for the ESI stage. The application

of these modets incorporated the assumption that only temperaLure influ-

ences development. Excluding the effects of moisture limits both accu-

racy and interpretaiion of the resultant temperature response curves.

For hybrids 3995 and 1108, the base temperatures for the Tmin and

Tmax response functions of the MCHU model, the one which provided the

lowest CV's were 9 and 110C, respectively. The CV's for 3995 and.1108

were 4.6 and 4.9ro, respectively. The base lemperatures for hybrid 403

were 2 and BoC with a CV of 5"7eo. These CV's are slightly smaller than

the CV's of the CHU model. Therefore, MCHU provided only slight

improvement over the CHU model in estimating the duration of ESI '

The derived coefficients for RIP are shown in Tab1e 29 (p. 162), As

before, the photoperiod effects on development vrere assumed negligible"

Àccording to the fitting procedure, hybrids 3995 and 1108 have very

similar patterns of development throughout this stage, ESI. Tmin did

not contribute to the development for either hybrid and there tvas no

quadralic term (i"e., Do optimum) of Tmax for development. These two

results are diffieult to comprehend. For 403, the base temperature was

1 oC and the temperature response functions for Tmin and Tmax were deter-

mined to be quadratic in nature" The cv's were approximately equal to

those of the MCHU model and offered oniy slight improvemenl in estima-

tion of duration when compared to the CHU model. As stated previously

RIp provides the best fit to ttre data of two quadratic functions with

the same base temperature. Because of these Iimitations the ability of

'l:'.:.:.

':''

tt

;

1

I

1

1

:
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the procedure to simulate actual temperature response functions would be

severely limited. To assume, because of the resulLs obtained from this

procedure, that Tnin does not contribute to development and that there

r+as no Topt for the Tmax response function would not be justifiable.

Research has indicated optimum temperature for corn development of

between 25 -,350C (warrington and Kanemasu, '1983a; Coligado and Brown,

1975a; Miedema , 1982'),

The cardinal temperatures and CV's obtained from fitting the IF model

to the field data are listed in Table 30 (p. 166). Àmong hybrids, the

Tmin response functions are similar and the Tmax response functions are

also similar to one another. Comparing Table 30 (p. 165) r.¡ith Table 34

(p. 187) there r+as an improvement in the ability to estimate the dura-

tion of ESi as indicated when comparing the CV's of the IF and CHU

models. The improvement was most noticeable for 403, but al.so for 1108.

Before the coefficienLs of Tab1e 30 (p" 166) could be used to estimate

duration of ESI, they should be thoroughly tested, and possibl.y refined,

using one or more independent data bases.

9"5 LIMITÀTIONS OF ITERATIVE PROCEDURES

l^then using any iterative procedure, only the variables included in

the analysis are assumed to significantly influence the process (in this

case development) under study. The influence of other variables would

be "hidden" in the analysis. If one or more of t.he excluded varíables

<iid significantly influence the process under study, the derived coeffi-

cients would be dependent upon the external conditions described by the

excluded variables,
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As would be the case in regression analysis, the coefficients of the

best fit derived using the iterative procedure would change with changes

in the data base, i.e., changes in the size of the data base, or change

to a new data base. The degree or significance of the change in the

coefficients would also depend upon the range in the magnitude of the

variables represented in the data base. Thus, both size and variability

of the data base are import.ant for iteralive procedures. The size of

the data base needed to derive the coefficients would change with the

size of the climatic region over which the data was collected. The

smaller the region, quite possibly the smaller would be Lhe data base

needed to represent the region. However, the coefficients derived would

only apply to the climatic region from which the data base was

collected.

Ideally, the derived coefficients should be tested on an independent

data base. For this project, the data base used was relatively small

(12 location years) although climatic variability was evident (hot to

cool, wet to dry conditions, depending upon location and year). Because

there was no independent data with which to test the coefficients,

caution wouid be advised in applying this iterative technique to esti-

maLe growth stage duration without further testing and refining of the

technique and coefficients. The equation itself is a betLer representa-

tion of the temperature response function for development (as defined)

than the quadratic bul the coefficients and base temperatures may change

when derived from a larger or different data set.

For the conditions of thís

when using the iterative (lr)
study, a number of assumptions were made

procedure. It h'as assuned that tempera-
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ture was the only weather variable influencing development. The avail-

ability of moisture r+as assumed to be nonlimiting. During ESE these

assumptions may be valid. Under Manitoba conditions, the soil profile

for the rooting depth (120-'150 crn) is usually at or near field capacity

at the beginning of the growing season. The depth of root exiension in

deep soils is a Iinear function of time until tasseling (Larson and

Hanway, 1977). During ESE the roots are continually extending into new

volumes of moist soil. I^lith the onset of stem extension, leaf area may

increase nore than 5-fold (Arnon, 1 975) greatly increasing Lhe

percentage of solar radiation intercepted resulting in increased evapo-

transpiration. Therefore, during ESE, noisture use may be considerably

less than during SESI (Shaw, 1977), Because evapotranspiration rates

(per unit land area) may be relatively low during ESE compared to SESI

and roots are usually continually growing into moist soil, it h'as

assumed that during ESE moisture was not limiting and only temperature

affected development.

On the other hand, the assumption that the availability of moisture

is nonlimiting during the SESI stage was probably not va1id. Maximum

rooting depth usually occurs during this stage (Larson and Hanway,

',977). Once mdximum rooLing depth has been reached, the roots no longer

occupy new moist soil volume. Therefore, rainfall may become the prin-

cipal water source with soil moisture probably becoming less important

as the stage progresses. AIso, the corn plant reaches its maximum leaf

area during this stage almost doubling its water use compared to the

prevíous stage, ESE (Shaw, 1977). It has been shown that the tasseling

to silking (rSl) stage may be especially sensitive to moisture stress



192

(Herrero and Johnson, 198'1 ; Moss and Downey , 19'71). The duration of TSI

may be doubled by even a mild stress. In I'tanitoba the TSI stage usually

occurs during July-August when temperatures are relatively high and

rainfall relatively 1ow, i.e., period of high evapotranspirational

demand and low rainfall. Therefore because of the sensitivity of the

corn plant during TSI to moisture and because TSI usually occurs in that

part of the summer associated with high evaporative demand and low rain-

fall, the assumption that moisture avail-ability during SESI is nonlim-

iting was probably not valid.

When the availability of moisture is nonlimiting, moisture may stil1

indirectly influence the development of the corn plant. Silk appearance

may be directly influenced by moisture stress. Larson and Hanway /11971)

stated that moisture stress may delay silk appearance for as much as 2

or more weeks. Indirectly, moisture may influence development by

decreasing plant temperature through transpirational cooling (Gardner et

â1., 198'1a; Jackson, '1982). Theref ore noisture may indirectly inf luence

development during both the ESE and SESI stages.

Because of the importance of moisture for development during the SESI

stage, a large data base may be required with the use of an iterative

procedure involving temperature only to ensure a full range of weather

variability for this stage" However, there may be years when moisture

may be the limiting factor for development (i"e", drought), and a temp-

erature only equation to estimate development would faiI. À more reli-

able estimate of development for climatic extremes may result with use

of a procedure to estimate developnent using both temperature and mois-

ture data "
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Chapter 1 0

CONTROLTED ENVIRONMENT STUDY

For a given temperature, increaSed moisture StresS decreased

germination and emergence rates.

For Lhe 3 hybrids of this study, emergence rates were hybrid and

soil type inCependent. Therefore, the rate curves could be math-

ematically described by a single equation involving soil tempera-

ture and soil noisture.

Germination rates were independent of soil type but were not

hybrid independent. Therefore, the mathematical description of

the rate curves was soil type independent but hybrid dependent"

Hybrids differed substantially in the response of root growth,

both with morphology and development rate, to environmental

stress. Visual and measured root growth differences suggested

that for early seedling growth, Pioneer 3995 was more stress

tolerant (1ow temperature and/or low moisture) than Northrup King

4C3 and Pr ide '1 
1 08 .

I
J

IL
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Chapter 11

FTETD STUDY

11.1 PIÀNTING TO EMERGENCE (PE)

0f all Lhe stages studied, the duration of the PE stage was the

most- variable (cv = 38e"). The corn heat unit equation estimated

the duration of PE v¿ith greater accuracy than did calendar days

but the CV's were sti11 very high, approximately 20e".

Regression analysis indicated that the duration of PE was more

significantly related to seed depth soil temperature than to air

Lemperatures.

The emergence rate equations frorn the controlled environment

study using seed depth soil temperature and estimaLed daily soil

moisture levels provided a good estimate of time (days) to emer-

gence under field conditions.

11.2 EMERGENCE TO STEM ELONGÀTION (ESE)

For this study regression analysis indicated that the duration of

this slage rvas more significantly related to air temperatures

than to the 5 cm soil temperatures.

All heat unit equations provided much better estimates of the

duration of ESE than did calendar days"

1

2

J

I

¿.
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The relationship between accumulated corn heat uniLs (CHU) and

duration of ESE was found to be highly significant, This may

indicaLe that for this stage, the CHU equation did not adequately

represent the development temperature response function of corn.

0f all the development models tested, the iF model provided the

best estímate of the duration of the ESE stage. This model uses

two separate temperature response functions, one for Tmin and one

for Tmax, to estimate daily development rates. However, this

model should be further tested and evaluated before general use

in estimating development units needed for stage completion.

1 1 .3 STEM ELONGATION TO SILKING ( SESI )

Regression analysis found no relationship between average air

and/or soil temperature and development rate (inverse duration)

for SESI.

Using air temperatures, none of the thermal or iterative models

vrere better estimators of the duration of SESI than calendar

days. 0f the thermal models, the CHU model was the best esti-

mator.

When locations with visible signs of moisture stress during SESI

were excl-uded from the analysis, there were highly significant

relationships between accumulated development units and duration

in days of SESI. This may indicate that either the models did

not represent the proper response functions and/or other weather

variables were af fecting development.

3

4

2

?
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4, During SESI, there r+as a significant relationshíp between aceumu-

lated heat units required for completion of this stage and

average daily precipitation"

11.4 EMERGENCE TO STLKING (NST )

The CHU model was Lhe thermal model that best estimated the dura-

tion of the ESI stage. I,then locations with visible signs of

moisture stress vlere excluded from the analysis, the relationship

between accumulated CHU and duration of ESI was highly signifi-

cant.

For all the models tested, the IF model, using air temperature,

was the best estimator of the ESI stage. However, as stated

previously, Lhe 1F model is an iterative procedure requiring more

testing and analysis before it can be used for purposes other

than research.

2



¡
l

ChaPter 1 2

GENERAT CONCTUSIONS

From this stuoy, a method other than the corn heat unit model in

estimating the duration from emergence to silking could not be recom-

mended. Although the IF model proved to be a better estimator of the

duration of the ESE and ESI stages, further testing would be needed to

determine its suitability for estimating development units needed for

ccrn hybrids to reach a given slage.

The study suggested that development may be more accurately estimateo

with the use of stages of shorter duration, such as emergence to st'em

elongation and stem elongation to si1kin9. The study also suggested

that for further improvement in the estimation of development ra"çes, a

term involving moisture stress should be incorporated into the model,

especially for the SESI stage. If further studies are undertaken it is

suggested that the SESI stage be further divided into t.he stem elonga-

tion to tasseling and tasseiing to silking stages. The effects of temp-

erature and moisture stress on development during Lhese stages could be

studied further for the purpose of determining the stage during which

moisture stress becomes the dominant environmental factor affecting

developmen+..

- 198 *
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//evte JoB' o29o-02,BRaH.,T-2.L-a. I-30',H.cttrFoRTH
/.15O SOrL
// ¿xec HÀTF¡V
//noeroo't DD DsN-curpoRT.GRouPc. Dt sP-sHR,
// suBsYs-(JEsx,ALLSIND^TÀ,HERB),
// Dca-(RECFH-F,LRECL-132,BLKsrze'132,
//rrogtoot DD DsN-curFoRT.cRouPc.DIsP-sHR,
,// sugsYs-(JEsx,sotLDÀTÀ,HERB),
// DcB-(RECFH-r,LRECL-132,BLXs¡ze-132'l
//co.s,tstx oo .
SJOB T¿ATFIV
SNOEXT

I NTEGER ENDÀTÀ, DÀY, STN. À. B, END( T 2 ) . BEG¡ N ('I 2 }, STNÀ
REAL TCK(8 ),TCD( I ),xH( I 2, I ),HCL!H( r 2,8 ), lr{( r 2, I ) . pCÀ,

SgIPÀ, FCB, T'PB. SI,,'){VAR. RT'FB ( 8 ), I' ( 8 }, RAT N, TXÀX, THI N, Q,
svÀR( 8 ) ,HCPR, REDUCT,ÀEVAP, PEVÀP, LE 1 , EVAP( 8 ) , RÀNGE
5.TX,FC( 12,8 ).THET^(8 ), z(8 ),PROP( 1 2 )

ENDÀTÀ-O
C DEF¡N¡NG ¡N¡TIAL COND¡TIONS

RE^D. (PRoP(A),4-1, 12 )
REÀD, (TcK(À),À-1.8)
REÀD,(TcD(A),A-1,8)
Do 14 A-1,12

REÀD ( 9, I O0 ) STN, FCÀ. FCA, e¡PÀ, t¿PB
1OO FORM T (8X,I2,25X,aFs.0)

DO 15 B'1,{
Hr¡( sTN, B ) -FCATTCK ( B )
HCLrH(STN. A ) -HPÀf . 333
FC(STN.B)-FCA

1 5 CONTINUE
DO 16 B-5,8

XH(STN,B)-FCBiTCK(B)
ricLt H(sTN, a ) -HPBr . 3 3 3

FC(STN,B)-FCB
1 6 CONTI NUE
1 { CONTINUE

DO 1 9 STN'I ,1 2
REÀD, ( I H( siN, À ), À- 1 . I ) . aEct N ( srN ), END( srN )

.I 9 CONTI NUE
C CÀLCULÀTE tNF¡LTRÀTION,EVÀP ÀND SOIL HÀTER CONTENT

gHILE (ENDÀTÀ.EO. O) DO
EXECUTE RDDÀTÀ
STNÀ - STN
DO 21 À-1.8

H(À ) -tH(sTN,À )'ÎcK( À )
21 CONTINUE

FHILE (DÀY.LT. BEGTN(STN)) DO
EXECUTE RDDÀTÀ

END I¡H ¡ LE
l{H¡LE (DÀY.LE. END(STN)) DO

EXECUTE PEVÀP
SuxvÀR-0. O

EXECUTE SOÀKfN
EXECUTE PRINIT
EXECUTE RDDATÀ

END T{HI LE
¡{H¡LE (STN.NE. STNA.ÀND. ENDATA.EQ. O) DO

EXECUTE RDDÀTÀ
END I{H I LE

END 9'H ¡ LE
STOP

C READ ÀLLSTNÞATA
REHOTE BLOCK RDDATÀ
REÀD (8, 1O1 ) STN,THIN,TH^X,DÀY,RA¡N,Q
AT END DO

ENDÀTÀ'1
END AT END

1ol FoRx r (3x,r2,7x,2î5-O.?x,¡3,6x.F6.9.59¡1,¡?.0)
END BLOCK

C CÀLCULAÎE POTENT¡ÀL EVAP USING BAIER AND ROBERTSON'S EQUATION
REHOTE BLOCK PEVÀP

Tx-g . /5.'TlrÀx+ 32.
RÀNGE-9.,/5. i ( THÀX-TMT N )'32.
LEl -.928'Tx- .933*RÀNGE. . O.86'Q-87.03
PEVÀP-.O085'LEl'.8
tF (PEvÀP .LE. 0.0) PEvÀP'O.O

END ELOCK
C INFILTRÀî¡ON AND ACTUÀL EVÀP CÀLCULAîION

REHOTE BLOCK SOAK¡N
z ( 1 )-Àl'rÀxl ( 0.,}(H(srN, 1 ) -H( 1 ) )

RI{FB( 1 )-Àr.qxl (o., RAtN-z( 1 ) )
w( 1 )-ç( 1 )+RA¡N-R¡{FE( 1 )
DO 13 A-2,8

B'À- 1

z(^)-^H x1 (0..Hrr(sTN,A)-rr(A) )
R¡{FB(^)-^H X1 (0., RWFB(B)-Z(^) )
H(À)-r{(A )+RHrB( B ) -RHFB(^)
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rF (H(A) .LE. lrcLtH(srN.^) ) H(^)-t{cLrx(srN,^)
r3 CONTI NUE

DO 20 À-1.8
vÀR (^ ) -ÀH Xl (r¿( À ),/TcK (^ ) -trcLr H( sTN, 

^ 
),

sExP ( -PROP(STN )'TCD ( À ) )
srrHvÀR-suHvÀR* ( v^R ( À )'TCX ( 

^ 
) )

CONTI NUE
HCpR-(rr( ll/TcK( 1 )-HCLTH(STN,1 ) )/(PC(STN.
rF (HCPR .LE. 0.o) etcPR-o-o

rF (¡JCPR .GE- O.5} ÎHEN DO
REDUCT_.9+. liuCpn

ELSE DO
REDUCT-. 075_. O67rf¿CpR+ 3. 568*¡rCpR'HCPR
BND IF

ÀEVAP.PEVÀPT REDUCT

0. )

1)-r{cLrx(STN, r ) )
20

Do 23 À'1,8
EvAp(A)-AXÀX1 ( 0.,ÀEvAp* (TCK(¡| )'vAR(À),/sUXvAR) )
t'r(À)'H(A)-EvAP(^)

IF (u(À) .LE. !¡cLrH(STN,^) ) Lr(À)-HcLIH(sTN,^)
23 CONT¡NUE

END BLOCK
PRINT OUT CÀLCULATED HÀTER CONTENTS OF THE SO¡L LAYER.S
ON DÀILY BÀSIS

REHOTE BLOCX PR¡NIT
DO 27 

^-1.8THETA(À)-H(À\/TCR(^,
21 CONTINUE

PRINT 1O5,STN,D,\Y, (THETA(A),À-1,
105 FORH T (' 

"12,2x,13,8F6.3,8F6.2END ALOCK
BND

8),(eJ(À),^-1,8)
)

S ENTRY

c
c

't2
30
26
14
30
20
{5
13

30

5. 5. 20. 30. 50.
5 12.5 17.5 30. 55. 95
25 .27 .15 .15.15 .15
24 .33 .35 .C1 .¿4 .48
32 .a2.48.50.52.s3
30 .30 .25 .20 -15 .15
35 .40 .{5 .{3 .43 .50
36 .40 .44 .42 .{{ .50
{5 .45 .{6 .5{ .54 .5{
24 -26 .27 .21 .3{ .{{
{5.{5.48.50 -52.52
15 .15 .1{ .32 -45 .50
22 .2A .29 .3s .35 .35
12 .45 .46 .52 -52 .52

132
139
129
136
1¡¡3
130
137

165
153
163
153
170
'112

2 -8 .{ .65 .7

7
130
132
r 3¡¡

150
152
152
163

68
66

1¿8
132

l



-f

Àppendix B

EMERGENCE MODEL

-212-



213

//ttrcur JoB'0290-o2,BREH,,Tr2,L-{,r.r0',
/1TSO SOr L
// ¿xec u¡¡ew
//r:loeroot DD DsN-curFoRT.cRou¡t,Drsp-sHR,
// sugsYs-(JEsx,DuHPt,HERB).
// ¿rc¡-(RECFH-F,LRECL-t32.DLKst zE.
//îTO9îOOI DD DSN.CUTFORT.CROUPC,DISP.SHR,
// suBsys.(JEsx,sotLDÀT^,r{ERa),
// DcB.(RECFH.F.LREcL.l32,BLKsrzE-
//co.svstx oo .
SJOB TJÀTFIV
SNOEXT

H . CT'TFORTH

132)

112)

I NIEGER ENDATÀ, DAY. STN, STNÀ, DAYA, PLDAY, OBS ( I 2 ), DI FF, SDI FF
REAL TEHP, n( 5 ), T( 6 ), Fc ( 1 2 I . PltP ( I 2 ), DEPTH ( I 2 ), Rr{,Ax, K, R^TE, TH X,

sTrrt x, sur{RAT, À, 8, c, ÎRATI O, R 1, R2, REDUCT, TBASE, e, N

ENDATÀ'0
SD¡ FF-0
T8ÀSE'I 0.8

SU|RAT.0 . 0
REÀD (oBs(J),.'.1,12)

DO 2l J'1,12
REÀD ( 9, IOO ) STN,DEPTH(STN), FC(STN}, PgP(STN}

r00 FoRfl¡T (8X,t2,7x,F3.1,15x,F5.0,5x,15.0)
DEPTH ( STÑ ) .DEPÎ{ ( STN )

c DEPTH ( sr¡¡ ) .6 . o
21 CONTINUE

EXEC(ITE RDDÀTA
rO fJHILE (END^TA.EQ. O) Do

STNA. STN
D^YÀ-DAY
N'l .
SUHRAT- 0 . 0

TTHILE (suMR^T .LT. .98 .AND. END^T^ .se. 0) Do
¡ F ( slN . NE. sTN^ ) fiEN Do

PRT NT 2O I , STN^
20r FoRl,ßT(' ','STATIoN-' ,lx,t2,5x, 'No EHERGENCE')

GO 10 10
END ¡F

EXECUTE PRECÀL
EXECUTE RATE
tF (N .Ee. l.o) RÀTE-o.5rRATE
N'X*1.
SUHRAT. SIjHRÀT+ RATE
EXECUTE RDDAÎÀ

END HHILE
EXECUTE PRTNIT'11 HHILE (srH.Ee.srNÀ .AND. eNDÀTA .Ee. 0) Do

EXECUTE RDDATA
E¡{D T'HI LE

SDI FF-SDI rF.DI FF
END t{HI LE

PRINT 250,SDIFF
250 FoRH T (' ',30x,'suH oF DTFFERENCES-'.I3)

STOP
c
C REÀD SOIL IET{P ÀND SOIL HOISTURE

RE!{OTE 8LOCK RDDATA
RE D (8,10r ) STN."il,î(,DÀy.RÀD,1(1 ),T(2),T(3),î({),T(5),T(6)

sw(2),s(3),H({)
AT El{D Do

ENDATÀ- l
END AT END

r0r FoRx^T (9x,t2,1x,2(rx,15.0),2x,t3,rx.F6.0.6(lx,F5.l),2{x,
s3(1x,F5.2))

c EXECT¡ÎE SOTLT
END BLOCX

c
C CALCULAÎE THETA, TE'HP

RE}þTE BLOCI( PRECAL
tF (srrm^T .L1. .50) THEN DO
¡{ATER- ( 3re( 3 ) .e ( t I I /2O. 0

ELSE Do
HÀTER. (r{( Jl.3'}¿(tl I /20.

SND IF
¡F (DEPTH(STT¡) .GÊ. 5.0} THEN DO
Til x.r( { ) - ( ( (T( { ) -T( 6 } }/s. } r (DEP,¡}i( sTN ) -5. 0 } }
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. lÏrH-r(3)-(((r(3)-r(s))/s.).(Depm(sî{)-s.0})
ELSE DO
ÎxÀx-T( 2 ) - ( ( (1( 2 ) -T(. I | /2.51. lDEp'¡¡.( Sñ ) - 2. 5 ) )

rür x-r( l ) - ( ( (r( 1 ) -1( 3 ) | /2. Sl. lDgF"rlt(sÎN ) -2. s ) I
END ¡F

¿ND ELOCK
c
C CALCU^TE DAILY R''TE OF BXERGENCE

REI.IOIE AIÆCK RATE
E-TH x-THIN

IF (E.LE. O.O) THEN DO
TRÀÎ¡ O'0 . 0

ELSE DO

ÎRÀT¡O-(Tlt X-TBAS¿I/E
END IF

IF (TXAX .LE.TBÀSE) TRÀTIO.O.O
REDUCT-. 0 1 5. 1 . 58 9rTRÀT¡ O- . 657' ( TR^Tf O' r 2 ) -. 02 7' ( îRÀT¡ Or' 4 )

A'TH X- 1 0.8
B-THIñ-10.8
c- (rr^TER-pHP( sTN ) )/( Fc( sTN ) -PeP( sTN ) )

lF (c.L8.0.0) c-0.0
IF (À .LT. 0.0) À.0.0
rF (B -LT- 0.0) 8.0.0

R 1 =.0008 9.A r r 2r ( 1 -EXP( -
R2-.0008 9. B'12'( 1-EXP ( -
RÀTE.(RI.R2)'REDUCÎ

END BLOCK

PRIXl SUCCESSFULL CALCULÀTION OF EHERGENCE
REHOTE BLOCK PRINIl

PLDÀY.DÀY-DÀY4.1
DI FF.PLDAY-O8S ( STN )

PRf NT 2OO,STNÀ. PLDÀY,OBS (STN ) .DI FF, SUHRÀT
200 FORHâT (' 

"'STil-"lX,t2,3x,s. pE(D^ys ) -,, tx,t2, 3x,,o8s-,, 1x.t2, 3x,
S'Df FF.', 1x,I 3,3x,'SUI{R^T'', 1x,F6.{ )

EÑD ELOCX

CALCULATE SOIL TEHP FROTI AIR TEI{P
REXOTE SLOCK SOILÎ

rF (sTN.EQ. l.OR. STlr.EQ. {.OR. STN
s srñ .EQ. l0 .oR. sTN .EQ. 11) flEN DO

1(l ).2.{9+.8rTN
T( 2 l.r. 32.,82rTx+.0092rRÀD
1(3)-3.87.,59rTH
T( { ) -2.92. .53'Tx+.22'Tl{. .0094'RÀD
T(s)-1.98..9'T(3)
T(6)..0?..77'T({}
ELSE DO

T(1).2.84+0.72'TN
T( 2)..85.. 72rTx+.0093'RÀD
T(3)-5,22..6'TN

T( { } - 3.25. .55.TX.. OOS.RAD
T(5)-2.55..82rr(3l
r( 6) -2. I 9..52'T( { )..32'r( 3 )

END IF
END 8tþCX

END

EQ .oR

SEXTRY

8. 1 965-.3229.TH X
8.r965-.3229.THtN

0055'TH X'TH X ) rC) )
0055.TiltNrrHrN).cl)

c
c

c
c



Y'

Àppendix C

ITERATIVE (IN) UOUNT,

*215-



216

,//trîtr JoB' 0290-02. BREH,,1-2H,L-{, I- l5',H.curFoRTH,cL^ss'F
/'Tsc sotL
// ex¿c t¿ATîtv
//F108Fo01 DD DsN-curFoRT.cRouPc.D¡sP'sHR,
// su¡sys-(JEsx,ÀLLSTNDAT^.HERS),
// DcB-(RECFH'F,LRECL'l32,BLKSIzE'132)
//FTogFoo1 DD DsN-curroRT.cRouP,DlsP'sHR,
// suBsYs.(JEsx,so¡LDÀT^'HERBl,
a DCB-(RECFH-F,LRECL.l32,BLKSlzE'132)
//GO.SYSTN Do.
SJOA llÀTflV
SÑOEXT

CH^R^CTER TITLE(80)
C PR2 ÀIR TEHP

¡ NTEGER STN , DÀy , HyB , STNHYB ( 1 2 , 2 ) . DÀYNUH ( t 2 , 5 ) , Roe , CoL
S,STÀRT,B.H,N
S,FINISH

REÀ L
TN

,z
Àx
H.

TX ( 1 2, 3 O O ), TI.II HN, THI NX, TOPTN, TOPTX, TXÀXX, THÀXN.
( 1 2,300 ) .vÀR( 1 2 ) ,HEÀN, SUH,Cv,SD.C,ÀN l, ÀN2. BNI , SNz
rF( 1 2), I FX, ¡FN,BX,Añ,CN,Cx,îEHP( I 0 )

l,Àx2,8x1,8x2,^o1,Ào2, BOl, BO2
0

N-0
ANI.THlNN.05.

ÀN2-09.
AXI-TxÀXN-31.

4X2.35.
ÀO1-TOPTN-30.

^O2- 
3{ .

B¡r1-THINX-1 3.
EN2'1 7 .

8X1-TH XX-37.
Bx2'{ 1 .

BO1 -ToPTX.3 1 .
Bo2-35.

c-02.
RE^D ( 8, 2OO,END.8OO ) STN,TEHP( 1 ).TEHP( 2 ), DAY, (TEHP( B),8'3' I O )

FoRxÀT ( 3x,¡2,?x,2F5.0,6x, t{,12x,8F5.0)
TX(STN,DÀY}.TEHP(2)
TN(SÎN,DÀY).TEHP( I }

co ro 900
READ 1{,îITLE
FORH T (80A1)
DO 61 ROs-r,12
REÀD 100, (SÎñHYB(ROf¡,COL),COt -l
FOR¡1^T (2r2,5({X,I3))

2), (DÀYNUH( Roç¡,coLl,coL-1, 5 )

CONTI NUE
HYB.STNHYð(1,2)
HHTLE(ÀNI .LE. THI¡{N .ÀND. T'T¡NN .LE. At{2) DO

TH XN'ÀXI
HHrLE(Àx1 .LE. Trl xN .AND. TxÀxN .LE. Àx2) Do

IF (Tü xN .LE. î{rNH) co ro 2
TOPT1'ÀOl

I¡HILE(AO1.LE. IOPT}I.ÀND. TOPÎN.LE. 
^O2) 

DO

IF (ToPTN .LE. n{INN) co 10 3

IF (ToFrN .cE. î{^xN) co ro 3
THI NX-8N1

r¡HILE(BNl.LE. THINx.AND. TÉtNx.LE. ¡N2) Do
TH,\XX-BX 1

HHTLE(BXI.LE. TTIAXX.AND. THÀXX.LE. BX2) DO
IF (Tlt XX .LE. T?{!NX} @ TO 5
TOP"¡X - BO l

r¡HrLE(Bol .LE. Toprx .^ND. 1þPTr .LE. Bo2) Do
IF TOPîX .LE. T|{INX) C,O TO 6

lrcPTx .cE. TÉAxx) co ro 6IF
Do I sTN-l,l2
lF (HyB .EQ. I .AND. STil .EQ. 8) æ TO 60

¡F (STN .EQ. 8 .^ND. HYB .EQ. 2) GO TO 39
tF (H .EQ. I .ÀND. STil.EQ.{} GO 10 67
tF (H .Ee. I .^ND. srN .EQ. 10) co 1o 68

rF (srN .8Q.6 .AND. N .EO. 1) GO TO 69
STÀRT.D^YNUI{(STN, 2 }'T
F¡ Nt SH-DÀYNUH( STN, 3 )

rF(srN)-0.0
DO 7 DAY.START,FINISH

¡T (THINN .LE. TN(STï,DÀY) .Àt{D.

0

900
200

100
61

999
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S THAXN .GE. Til(STN,D^Y)} THEN DO
Br,l-(T}{ X¡¡-TOPTN)
BN-8N/(TOPTH-THI ÑN }
cN. (îcr'rN-nat NN )' ( (Tfl xN-ToPTN ) "DN )
I FN- ( 7ì{ ( sÎr{, DAY } -1r{¡ NN ) r ( (Til xN-TÎt ( srN, D^Y } } r r 8N )/cN
ELSE DO

IEN-0,0
E}ID I F
tF (îltNX .LE. Tx(STñ,DAY) .AñD.

S THAXX .GE. TX(STN.DÀY)) ÎHEN DO
BX- ( Tü^XX-TOPîX )

Bx-Bx/( ToPTx-Tlr¡ Nx )

cx- ( ToPlx-THI r{X }' ( ( îH^XX -TOPTX ) " 8x }
r Fx- ( Tx ( sTfl . DÀY ) -Tll¡ NX )' ( ( Tfi^xx-TX ( STN, DAY ) ) .- Bx )

s /cx
¡ F( sTN ) -IF( srN l. t Fx/2.. t Ftt/2.

ELSE DO
¡Fx'0.0
tF(sÎN ).I F ( STNl.tîx/z -. I FN/2.

END IF
CONlI NUE

60 IF (

rF (

F (H .EQ. 1

F (H.EQ.1
IF (STN .

CONT¡ NUE
IF (HY8 .

z'1
ELSE

Z'1
END IF
¡F (H
tF (N

SUH-0
DO

8) tF(8)-0.0
2) ¡F(8)-0.0

)-0
0
-0

HYB .EQ. 1 .ÀND. sTN .EQ
STN.EQ.8.AND. HYD.Eó
.ÀND. STN.EQ,4) IF(a1.0.
.^ND. STN .EQ.I0) IF(10)

EQ.6.ÀND. N.EQ. l) ¡F(6

EQ. 3) THEì{ DO

2.
DO
1.

.EQ. 1l Z-z-2.

.EQ. 1) Z-Z-1.

.0
29 STN-1,12

SUH.SUH.IF(SÎN)
CONTT NUE

HEAt{-SUH,/z
CONTI NUE

DO 30 STI-1,12
vÀR(sT¡) - ( IF ( STN ) -xE^N ) r'2
CONTI NUE

IF (HYB.
IF (HYB.EQ.

IF (H .EQ. 1} VÀR
IF (H .EQ. T} V^R
IF (X .EQ. 1) VÀR

sD'0 . 0
DO 33 STll'1 .1 2

sD.sD+vÀR ( sll{ )

CONTI NUE
sD-(sD/lz-1. ) )r'.5
cv- ( sD,4{EÀH )'1 00

PRtNTIOl,CV,TilI}IN,THAXN,lOPlN
THtNX,TI{^XX,TOPTX
FORHAÎ (''.F5.2,6(2x,F{.r })

lOPTX-TOPTX+C
END I{HI LE

î{rxx-î{ XI+C
END ¡{XI LE

THI NX.TH¡ NX.C
END IIHI LE

ToF ¡N.TOPTN.C
END T{HI LE

î{ÀXN.Tt{AxN+C
END HHILE
Ttl¡ XN-THI NN.C

END Tfi¡ LE
STOP
END

39
61
68
69
I

0

29

28

30
. 1) vÀR(8)-0.0
vÀR(8)-0.0

)-0.0
0)-0.0
)-0.0

EQ
2)
(4
(1
(6

33

r0l
6

5

SENTRY

-w
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Àppendix D

DÀTES ÀND DAY NUMBERS ON WHICH THE PHBNOLOGICÀL EVENTS -
PLÀNTING, EMERGENCE, STEM ELONGÀTION, SILKING - OCCURRED.

stâtion
Numbe r

Plant ing
Date Day #

Emergence Stem Elongation
Date Day # Date Day #

Silking
Date Day #

Pioneer 399s
May '1 0 23

25
25

7
7

26

144
146
146
159
158
146
156

Jun e
Jun e
June
J uIy
JuIy
July
J u1y

24
24
22

4
I
1

6

J u1y
July
J uIy
July

76
76
74

201
197
201
215
217
205
209

221
219
21 4
209

July 1 9
July 1 5
July 1 9
Àugu s t
Augus t
JuIy 24
Jui-y 2B

1

2
3
4
5
6
7
B
9
0
1

¿

Pri
I

2
?

5
6
7
I
9

10
'1 

1

12

Ma
Ma
Ma
Ma
Ma
Ma

Ma
Ma
Ma
Ma

T
v
v
v
v
t

12
14
29
12
12
19

940
10

14

10
12
15
29
12
12

31
33
35
50
32
32
39

31
33
36
50
32
32
39
29
45
43
30
37

l,tay
May
May
June
June
May
JLrne

Jun e
June
Jun e
Jun e

l4ay 23
l4ay 25
I'lay 25
June 7
June 6
May 27
June 5
l4ay 26
June 7
June 1
June 1 0
June 7

May
May
May
Jun e
June
May
Jun e
May
June
June
Jun e
Jun e

25

26

B6
B9
B2
87

95
9B
92
84

2
5

v25
v23
v 10
v 17

19
9

25
23
10
17

145
143

7
7
0
B

158
158
161
1s9

4
7
1

3

Àugust 9
Àugust 7
Àugust 2
July 28

July 25
July 22
July 21
Àugust
Àugust
JuIy 28
Àugus t

130
137

Northrup Kin
1 May
2 I4ay
3 May
4 May
5 May
6 May
1 May
8 May
9 May

i0 May
1l May
12 May

29
12
12
19
1.1

23

131
133
135
150
132
132
139
i31
145
143
130
137

144
146
146
159
157
147
156
146
158
158
tbt
158

June 25
June 24
June 24
July 4
July 9
Jll LV I

;u1y 7

177
176
176
186
190
182
188

207
2Q4
203
217
216
209
21 4

July
Juì-y
JuJ-y
Ju1 y

16
11

4

196
197
192
185

Àugust 1 6
Àugust B
Àugust 1 0
Àugust 2

23

7
6

)q
24
24

171
176
176
186
191
182
1BB
191
198

4
4

2

10
1'7

228
220
222
214

de 1108
May
May
Mãy
May
May
May
May
May
May
May
May
May

4
10

1

7
10
17
17
10

144
146
146
1s9
157
145
157
146
158
158
162
158

June
Jun e
Jun e
J uly
July
JuJ-Y
Ju Iy
JuJ-y
JuIy
July
JuIy
Jul-y

July 2
July 2
July 2
August
Àugust
JuIy 3
Àugus t
Àugus t
Àugu s t
Àugu s t
Àugu s t
Àugus t

7
a

F

0

209
205
207
218
225
211
217

228
225
220
213

6

7
7
0
7

198
191
186

F

3

5
9
6
3
B
1

218



StôÈion DuratioD
Number (Oays)

ESE

Average
Àir Temp( C)
ÀTmin ATmåx

Ave rage
Dayleng t h

(h)

r6.r9

Àppendix I

Àverage
ation RainfålL
DÀY ) (cm )

0.2s
0.23

À'ERÀGE ÀlR ÀNÐ soIL TEM.ERÀT,REs, pHoropERIoD, RÀINFÀLL,_rNcoMrNc solÀR RÀDTATIoN AND THEDURÀrroN rN DÀys oe rse si¡òii';i;,^;;ér AND Ðsr FoR r.ryBRrD pÌoNEER 3995.

Solðr
Rad(MJ

ra9e
Rad i
/n'-

, . ^1""ru9" soi I Temperðture (c)
l.U .m 10.0 cnÀSTmin ÀSTmax ÀSTnin ÀSTmax ÀSTmin ÀSTnax

20.0 cm
ÀSTmin ÀSTmax

2

4
3

2

1
,l

I

6

9
0

--10
7

It
6
1

t2
9
3

5

25
21
28
30

3l
31
32
36
37
40

16.26
16 .25
16. t4
r6.21
r6.46
16 .24
16,41
16.34
16.23
r6.20
r5.10

0.25
0.28
0.25
0.0s
0.2r
0 .21
0.31
0.06

l5
11
t{
l6

r8
15
l4

24
24
24
24
23

22

21
22
21

2.8
1.5
8.7
0.9
1.6
1.1
1 .7
0.2
0.¡l
8.8
9.4

26
24
24
25
25

23
2t
ta
22
23

I
5

9

I
7

3
9
0
5

I 4.4 24. | 15.2 22.2 1 5 19.9 15.4 11,2
t2
l4
r3
r3
t4
t5
'| 

3
12

r 5.6 25.0 I 5.9 23,7 t1 .7 2 ! .8 I r.8 r 9.8

27
t9
t6

t\)
ts
\o

6

3

0
5
2

5
2

0

0
I

4
2
1

0
2

3

6

2

I
0

26

26
21

1

9
1
9
0
I
I
1

1

2

I
I
4

4

0

4

1

4

5

0
0

1

13.7
r5.9
13.2
14.6
r5.{
15.8
r{.3
t2.8

21
2l
22

25
26

5.1
4.5
5.3
8.{
6.5
4.0
8.7
6.0
6.4
qt

5.6

0. r3
0.0r
0.r0
0.28
0.00
0.18
0. r9
0.36
0.06

0.13
0.13
0.21
0.19
0.22
0.17
0.r6
0.28
0.20
0. 19
0. 19

21.6
22.9
24.1
24 .3
24.8
22.1
25.3
2r.8
22.9
23 .1
23.5

8.2

6.5
9.1
6.3
6.2
6.1

17.9
16.7
16.1
r6.9
15.4

tl 1

22.9
26.1
1a 1

17.2
15.7
r5.2
r5.9
14.4

0

I
1

21
26
24
28
25

23
21
21))

20.{
21.6

r9.5
r6,6

ESI
1

20.5
21 .1
18,0
lE.5
t9. I

r9.5
r8.{
18.2
19.4
16.9

50

s3
53
55
56
51
59
59
61
63

05
21
06
¿U
12
91
32
15
l5
84
88

1¡l
11

11
12
10
12
1l
1l
12
l0
10

26 .4
24.9

1't .1
t6.7
r6.3
l7. t

15.t

16.6
r5.424.

23.
23,

6
4
4
4
2

1

4
2
I
0
I
3

3
3

I

2
2
2
2
2
2
2
2

3

1

{
6
6

9
5

¿.
0,
0.
2.,:
1.
q

15.6
r4.6

16.5
15.8

9
0

12.9 22.1 13.8 20.1 14.{ t8.2 t{.5 15.9



Àppend i x F

AVERAGE ÀIR ÀND SOIL TEHPERÀTURES, PHOîOPERIOD, RÀINPÀLL, INCOMING SOLÀR RÀDIATIOI.¡ ÀND TIiE
DURÀTION IN DÀYS OF THE STÀCES ESE, SESI, AND ESI FOR HYBRID NORTIIRUP KING 403.

Àveraqe Soi). Temperaturc (C)
5.0 cn 1 0.0 cm

ÀSTmin ÀSTmax ÀSTmin ÀSTnax
20.0 cm

ÀSTmin ÀSTnâr
2.5 cm

ÀSTni n ÀSTnax

Stàtion Durâtion
Nunber (Oays)

Average
Àir lemp( c)
Àlnin ATmåx

Àverage
Daylength

(h)

qc Àvêråge
diati.on Rainfall
2-DÀY) (cm)

Àve ra
Solar Ra
Rad ( MJlm

.t

.5

.1

.9

.8

.8

.0

:6
o

1
1

5
1

6
I
4

6
4

0
I
6

9
0
I

9
5
0

I
I

1

0
9

9,5
6.9
8.7

6.5
ol

9.
9.

s.¡
5.9
{.0
5.4
4.8
5.9
1,3
{.5
2._9

4.5

tg.t
19.9
f8.0
20.8
r9.3
21.5
t?,8
18,6
17.3

20.9

5.5
6.0
4,1
5.2
4.1
6.1
E.2
4.4to

21.9
22,8
22.2
24.0
21.9
23.9

20.9
r9.4

0
9
9
2

9
I
3

3
3

I
,|

1

0
9

9
1

3

9

1a

0.28
0.24
0,05
0.24
0.31
0.26
0.06
0.20
0.28
0.19
0.14
0.33

,2
.3
.0
,2

o

.6

.l

.3

.2

1

6
I
1

1

8
6
5
6
5
3

9

0. 15
0 .22
0.r3
0.2r
0.24
0.24
0.17
0.19
0.r9
0. 16
0.29
0-17

0
0
0
0
0
0
0
0
0

0
0
0

5
0
9
5
1

3
2

I
0
9
1

0

6
5
5
I
'l
0
1

4
,6
,8
,0
.8

.2

.1

.l

.1

.1

.6

.2

.4

.2

.9

.6
,0

5
5

5
6
5
6
5
6
5
5
5

5
3
1

0
4

3
1

3

I
4

0

6.25
6.25
6.2r
5.15
6.47
6.24
6.3{
6.45
6.24
6.20
6.11
6.10

24.
23.
24.
24.
22.
23.
23.
23.
21 ,
22.
21 .
21 ,

I r,5
12.1
10.9
9.3

ll.7'il .4
10.2
11.7
10.5
9.0
9.3
9.9

21
27
30
30
3l
32
33

35
38
39
41

ESE

12
2

3
1t
l
'|

5
6
9

10
I

SES I
6

10
5
'l

3

6
2

12
I

1I
4

9

ESt
t2

3

2
4

1

5
11

6
10

1

I
9

14 .212.0

NJ
f..J
O 26.9

28.9

25 .4

28 .2

12 .6

r 6.0 1?.9 1 22.0

14.9 22.0 15.8 20.6 16-2 19.3 15.6 17.8

14.2
15.8
14.5

23 .6

21.6
21 .9
19.2

2'l .3
25.0
25.9

22 .3
r8.6
20.8

11 .1
r8. r

r6.8

17.8
20.1
1r.0
19.1

l1 .9
15.4
r6.9

24.8
22. I
23.2

16.0
l7,l
16.1

23 .4
24.1
25.2
25.0

26 .1
24.6
29 .3
2{.0
28.8

25.9

26.
25.
24,

24.
24.
tç

22.
23.
22.
24.

1.1
3.0
1.4
r.8
1.6
+.4
3.4
5.'l

4.2
3.0
2.'l

4.3
0.4

1.6
1.6
?.9
2,2
0.7
1.7
0.1
0.7

23
23
26
26
21
)1
28
29
30
l0
3l
32

56
51
58
58
58
59
61
52
62
63
70
?0

0
09

23
21
23

6
2

0

r5.6 23.8
t3.7 26.J
r3.9 20.0

1

9
6
I

5
I
5
6

10.5

32 .2

26
2'l

2l
07
2'l
02
14
t)

11 .1
r5.{
16.8

15.5
r5.3
r7.5

l7
l4
15

6
2

4

6

4

.5
o

-.g

.8
,2

I
!

I

2

2

6

4

9
0

5

3

5



Append i x C

ÀVERÀGE ÀIR AND SOIL TEMPERA'URES, PHO'I'OPERIOD, INCOMING SOLAR RADIÀTIONDÀYs oF lHE srÀcEs EsE,-sE¡;; ôrr no, I{yBRrD pRrDE r108lND 
rHE DURÀT¡oN rN

Stâtion
N umbe r

Dur
(
åtion
Days )

Àvetaoê
Àir Temó( c)
ÀTmin ATmax

Àve ragê
D¿ylength

(h)
Averåge Àveråôe

;:å?;,)åg:3iiîn Ra inÉa, l Àverage Soil Tehperâture (c)¿.J Cm C ñ ^_¡sr'in-¡ii,a" ¡sroiiu¡!T^u" o.r,l,1^o^!i,", 20.0 cm
ÀSTmin ASTñàx

t
I
5
1
I
I
6
I
I

2

3
9
0
9
9
4

2

¡l .
l.

3.
{.
3.

r9.5
t9.8
18.8

18.{
1t.0
r9.6

16.6
15.5

r9,7
20.8
19.9
r8.0
r9.3
2r.5
r7.9
r8.4

2o-.6

21
28
29
30
30
3t
33
3¡¡
37
40
40
45

23
33
05
?4

06
r9
26
20
16
33

14.0
f 3.0
r3.3
lr.0
t3.0
r3.6
r2. t

r2.0
1l,5

r5.l
¡6.0
l{. t
r4.8
l6. r

r4.3
14.1
13.2

I
I
I

1

I
9
0
2

9

0
0
0
0
0
0
0
0
0
0
0
0

5
2

6
9
5
a

2

I
I
6

1

r5.8
t?.0
r5.3
r4.8
t4.{
f4,9

r6.3
r5.0
14,5

r4.3

I
5
2

9
I
I

2

1

6
6

I
9
3

3

9
2

0.
0.
n

0.
0.
0.
0.
0.
0.
0.
0.
0.

4.9
4.1
4.9
2.9
4.0
5,I
1t
3,I

26
24
23
21

27 .3
29 .0
26.0

24 .1
24.9
26.2

24
21
2l

25
48
21
15
24
34
45
22
t8
t0
r0

.20

.15

.08

.90

.64

.11

.41

.18

.99

. t4

.65

.57

24.1
23 .4
22 .4
24.8
24.1
23.9
23 .6
23.6

22 .1
21 .2
21 .6

26.4
25 .6
24.8
24.9
24.4

23.5
22.2
24,4
24.0
22 .3

4
12
11

2
3
1
I

5
6
9

10
I

SES I
t0
12

2

6
l

l1
I
9
3

I

4

5

csl.
12

N)

F

11.7 26.6 12.4 2

24.
23.
23,
22.

22.
)1

24.

24.
20.
22.
23.
22.
22.
22.

24.2
Ja 1

23.2
23,5
23 .6
24 .9
23.9
24.2
23 .2
23.0
23.0
2l.l

58
59
59
60
61
65
66
61
68
10
15

| 4 .5 25,1 1 6.2 24 .3 11

14.2 I

21 .2 1 7.8 18.9

9
1

9
2
I
0
6

'l

2
5
0
1

5

I
5

6
6

1

9
I
4

8
0
0
1

2

2.
2.
o:

0.
8.

'.

L
t.

20.4
t1.9

r4.0

.t

.4

.1

.9

:0

0.20
0.0s
0.20
0.17
o .26
0.0r
0.28
0.13
0.18
0.30
0.14
0,35

2.1

3.s
4.5
1.?
4.4

¿.5
t.6
3.1
2.9
2.2

21

29

29

30
30
31

32
34

2
9
I

6
9

1,9

,:9

6.4
5.5
t:t

6.0
4.{
5.5

l7.l
t8.4
r6.1
15.7
r6.0
16.0

15.5
14.5
15.5

14.8
r3.9
rl,9

12.1
14.2

6.00
6.09
6.r5
5.92
5.95
6.07
6.25
5. 08
5,74
6.0t

5.84

2

9
2

3

6

6
2

5
9
7

5 4
6




