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SARSTRACT
This study investigates the climatic environment for
agriculture in the north. The PFPasquia Land Settlement
Frojec near The Pas, Manitoba is studied in terms of the
frost—fres season, thermal factors and moisture availability
as they aftfect crop growth.
8 program to calculate the biometeorological time scale

for wheat development is applied, using climatological

station data for 1955835, f  degres-—day program for
sotimating alfalfa growth to cotting time is used for the
sits. The dates of reaching each developmental stage

derived from these programs provide input to a soil soisturs
budgetting proceduwre to sstimate watser use. The dates
associated with crop development and  the water use for the
29—vyear period are analysed statistically to study the
probabilitises for frosts, tims to maturity and water deficit
at critical times during the season.

There is sufficient energy to mature wheat, but spring
and +fall conditions make timing a oritical factor. In
spring wet fields and risk of frost can delay seeding. in
$all decressing energy and ample precigitation create a
oroblem for drving crops before onset of cold weather. The
degres—day program for forsge predicted one cutting in the
summer. The decrease of energy and  the frost risk make a
second cutting inadvisable. The results of the soil moisture
hudgetting proceduwre indicate that there is ample water tor
crop growth, with a deficit in only a few vears.
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Chapter One

INTRODUCTION

1.1 HISTORICAL BACKGROUND

The Fasguia Land Settlement Froject is situated within
the Saskatchewan River Delta, bounded on the north and
sputheast by the Carrot and Pasguia Rivers respectively, and
o the west by the Saskatcheswan—Manitoba boundarvy. The area
is at the northern fringe of agricultwe of the Great Flains
tfigure 1.13.

A& freqguently expressed concern regarding agriculture in
this region relates  to economic viability. This is
controlled by its geographical position in husan/economic
and physical terms. 8lthough the purpose of this research is
to investigate the climatic environment for agriculture,
some comaent must bé made in reaference to the position of
The Pas area within the context of the agricultwral
communitve This illustrates the fact that snvironmental
factors are not alone in militating against successtual
agricultuwre in the reglion.

Troughton {(1282) states that all agricultwal areas of
Canada have undergong threse distinct phasss of development:
garly development, rapid esxpansion and adiustment. Manitoba
settlement began in 1B10 with the arrival of the Selkirk
Settlers and grew slowly till about 1870 when Manitoba

entered Confederation. in 1859 Rupesrt s Land was handed
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over to Canada, and in 1871 British Columbias entered
Confederation with the demand that & railroad be bullt and
settlement of the prairies taks place to connect it
physically to the rest of the Dominion. The railroad was
completed in 1886, followsd by consolidation of branch lines
along the way. By 18946 immigration and expansion in the
Frairies had begun. &t the turn of the century, wheat
varisties which were suited to a short growing season wers
developed. There was alsc an increase in immigration,
promoted by the federal govermnment’™s Dominion Lands Act.
Ailthough The Pas ares was First important as a fur
trade and transportation centre, agriculture of various
types and intensity has been practised there for a long
period of time. The levees of the Carrot and Fasguia rivers

£

were ussed to grow  vegstables, grain and livestock. The
firast permanent sgricultural settler arrived from Quebec in
i1gioa, In 191i% another group of settlers came  into the area
from Guebec, but they wereg forced o leave atter three
successive years of spring floocding {(Hopkins & Smith 1982).

Iin 1900 lots had been swveved along the Carrot River.
8 survevor, G.80. Horsey, reported in 1923 that the area had
great agricultural potential. However, settlement of the
orairies was taking place at that time and good agricultural
land was available slsewhere. Conseguently, development of
The Pasguia area for agricultwe was not a priority.

The sconomic depression of 1930 to 1940 was accompanied
i the Prairies by several vears of below average raintall.

e
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Farms werese  abhandonsd an immigration slowed bescauses the

homesteaders were nobt in a position to cope with lower
prodice el ad =4 and drought conditions. & changs in

government policy brought abowt the passage of the Fralrie
Farm Heclasmation Sct in 12358, The purpose was to provide
assistance to prairvie lands and to the faraing population.
While the Frairiss suffered through a long dry period, the
tand in the Fasoula area was used sxisnsively for  hay and
pasture land, and in soms casss for grain produciion.

It appears that ispstus for development in this
marginal region was alwavs tied to conditions slsswhers  in
the countrv. & soil reconnalisance swwvey of  the Fasguia

region was carvisd out in 1946, It was reporited {(Ehvlich st

al., 1250} that the Fasguia arss was poorly drained, peEaty,
gng  subliect to periodic flooding. Soms of the land was
considersd wunsuitable for  agricultuwre dusg o stoniness or

adequate swiacs drainage wsre provided., Sfter  the war
thers was & nesd for agricultwal land as the sconomy

rerovered. In 1933, degvelopment of the Pasguis args was

undertaken by joint projscis ot the PFrairigs Fars
Fohabilitation FProjsct angd the Hanitobs fands Branch.

vral economy of the 1970%s reflected a
position of significant mschanization and slectrification,

mads possible by the universal avaeilability of fossil fusl.

i



Along with an increase in mechanical technology. reguiring
fewer workers to work the land with large machinery, there
was also an incrsase in chemical technology. The use of
pesticides and fertilizers fulfilled two purposes: the
reduction of labow and the increase of productivity. The
growing dependence  on fossil  fuels and petroleum products
Ipad to the world energy corisis of the sarly seventies.
Sgricultural productivity is dependent on a fossil fuel
subsidy in the form of fertilizers and pesticides. In the
north, the situation Was WO Se dus to the high
transportation costs related to movement of supplies in and
produce out of the regioan.

&8 conference called "The North Feeding the North”, was
held in The Pas in 1980 (Province of Manitoba, 1981). This
addressed the issuess of making the northern ares more
self-sufficient. Experts and lay people in the agricultwral
sertor discussed the potential of the norith in teres of

sglf-sufficiency. It was generally agresd thatl

e athe futwwe of agriculitural development in
northern Manitoba appears to be very limited. It
is limited not so much because of the lack of
adeqguate land base or climstic hazards ... as it
is for reasons of economics and  the reluctance of
government to risk such development.”

Smith, from “"The Morth Feeding

ths Morth", 1982, p. 3

LA



1.2 AGRICULTURAL ENVIRONMENT

There are important considerations necessary for
sucoessful agricul twre. Temperaturs, moistwe, nubtrients
and light are reguired in sufficient guantities. These
environmental reguiremsnts are related to the genstic make—
up of the crop and may change throughout the growing season
in response o physiclogical development of the crop.

In southern agricultwwal regions one or more factors
may be limiting. There may be deficiencies in  some years
depending on  the natural wvariability of the climate. For
example, the region may suffer from an excess or deficit of
moisture in some yvears o at oriticel times in the season.
The snil mayv lack nutrients or have physical attributes such
azs stoniness or drainage problems which make agricultural
activity difficult or impossible. There is usually enough
sneragy and light available to grow crops.

In the north the amount and timing of thes snvivronmental
glements are more critical. The total amount of energy is
iess, although the longsr davliength duwring the summer can
lessen the difference and can speed physiological
development of thekcrupn In the Fasguia area, a combination
of cool temperatuwres and asbundant moistuwre has delayed soil
development. Many of the spil profiles consist of weathered
mineral horizons with lavers of peat on the swface, in
locations where the ground has not been disturbed. The
wrganic  constituent, which iz idimportant for providing
nutrients to vegetation, is poorly developed in these soils.

&



1.% OBJECTIVES OF THE BTUDY

The obhiective of this study is to esvaluate the climatic
environment of the FPasguia region. The interraction of the
climate with the sails and the ability to support
agricultural production has been studied.

Specific knowledge of the climatic requirements of an
agricultural crop can be applied to study various facets of
production. Ons cand
i evaluate an area for its potential to support a species

which has not  besn grown there before, as an

zlternative or adjunct to ssveral vears of fisld
trials,

Za change the variables to test the crop’s response Lo
changes which cannnt easily be duplicated in the fisld

or laboratory, o
Ea hased on previous knowledge and current meteoroclogical

data, predict vield and harvest time.

The present study has focused on the first aspect, that
is, to evaluate the location in terms of the potential for
agriculture. The risks of crop loss associated with the
variable climate and the short growing seasson were studied
by modelling crop growbth based on historical meteorological
data. The response of the crop to meteorological conditions
throughout the season weres tested statistically to evaluate
the risks of damages to the corop caussd by overall adverse

weather .

e



Irm this study, the climatic snvironment was considered
as a unit. The mathematical model of wheat growth calculated
responsse of the crops to a combination of day length, day
and night temperatwe and energy from the sun. While those
factors are related to phyvsioclogicsl response, the moistwe
status has an eaffect on potential yield., Adeguate moisture
is more important during vegetative grwoth and grain Filling
paeriods  than duwwring the ripening stage. The combination of
physinlogics development and vield accumulation reguire
that the climatic reguirements for optimal growth be present

at the appropriste times.

1.4 OREANIZATION OF THESIS

Chapter 0Ones has provided a brief introduction to the
propiem.  The historical development of The Pas region in
parallel with development of the country as a whole was
Bristly ocutlined. The gensral {findings of the recent "North
Fesding the North” conference were discussed in terms of the
overall feasibility of development. The suggestion was made
that development has been related not only to environmental
tactors but also to sconomic or pﬁliﬁy matters. This implied
that the failwe of sucressful agriculture in the northern
argas is nob only related to gnvironmental factors. The
snvironmental relationship to agriculture can therefore be
studied with the knowledge that if esconomic factors were

different the climatic reguirements would be valid.

o



&8 review of the fundamental climatic factors which
contral  the climatic environment is  in Chapter Two.
Hadiation balance, temperatuwre and moisture are presented in
terms of 1) theoretical backgrouvnd, 2} effect on plant
growth and 3I) particulsr conditions of these slements in a
northern environment which are different from mores southserly
Feglons.

Chapter Three contains a discussion of the crops used
in this analysis. The phenclogical growth stages and  the
climatic reguirements of & forage orop and a8 common wheat
fMarouisl orop are descoribed. A description of the study
area demonstrates its place as a transition area of marginal
use Ffor agriculture, and how in a marginal area small
Fluctuations in the climatic environment can be oritical in
tarms of productivity.

The methodology is presented in Chapter Four. It is
shown that the bazic climatic slements are important not
only for the primary role they play in defining the
environment for growth, but  also in the impact on specific
developmental processes of  the crop. Potential evapotrans-—
piration, net radiation availiability, Frost free season,
comsumptive water use by plants are a result of interactions
of snergy and matter in the environment. Crop development
towmard maturity is essentially a function of the genetic
makeupn of the plant. Environmental reoguirsments changs
through the life cyole. The statistical estimation

provedure is desoribed which integrates genstic reguirements

7



of the crop at  various  development stages with the
metemrological conditions at that time. Consumptive water
use in agricultwe is related to the atmospheric demand for
water, the water reguirements of the plant at each stage,
and the ability of the soil system and root system to
provide molstuwre from the scil in response to the demand. A
s20i] moistures budgetting procedwes which attemplts to model
this is described.

Chapter Five contains the results of the sstimation
procedures and the statistical analysis of the dwation of
developmental stages. The statistical probabilities of risks
of Frost prior to harvest and of significant water deficit
guring oritical growth stages are pgresented. A discussion of
problems for agricultwe which are related to the ssrious
climatic constraints in the north are discussed.

Chapter Six contains the conclusion and suggestions for
fulture ressarch in this area. It includes svidencs in the
form of crop vields over several years that indicate that
successtul agricultwe is possible in this northern area
despite ths critical climatic situation. Svggested resesarch
includess determining the risk factors associated with field
wen-kdayvs in the spring and fall, as tisming in a short season
can determine the success or failure of the opsration. The
ideal natwre of this location for research related to

possible carbon diowide induced warming is investigated.
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Chapter Two

CLIMATIC ELEMENTS

B

-1 INTRODUCTION

The climatic snvivonment for agriculiture comprises many
interrelated facets. The meteorological conditions,
physical structure and vegetation interact to form the
framework for growbth. Before an understanding of ths
interactions can be attempted, one must know the importance
of individual elessnts which provide the foundation of the
climatic environment.

The radiation budgst defines the amount of ensrgy
available for engrogstic processes. It consists of both
shortwave radiation {(G.3 to & p} and longwave (25 pl
radiation. Ensrgy also can be advected into a region.
However, since a part aof this advected esnergy is
incorporated in the change in radiative flux density, it
will not be considered ssparately. The total available
snergy is utilized mainly as sensible and latent heat energy
gxchange between the garth and atmosghers.

The ssasonal wvariation of insclation contributes to the
long term temperstures of the locastion. The temperature
detesrmines the growing season angd provides lower, optimum

and upper oritical thermal constraints for vegetation as it

progresses through its life ovole.



Hater, whether it be the precipitation process, soil
moisture storage or that used in evaporation, 1is an
important element in the climatic environment of a location.
The moisture regime serves as  a tempesrature regulator. 68
well, water is reqguired for translocation of photosyvnthate
and as a structural pert of vegestation.

Thiz chapter discusses the importance of the climatic
slements as  they relate to agriculture. Furthermore, it
glucidates how these slements become critical in a marginal

northern setting.

bl

-2 RADIATION

m

voept for small amounts of ensrgy originating from the
garth’s molten core {(gecthermal energyl?, nuclear reactions
and gravitational potential, all ensrgetic processes on the
garth are ultimately powsred by solar radistion. The
Btephan—Boltzmann law relates the intensity of energy (1}
radiating from a swface to the fowth powsr of the absolute
temperatuwre (T} of the radiating body, i1.8. I=E5T4 e is
smissivity and 5 is the Btephan—Boltzmann constant (5.67 =

-3 wmfz}. Wien"s Displacement Law states that the

10
wavalength of maximum emission of snergy is  inversely
proportional to the fourth power aof the absclute
temperature. These laws gxplain the difference in
wavelength spectrum and intensity of radiation emitted by
the sun {(surface temperature &000°%K, 0.001 - 3 micronsd, and

the esarth (2850%%., 3 -~ 100 microns). Thus, although the
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radiation spectrum is actually a continuum, the wavelengths
af emission of the sunn and the earth are essentially
mutually exclusive. The radiation energy which originates
from the sun is referred to as shortwave radiation, and that

from the sarth-atmosphere system as longwave.

2.2.1 Insplation

The amount of energy received at the top of the
atmosphere on a planeg perpendicular to the direction of the
sun‘s rays is taken to be approximately 1375 Nm’z, This
value is the solar constant.

The actual amount of energy received at the top of the
atmosphere is a function of the zenith angle (23, the angle
betwesn  incident radiation and the normal to the plane. The
zenith angle is dependent upon 3 factors:

1. geographical latitude, angle p

Za solar declination, sngle b

2. Hour angle {0 at solar noond, angle H
Theretores

o FO= Einyﬁsing - cma?%caaé%cagH

The total incoming radiation incident at the surface of
the sarth (Kdy, is a proporition of the amount received at
the top of the atsosphere. Incoming radiation can be
scattered, reflected, transmitted or absorbed by the
atmosphers. Kd iz depleted by abtmospheric constituents
including ozone, wmater{vapour, liguid and solidy, and

1
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various aesrosocls. f= well, the path lengith through the
atmosphere, depending it the Season and latitude,

contributes to the depletion of the solar beam.

2.2.1.31 Estimation of Insoclation
tnfortunately, while insclation is of ubtmost importance
in energy processes at the surtace, it iz not measured on a
regular basis at most climatological stations. Theretore
mathematical and empirical formulas  have besn developed to
estimate insclation from readily available measurements.
Angstrom {1924} first developed a model for estimation

of global shortwave radiation, Ed, on a surface. It was of

the form

Hgd = Epoi{a + b.ndN}

whaerse Ko is the optimum energy receipt at the site on &
complistely clear day, 11 is bright sunshine duration, and N
is variously interpreted as either 1) maximum dwration of
sunshine ever recorded for that day at  that site, o Z}
duration of period of solar =zsnith angle <87 degress,
berause the Campbell-Stokes sunshine recorder iz not
sensitive to low intensity radiation at low sun angle {(Hay,
1979 Edwards & Lyons, 1983). The constants “a” and "b" are
linsar regression cosfficients. Use of Ko reguires that Kd
actually be mseazsuwrsd at that location for a sufficient
period of tims to have observations of Eo for each dave.
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Therefors, most esguations of this type incorporate the
theoretical value EfS - Sngot™s Value, the amount of snergy
falling on the surface of the atmosphere at  that latitude.
This allows extrapolation to locations where Kd has never
been measured and reguires only the measurement of bright
sunshine dwation.

In studies related to sstimation of BEd, there has been
a foous on the interpretation of the regression cosfficients
a and b, in terms of their wvariability and signifticance.
The intercept of the regression line (&), is representative
af a lowsr threshold value — the amount of Ed reaching the
zaensar  on oa completely ogvercast day. Theretore it depends
o the level of diffuse radiation. The slope of the
regression line, b, iz related to the attenuation of direct
radiation as it passss through the atmosphere. Ideally, =
reflects the rate of changs in KEdAES for a unit change in
ri A

There is controversy in  the literature regarding the
significance of "b". Davies, (19865}, working in West Africa,
reported it as an index of latitudinal gradient. Glover and
MocCullooh {1958 used daily observations to compute vearly

values for "a" and b based on dats from stations from 35S
o S18M. They stated that "B shows no dependence on
sither path length oF on latitude. They concluded that for

purposss of application "bY should be assigned a mean value

gt 0,52, They found that Ya". the threshold wvalus, has a



marked dependence on latitude, and derived an equation of

the form

a = .29 cos @
where \P=latitude, useful over the latitude range 0 - &0°.
Mo reasons, other than empirical goodness—of-fit, wers
presented in support of this formula. Graham (19783,
suggested that variations in "bY coould be associasted with
maritime o continental influences. Al though no

Justification was presented Ffor that statement, it was
possibly related to difference of transmission aguality of
moist and dry air.

Rietveld (1978) compared & series of regression
cosfficients from many sources and concluded that the
intercept is linearly related to and the slope curvilinearly
related to n/N. His method provides an accurate way of
estimating Kd ‘fnr locations for which measuwwements are not
available. Cosfficients derived for stations having similar
climatological conditions could be used with local bright
sunshine data. FParticularly when mean sunshine duration is
less than 0.4 of potential, Rietveld’s method is up to twice
az accurate as using latitudinal or global estimates of “a®
and "b".

Driedger and Catchpole (1970} investigated the seasonal
trends in the relationship between bright sunshine duration
and radiation receipt, for Winnipeg Airport. They found
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that throughout the vear the intercept and slope were
inversely related. They stated that ‘"...any process that
elevates the receipt of solar radiation on sunless days may,
in this linear relationship, tend to reduce the magnitude of
B." This was also ocbserved by Davies (1965) who noted that
as  "b" was reduced by increased cloudiness, "a" increased
with greaster reflections.

Recently, Hay (1979) has used a more physically-based
formula to improve the accuracy of prediction. He utilized
monthly mean values of daily radiation receipt for a variety
of locations in Western Canada, ranging framv maritime to
continental and from mid-latitude to sub-Arctic. He
reported a correlation cosfficient of 0.905, as opposed
to 0.424 using the traditional formula with the same data.
Hizs formula includes terms for ground albedo, cloud base
albedo, and transmissivity of the air. It was intended to
correct for multiple reflections in continental high
latitude locations during the late winter months, such as
when photoperiod is increasing but there is still snow  on

the ground {(Catchpole, 1975).

- 2_Longwave Radiation

Radiation absorbed at the surface is either stored,
transferred to the air as sensible heat or as  latent heat,
or is radiated by the surface at wavelengths determined by
Wien"s Law. At the same time, the atmosphere is radiating
slectromagnetic energy  in an amount related to its
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temperature both towards the sur%ace {reradiation} and
towards space {(out of the system). Solar radiation impinges
on the surface only during day, i.e. when the sun is above
the horizon. Terrestrial and atmospheric long wave radiation
ococuwr twenty fouwr hours per day and constitute continual
fluxes of energy. As with insolation from the sun, the
wavelaengths and amounts of energy emitted are a function of
temperature  and emissivity. Emission of longwave ensrgy is
generally highest during the day when warmest temperatures
arg found. Az well, overall long wave radiation loss is
higher during the summer m@months, rather than the other
seanons, because of the overall warmer temperatures.
Longwave radiation (Lup) can be calculated from the

surface temperature, using the relationship
Lup = EST4 .

fetig the enissivity of the material, =z is the
Stephan-Boltzmann constant, and temperature is in degrees
Felvin. Because measurement of surface temperature is not
commonly carried out, longwave radiation from the surface
can be estimated using & variety of empirical or physically
based formulas. & conmon example of a longwave radiation
estimation formula is that of Brunt (1934, cited in Mather,
1974,

L# 5T (0.56-0.08 &% ) (1~ac)

i
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estimates the net longwave balance at the surface on a daily
basis. Net longwave emission is the difference betwsen
incoming and emitted longwave radiation. "e" is the water

vapouwr pirressure, "a" is a constant depending on cloud type
and "c" is the cloud cover in tenths. Water vapour and
clouds absorb radiation in the longwave bands. IFf there is a
signiticant amount of water vapow or cloud cover, the loss
of longwave from the surface will be less. The major problem
with Brunt®s formula is that it requires several
maasurements and observations which may not be generally
available. Vapow presswe and cloud cover may not be
measured at a site. Alternatively, an estimation for long-
wave radiation may not always be necessary. An estimation

of this amount is usually included in a formula to estimate

net radiation.

2.2.%3_Met Radiation

Met radiation, B%, is derived from the shortwave and
longwave radiation balance, i.e.:
B = Md ~ Ku + Ld - Lu

=  E#¥ + L% u

It is the'amnunt of energy remaining at the surface after
inputs and outputs are accounted for.

Just as the shortwave flux and longwave flux vary
according to cloudiness and other meteorological conditions,
=0 the net radiation is subject to variation. The proportion
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of net radiation to incoming solar radiation varies mainly
dus to surface albedo and suwwiface itemperature. I+ the
albedoe is high the net sclar radiation amount is low.
Similarly, when the surface temperature is high, the outward
longwave +tlux will be higher than for a cool surface. As
well, atmosphesric humidity and cloud conditions affect the
longwave balance and therefore the net radiation balance.
Clouds maintain the vertical temperature profile and also
sgrve to absorb and counterradiate longrave energyve.

Hrtusl measwements of net radiation rarely exist for
most locations. Therefore, as with short wave radiation,
workers have attempited to devise smpirical and/or theor-—
stical sstimation procedures for this guantitv.

Linacre (19468} presented a Fformula to estimate net
radistion amount on a daily basis.

e = dii-al - 1& ¥ 19“4iﬂ.2 + 0.8 n/MI*100-T5C. )

Here a iz albedo, T is daily mean temperatwre and nsH
(thright sunshine duraionl iz an approkimation of the
cloudiness. Although clouds of different Lvpes have
specific effects on the sbsorption and transmission of

radiation, /N is a good aspprodimation dus to the sase of
measwing this parameter. The daily mean tesmperature (TH0.}
iz the average surface temperatuwre during the day and night

pariods.
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2.2.4 EBelevance to Agriculture

The radiation budget determines the amount of snergy
available at the szsurface to do work. Energy is mainly

reguired for change of state of water, sensible heating of

the gy ound and atmosphere, and a small amount in
specific wavebands is reguired for  photosynthesis  and
various other plant development processes.

he range of wavelengths emitited by the sun are related
to specitic developmental factors in  the plant. Absorption
of diftferent wavebands changes through the life cycle of the
plant. Annual plants which are actively growing sbsorb
strongly in .4-.5 and . &1-.7F micron bands, but as they begin
to ripen the absorpltivity drops off considerably. Perennial
continuous cover forage plants absorb photosynthetically—

active radistion throughout the sesason.

LA

32
s Lm

RBelevance to Morthern Bite
In low latitude sreas. the incoming shoritwave radiation
balance dominates the surface energy budget. However, in

northern latitudes, the insolation is notbt necessarily the
major souwrce of energy. 685 ailry  advection transports  heat
northeards to energy deficient aresas, downward longwave
radiation represents an enhancemsnt of temperatwre in the
lower tropozphere (Miller, 19681%. In Europe, the annual
variation in Ld is small near copastal areas but largs

inland, such as in the interior of the U.B.B.R. {Rudnev,



1980, cited in Miller). Thus the advection of heat in the
summer months would increase the energy of a northern inland
area. In a low-fArctic site adjacent to Hudson Bay, Rouse and
Bello (19873} observed that the shortwave flux accounted for
at most 41% of incoming energy flux, with the rest Ccoming
from sarthward sky radiation. Under cloudy conditions the
net radiation is Fairly constant dus to the cushioning
effect of the cloud on the temperature profile. In their
study, Rouse and Bello found that Ld did not vary more than
+ or ~ 104, while Kd varied by as much as + or - 5S0%. &s
well "Kd accounted most for variation in surface temperature

from period to period and between one surface and another".

2.3 THERMAL ENVIRONMENT

Net radiant energy is utilized primarily in sensible
heat and latent energy transfers between the surface and the
atmosphere. Sensible heat transfers determine the
temperatures at and above the swface. The latent ensrgy
transfer is related to evaporation of moisture from the
surface and from the crops, depending on the atmaspheric
demand for moistwe and on the wmoisture content of the

sUurface.

The result of the sesasonal pragress of the sun’s path
from 2IZ.598. to Z3.59N. can be observed in the wave of
temperature from cold or cool  in the winter season to WA M

~%
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or hot during the summer months. Superimposed on  the
sgasonal regime are the daily Ffluctuations. These
fluctuations depend oy the meteoroclogical conditions
associated with the passage of synoptic scale features.
During the warmer part of the vear is the "frost-free
season” which has been variously defined as above 0°C. or
above -2.29C. Although the commencement, duration and end
of this season can be defined statistically, the periods
vary annually, again due to the varyving meteorological

conditions.

[

-2 Frost-Free Season

3
Zoa

For agricultural production in an area to he feasible,
the growing season must be of sufficient length to permit
successful maturation and harvest of the crop. The growing
sgason is defined as  the number of days between the last
opoocurence of & killing frost in the spring and the first
zilling frost in the fall.

The first statistical treatment of frost hazard as a
farming risk was undertaken by Reed and Tolley (1918), in
which they studied frost series for a multitude of points in
the United States. Previously only the mean dates of frost
were used to describe growing season limits. This practice
seffectively set a 30X risk limit, which is too high for
proftitable farming. Extreme dates of frost occurence had
also been used, but no attempt was made to establish causes

for extreme values or to define the frequency distribution

e
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of frost dates. Enowledge of the incidence of radiation
firost would allow farm operators to protect their crops by
various management techniques. Reed and Tolley utilized the
Chi-square test to determine that dates of spring and fall
frost were normally distributed. Thus confident predictions
based on probability theory could be made for frost risk,
They were the first to produce maps of risk factors for
frost for the United States.

=
0 et

Relevance to Agriculture

=
Low

Thom and Shaw (17238) reviewed the prospects {for
defining the growing season statistically, as the work of
Reed and Tolley had not been effectively translated into
general practice. They used more powerftul and modern
statistical methods to test for normality of freeze data for
the state of Iowa. They found that the dates of freeze
ware normally distributed, so that confident estimates
of frost risks can be made.

These workers also questioned the use of the freezing
point of water as a freeze "in conbtrast  to "killing frost?®
which is defined non—numerically as the frost or freezing
condition which kills the staple vegetation in the vicinity
of the observing station". {(Thom and Shaw, 1958:251).
Vegetation is frost-damaged by the axpansion of water in the
tissues as they freeze. Haviter & Froudfoot (1978) suggested
that ~2.29C. is appropriate as a killing frost temperature
for cereal crops, as the plants dessicate during the
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ripening stage, reducing potential for frost damage.

Sly et__=i. (1971,1974) developed a technique to
gstimate normal dates of critical temperatuwres near freezing
from readily available climatic data. This eliminated the
necessity of using daily temperature records. The technigue
was concerned more  with meso— and macro— climatic factors
than with local factors related to site and aspect.
Prediction might ssem poor for particular farms bult it is
known that freezing conditions can vary greatly in a small
area due to site differences. While estimates of critical
dates were in error by about three days, the method was
appropriate for regional land use planning.

The method used multiple regression techniques, where
variables were added until they caused an insignificant
change in the cosfficient of variation and standard error of
gstimate. Variables considered included elevation of the
station, January mean minimum temperature, range {(mean
maximum temperature minus measn minimnum temperature) on the
date of occwrence of frost, warming in spring or cooling in
fall during the 30 days prior  to the date of occurrence of
frost, difference between July and January mean minimoum
tenperatures, and difference betwesn the July mean maximuam

and the January mean minimum temperatures.

2.4 MOISTURE
Hater iz recognized, along with temperature, as a
primary influence on  vegetation distribution. Mot only is
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water necessary as a constituent of plant material, but
nutrients from the zail  are transported upward and
photosynthate downward in water solution. Transpiration,
while being a passive response to a vapour pressure gradient
when the stomata are open, regulates the temperature of the
leaves during the dav.

The basic equation of the hyvdrologic cyecle is

Water enters the system as precipitation ((P), or by
irrigation. The water can evaporate (E! from the soil
surface, from the vegetation or from a free water surface.
HWater can lIsave the svstem as runoff (R} along the surface
or in subsurface flow to a stream channel. The moisture can

remain in storage (G) in the scil or deesp in the ground.

Z2.4.1 FPrecipitation

Precipitation, occwring as rain, snow or dew, is the

main mechanism, in the absence of irrigation, by which
moisture is delivered to the ground. It is stored in the
s0il and made available to growing vegetation. The timing

and amount of precipitation is highly variable and there are
extreme variations of amount of precipitation over guite
small  arsas. Sdeguate moisture supply  reqguires that
precipitation amount and distribution be appropriate to its

gemand by plants.



Treidl (1978 summarized precipitation normals for the
Frairie pPrOVINCES. There is a summer maximum  of
precipitation in the Frairies. He found that the data fit
the assumption that monthly precipitation totals follow a
normal distribution (Fendall, st _al, 1948, cited in Treidli.
2.4.1.1 Relevance to Agriculture

The gensral +Finding of Treidl’s work was that in the

prairies mean temperatures decrease from southwest to
northeast while rainfall increases from southwest to
northeast. The significance of this tenperature—

precipitation relationship is very important to agriculture,
particularly in the north. In a region where the absolute

amount of precipitation is relatively large, less energy (as

reflected in low mean  temperatures? is available to
evaporate moisture. Cooler temperatures would be an
advantags in an area of precipitation deficit, by

maintaining the moisture supply over a longer period.
However, in a region which receives adequate or surplus
rainfall, a mechanism is nesded to dispose of excess
moistures. In the MNorth, ensrgy availability decreases
sharply in Sugust, while moisture supply does not (see
Figure 5.2

fBocording to Treidl (1978), The Pas experienced fewer
dry spells {(periods between precipitation events! than the
average for the FPrairies. Iin April, May and June ths dry
spells were longer than the Frairie average. This would
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assist in drving fields to permit field work and seeding in
the spring. However, the July to October data indicated that
dry spells were fewer than the Prairie norm and did not last
as long. Rains in the post-ripening stage of grain crops are
not welcome because the crop must be dried and harvested.
There is little atmospheric demand +for moisture at that
critical time for agriculture. The following table shows the
differences in dry spell durations Ffor locations on the

PFrairie provinces.

Table 2.1: Dwation of Dry Spells for Selected Prairie

Locations
Location Apr May __Jun Jul  Aug Sep  DOct
Winnipeg 4.3 .8 2.8 Z.3 3.7 4.1 .5
The PFas GHeS 5.0 FZa b Z. 4 Z. 9 4.4 S5.4
Russell &.7 5.3 S5 F.9 4.5 .2 5.8
Prairies Sab .6 3.3 .8 s 5.1 H.d

values in days, aftter Treidl,1978:p.359

2.4.2 Evaporation

Al climatic classification based on vegetation
distribution was developed by Linsser (in 1867,18B6%9, cited
in Mather, 1974}, which accounted for plant response to heat
and precipitation. Eoppen's climatic classifications of the
world were also based on temperature and precipitation
distribution. However, it is not merely the precipitation

amount which is of importance in vegetation studies, but the

path the moistwe takes once it snters the soil system.



Modern approaches to the problem have recognized the
importance of evaporation in delineating the climatic
resources of a region. As esarly as 1900, Warington {(cited
in Penman, 19463), discussed the transpiration ratio of
plants -~ the ratic of water transpired to dry matter
produced — and considered it to be a biological phenomenon,
controlised by the plant. Difficulties were encountered in
establishing which plants were more ofF less wasteful in
water consumption, and in how water use was related
ultimatsly to vield. The actual relationship between the
transpiration ratio and the climate were suggested by
Leather {1710, cited in Penman):

*The water regquirement has been shown to be pro—
foundly affected by the atmospheric conditions.

The water reqguirement of the same crop varies

greatly according to the period of the vear 1in

which it is grown. Similarly, the same crop will

give a widely differing water reguirement when

grown  in different regions during the same

period."”

Finally., Thornthwaite, using empirical data and plot
Eﬁperimants and Penman using theoretical concepits of the
ghysics of svaporation, arrived at & common idea that "when
a full crop cover is kept plentifully supplied with water,
the rate at which the water is transpired is dictated
primarily by the weather, with plant and soil factors
plaving only secondary roles”{(Penman, 19651341, This rate
is freguently referred to as potential evapotranspiration.

Vigwed as a purely physical phenomenon, water in the

s50il passes Iin liguid state into the root system, up to the
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leaves and into the stomata, which during the day are open
to permit entry of atmospheric COyp into the cells. Water
gxits the plant system as water vapow, requiring an energy
input of approximately 3S40-590 cal.fgm. for evaporation,
depending onn temperature. Evaporation, then, requires a
saurce of energy and & vapour pressuwre gradient and is
enhanced by wind speed (Rosenberg, 1974) . (The wind
decrgases the depth of the laminar boundary layer between
the stomatzsl opening and the turbulent laver, thersby
increasing the wvapour pressure gradient and reducing
resistance to vapouwr flow.)

It im relatively SasY to measure potential
gvapobranspiration. One can place a large pan of water at
the location of interest and measure free water evaporation
by the difference of water levels at the beginning and
ending of the measuremsnt period. Evapotranspiration can
also be measured, albeit with greater difficulty, by using a
iyvsimeter. . large mass of s0il and representative
vegetation is isclated within the lysimeter. Gensitive
weighing instruments installed under the lysimeter measure
changes in mass related to evapotranspiration and to

moisture recharge.

2.4.2.0. Estimation of Evapotranspiration

While potential evapotranspiration iz determined by
atmospheric conditions, actual evapotranspiration is often
less than the potential due to limitations imposed by soil
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factors, such as moisture content and rate of water movement
to the svaporating surface. Stage of growth of vegetation
atfects root distribution and moisture usage in the plant
tissues. A well, when temperatuwe is high and moistwe is
limited, transpiration will be slowsed by closure of stomata
on leaf swfaces. It iz difficult to measure actual
evaporation.

There are mathematical methods for estimating actual
gvaporation. Stmospheric demand for water is dependent upon
snergy supply to evaporate moisture and upon maintenance of
& wvapour pressure gradient from the swurface to  the
atmosphere. The mathematical methods utilize these
mechanisms. The enesrgy balance approach is  a procedure
wherebhy available esnergy is partitionsd into various
processss.  An asrodynamic  approach models the wvertical
movemsnt of sensible heat and water wvapour by turbulent
diffusion. Combination approaches make use of factors

involving the energy supply and vertical gradients.

2.4.2.1 Energy Balance Mesthod

Une can consider evaporation as an energetic process.
Met radiastion is partitioned into evaporation, sensible
heating, ground heat storage and miscellanecous enargy sinks

such as photosynthesis. That is

B = B{E} + B{H} + BE} + B{M}

L4
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respectively. Penman {1254 postulated that on a daily
hasis the heat balance can be assumed to  be composed  of
gnergy  forr sensible heating of the air and energy for
svaporation. Ground heat storage and miscellansocus processes
such &z photosynthesis would be insignificant at this time

scale. The allocation of energy to B{E} is found from

H{Ey = —{Darl#M/P)#i{V)* deids

where Da is alr density. M is relative molecular weight of
water with respect to E= 1 L iz latent heat of
vapourization, F is barometric pressure, KV} is the esddy
diffusivity of water vapow, and defdz is the vertical water
vapour pressuwre gradisnt.

The amount of snergy allocated to QM) is found from

Bi{H} = —{DaxCaxkK{HidT/d=z

whers Da is the density of air, a2 is the specific heat of
aiyr at constant pressure, K{HY is the esddy diffusivity of
neat iamfz sec"kg and di/dz is the temperature lapss with
height. e assumes  that the esxchangs cosfficients for

water vapowr and heat are the same. Bowen (192&.cited in

Rosenberg, 1974} developsd the Bowen Ratio, BHABE,that is

L]
tH

B{H: FO{E}
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The skchange cosfficients are assumed to be eqgual, and B can

he estimated by

B = Q.27 (T{(surface) - Tilair}ll{el{surfacel — siair)}

2:.4.2.2 fAerodynamic Method

The agrodynanic method of determining potential
gvaporation relates to the gradient of vapour pressure with
height. The basic factor is that net vertical flux of water
vapour  from  an evaporating swurface resulits from turbulent
giffusion from the suwrface to the air. Thornthwaite and
Holzmann {(1942,cited in Rosenberg, 1974); estimated svapor—

ation using gradiesnts of water vapow and wind profile.

(@2} — s{i}¥#{uil) — wuilil}
PE = DaxkT® e e
{Ini{s{d3 =413}

EE 113
=

Heres, "K' is wvon Earman® s Constant, approdimately 0.4
refers to the wvertical distance above the suwwtace and
relates to the logarithmic profile of wind with altituds.
This method requires that tesperatuwre and wind be measured

at the two levels simultanscuslyv.

2.4.2.3 Combination Msthod
Combination msthods involve mathematicsl factors which
combins energy  balance  and aerodynamic methods. Their
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advantage is that theaey Can be used to estimate
gvapotranspiration from measurements at & single height.
Based on field observations in England, PFenman (1955}
developed an eguation to estimate free water esvaporation
using slements assocciatsd with aerocdynamic and energy
balance methods.

The turbulent exchange cosfficients were replacsd by a
term  for the horizontal wind speed. The vapowr presswre
grofile values were replaced by the slope of the saturated
vapour pressure cwrve at air tesperature.  The souation was
of the form

mH + O.27%E{(a}

FPot. ET

it

mor 0.2
iz the slope of satwation vapowr pressure curve at mean
temperature {(Tal and 0.27 is the psychromebric constant. *HY
is an approximation of net radiation in terms of the amount

Ly,

of water it could svaporats {mm dayﬂ
. ]
Eizal = 0.35degs — edi{l + {(¥.8 = 10 yu(Z)} where

as iz mean daily satwrated vapour pressure at water surface,

i

determinsed by suwrtaces temperature, =d i3 @mEan  vapour
pressuwe of the air, and wi2) is wind velocity in milesdday
meazsured at 2 metres above the fres water surface.

Bater and Hoberitzon {1765 have developed esguations

to sstimate potesntial svapotbtranspiration. Their squations
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incorporate empirical relationships involving meteorological
data, but which are based on the theoretical concepts of

Fenman.

FE = ~53.39 + .337Tmax + .S531Tr + .0107KA + .0517Kd

+ JOFF77u(ZY) + 1.77{ew - esi, where

Tmax is an approximation of surface temperature, Tr
{(temperatuwre range! is related +to the change in saturation
vapouwr pressuwwe through the day, wind run accounts for

ventilation of the crop canopy and maintenance of the vapour

pressure gradient; and {(ew — es) is the vapour pressure
deficit.
This equation gives a good estimate {(r = .8&) of

potential evaporation but the meteorological data input is
not usually available for most stations. fAin  equation
involving fewsr meteorological varisbles, although with less
accuracy  r = .88, is cwrrently in wide use. It is of the
form:

FE = —-B7.03% + .22BTmax + .933Trange + .04B&KA.

nce potential ewvaporation is  known or estimated,
actual evaporation can be determined as a percentage of the
total possible. The effect of soil characteristics and plant
devel opment stage on actusal water use will be discussed in

Chapter Four.
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Chapter Three

STUDY AREA AND CROPS

F.1 INTRODUCTION

This chapter sxamines the agricultural crops studied in
this analysis and the attributes of the site which are
important to the analysis. HBecause the soil type is
important to storage and availability of moisture to the
growing orops, two spils within the Pasguia Project are
included in the study. & forage crop and a common wheat crop
arg described in terms of the developmental stages and their

demands on the climatic environment.

F.2  THE PASEUIA LAND SETTLEMENT PROJECT
The Fasguia Land Settlement Froject is a small
agricultural region in northern Manitoba, n$ear The Fas
{(5E258°  Lat., 10192646 W, Long.). The region is situated
within the Saskatcheswan River delta, bounded on the north
and southesast by the Carrotbt and Fasguia Rivers respectively,
and onn the west by the Saskstchewan—Manitoba boundary
figure 1.1}, The area is considered to be at the northern
agricultural fringe of the Great Flains. In a marginal area
small fluctuations in the climatic environment can be
gritical in terms of productivity.

focording o Smith (Frovince of Manitoba, 17813, the



Frovince of Manitoba as a whole contains S54.8 x 106 hectares
af land. Howaver, a "combination of climatic, scil and
terrain characteristics lgave only about 10% which is
suitable for crop production.®

The Fasguia Project is located on a tip of the Hudson

6

Bay Lowlands. The area contains about 0.2 x 10° hectares of
land of highly variable guality for agricultwe. The soils
are regosolic, alluvial clay material laid down by the
Saskatchewan Riwver Delta. Fuch of the region is
tapographically depressed, with the result that large parts
of the land are poorly to imperfectly drained. In the
natwal state, much of the so0il was overlain by peat
deposits of variable depth. The nature of the alluvium,
ranging from clays and silts {(extremely fine—textured) to
coarse sands with gravel banding, increases the problem of
drainage in addition to making cultivation with machinery

i¥ficult.

F.2.1 Climatic Aspects

Heat esnergy availability, as it affects growing degree
days, frost free season and soil temperature, is important
to agriculturs. In comparing The Fas (3398B°N. Lat.) to
Brandon (309 tat.y, Fraser (Frov.,. of Manitoba, 19813
indicated that while mean temperatures are lower at The Pas,
the difference is less in  the summer. For example, Brandon

is AP0, warmer  in winter, but only 190, warmer in the
SLIMMEr . For the May to GSeptembsr season as a whole,the

7



difference iz only 1.5%20. Other climatic attributes af The

Pas area of importance to agriculture are, according to

Fraser:

i. that the moisture supply is adequate,

2. available light is similar to that in the South, and
S violent hazards are less freqguent than in the South.

2.2 Boils

Bail factors important to plant growth include natwral
fertility, temperature, moisture storage and availability,
zalinity and drainage. In general,; soil development in the
reglon has hesn inhibited by conl tempesratures and
waterlogged soils  (Hopkins & B8mith, 1984, Many soils are
characterized by peat deposits of variable thickness. While
the soils in this  area present  many management problems,

they can be productive when steps are taken to improve

r

drainage and fertility.
“The yields recorded herein for the two stations
in the Pasguia Area indicate wide differsnces in
the natural productivity of the better drained
LePas clay soil typs and the Fformerly ponrly
drained and some—what salinized Pasguia soil type
that is pow in the process of reclamation.
However, the results obtained in  the fertilizer
trials indicate that the vields on the poorly
drainsd sites can be increased substantially and
satisfactorily when the land is drained and
certain management practices are adopted.”
J.H. Ellis, dAgricultural
Consultant, Field Crop
Recommendations for 1961
(Filis, 19&1a}

Netailed descriptions of the two soil types used in the

K25
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analvsis, taken from the Repori_of Detailed Socil Survey of

The _Fasguia Area. No. 11, (12560) can be found in Appendix

2. Briefly, site 1 is Le Pas Clay, of clay to silty clay
texture, moderately calcarecus, with moderately good surface
drainage. This soil covers approximately 7300 hectares of
the settlement aresa. Site 2 is fine sand with a thin
surface clay laver, with bands of fine textured soil within.
These soils suffer from variable degrees aof salinity. The
salinity has been somewhat ameliorated in recent years by
improvement of drainage and lowering of the water table.
This soil type ococupies approximately 1200 hectares of the
Fasquia region.

e

I.% CROPS_USED IN THE ANALYSIS

The crops to be analysed are a common wheat and a

forage corop, alfalfa. These are described in Principles and

Fractices of Commercial Farming (University of Manitoba,

1977} as cool -season, long-day crops, and would appear to be

well-~suited to the northern environment.

Wheat is an annusl crop which has a characteristic life
cyole in which half of the cyvele is spent in vegstative

growth and half in flowsring and ripening. Several stageé

in the life covole of wheat can be identified. Each stage
has & different reguirssent for light, moisture and
temperatura. It is  thess reguirements which make the
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interaction with climatic elements so important on a yearly

and long—term basis.

Frinciples_and Practices of Commercial Farming identify
iZ? distinct stages in the life cvycle of common wheat,
beginning with the seed and ending with fully ripe, dry
grains. Robertson (19&8), in field tests to determine dates
for achieving phenological stages, identified & stages froum
planting of the seed to ripening, (followed by a period of
drying!. These stages are comparable {table 3.1). The six

stages identified by Robertson represent growth stages

W

having homogensous meteorological reguirements. In gengral,
the wvegetative parts of the coycle differ Ffrom the the
reproductive stages in their requirements for tenperatuwre
{(minimum, maximum and optimum), amount of light {intensity
and photoperiod); nutrition, moisture and genetic factors.

In terms of progress toward maturity, the dominant
factors are tempearatures arud photoperiod. Higher
temperatures lingraaae the rate of bioclogical activity.
including photosynthesis and respiration. In agriculture, an
affort is made to maximize net production. During
vegetative growth, wheat responds positively to daviength
duration. However, during ripening there is a negative
response to daviength duration.

Clearly as important as progress toward maturity is the
production of Final vyield. ¥Yield potential is strongly
related to moisture availability. Hoistwe deficit can have
a more o less damaging effect on final vield depending on

80



! Homogenesous Stages Used
Fhvsiological and fAnat— | For FPurposes of Modelling
omical Stages of Wheat | Response to Meteoroclogical

{(Could still depress grains
with fingernail

Flants {(University of Conditions (Baisr & FRobertson
Manitoba, 19773 1268}

Sesd i Seed

Seedling i Emesrgence

Tillering 1 Vegetative growth
Jointing i Jointing *
Boot H

Haeading i Heading

Filling :

Milk ;

Soft Dough ! Soft Dough

Hard Dough ! FRips — Hard Dough

Mature Sesd

Fully Rips

# First recognizeable stage of floral initiation,
Friend et_al.. 1963

¥ approximately 354 water content

x#% approximately 12-15% water content
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when in the growth cyole the deficit ocours. According to
Doorenbos et _al. (19793, "zlight water deficit in the
vegetétive stage may have little effect on crop development
or  may hasten maturation. The Fflowering period is most
sensitive to water deficit. A loss in vield during
flowering cannot be recovered by adeguate water supply
later™. This is because water deficit interferes with
pollen formation and fertilization, so reducing the number
of heads per plant as well as the number of grains per head.
There is also an affect on root development. 1§ the deficit
orouwrs early, the root  development will edtend further into
the soil system. However, if the deficit occcocurs after vroot
extension has ocowred, the roots may not cover enough area
to draw moisture from the soil. Once the grains have begun
to Fill, water deficit may affect final vield by reducing
gFraLn weight or even shrivelling grains i+ combined with
hot, dry winds. Doorenbos et _al. {1979} stated however,

that wheat can usually withstand & soil water deficit of
about S0% of total available water without damags. &
deficit of more than B0¥ leads to significant reductions in

wisld.

Z.2.2 Alfalfa — Forage Crop

Forage corops “include all corops whose vegetative or
seer components are eaten by livestock” (University of
Manitoba, 1977:133). In addition to the use of forage as
fped for livestock, forage orops promote soll conservation
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and  improvemsnt. Forage corops can improve soil structure
and organic matter content. In the north, legums crops are
used szpecially to improve the nitrogen content of the soil.

alfalta is = ieéuminﬂusg continuous cover corop. Once
planted it reguires a periocd of about 3 months to becoms
sstablished. The root development becomss guite sxtensive
and deep. A& sSoil water deficit of up to 304 of available
water can bhe tolerated without adverse reaction by the crop.

Howesver, alfalfa is fairly sensitive to salinity {table

2, Ffrom Doorenbos et _al.., 197%):

-
e w

Table 2.2 Doecrease in Alfalfa Yield Due to Soil

mmhos Eec % loss of vield
2. 2
Z.4 10%
G4 234
2.8 S04
15.5 180

At  the Morth Feeding the HNorth conference, Tsukomoto
{(Frovince of Manitoba, 1281y stated that alfalfa is
well-adapted to the northern environment. &8s well, comments
in Field Crop HRecommendations For  the Pasguia Prolject
{£llis, 19&41lal, indicate clearly the role that this crop can
play in the agricultwrse and in the land improvemsnt of the

FEgLon.



"Parhaps the most important conclusion that can be
dirawn... is that alfalfa has proved to be a highly
surcessful forage corop where patchy growth of
cereals and other non-legumes have indicated a
deficiency of available nitrogen or wherse a
patural surface cover of peat has been removed by
buwrning, and where the scils show some  degree of
salinity and alkalinity...It becomes more and more
apparent that agricultural land use in this area
should be bBuilt up arcund the growing and
ptilization of alfalfa and alfalfa—grass mixtures
in a diversified system of cultures, and that a
fallow grain system of mono-culture should be
avoided. ™

Field Crop Recommendations for 1961
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Chapter Four

METHODOLOGY
4.1  INIRODUCTION
This chapter discusses the statistical estimation
proceduures used to model developmsnt and water use of
agricultuwral crops. The interrelationship betwesan the

atmospheric conditions and the genetic reguirements of the
crops are discussesd. The statistical analysis to evaluate
the risks of frost hazard, the probabilities of development
duration and risks of water sitress are described.

The maturation process is related to both astronomical
and meteoroclogical conditions. These include photoperiod,
insglation, temperatuwres and water. The optimum conditions
are not the same at all stages of the life cvole. Similariy,
the water reguiresments of the crop vary throughout the life
cvle. For instance, dwing vegestative growth, water is
reguired for the translocation of photosynthate as well as
for  transpiration and maintenance of twgiditv. after
flowering the need Jfor soistuwre decreases as  water content
of the plants drops from 80Y% to less than 204 by maturity
{Doorenbos &bt _al., 1979, University of Manitoha, 1977). The
airility of the root system to exitract available water is
alsp related to the stage of development {extent of root
development! and to previous moisture conditions {(sxtent of

ronts in deep soil laversi.



Pressent methods of dealing with this problem entail a
variety of statistical and mathsmatical apoproaches {(Baisr,
iFF4&3Haier gt al., 19746). Terijung and Lowie {(1973) note
that the methods range in & continuum from simple empirical
regression models to "deterministic crop growth models bassd
upon the transter of energy and mass wibthin a multi-lavered
Crop cantpyv... and which often includs the partitioning of
photosynthate within orop storage sites”. The degres of
complexity of the model is necessarily related to the
balance Dpetween acouracy and detail, which require sxact
measurements aof instantansous values, and gase of
application with fairly sisple calculations. Issues of
imporitancs when choosing &f1 appropriate model were
summarised by Leluc st _al.(1%80. They include:

i3 the needs of the ussr in terms of obiectives of the

model and the size of the study area.

I

the sensitivity of the model. For a single field ths
input data must be appropriate for that fisld, while
for estimsting for a8 larger area the dats reguirements
are not as specific but the resulits will be gensralized
owver the study arsa.

3 timeliness. For vield predication, meteocroclogical data
iz reguired on a daily basis while for feasibility
studies, historical data +From climatologicel stations

is adeguate.
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43 cost. In gengral, for more detail and accuracy, more
fregusnt obssrvations are reguired, resulting in
greater sdpeanse.

Gommes {1983} has prepared & wvariety of programs
ranging from rainfall probability analvysis, calculation of
potential evaporation, solar radiation and daviength, to a
modified crop-specific soil moistuwre budgetting procedure
+tor use aon a programmable pocket computer. These were based
ot on recent technological  bensfits nor any intentional
choice but rather on the availability of certain méchines to
the author in Dar es Salsam.” 6t the other end of the
continuum, Terjung and Associates {(Haves est_al.. 1982} have
compi 1 ed §Fﬁﬁ a variety of models & composite corop vield
model for worldwide international +ood production.
Subroutines deal with differences of soil tyvpe, salinity,
water table depth, field size, wind regime, photoperiod,
crop development stage,. percolation losses, runoff, leaching
reguirements and fertilizer effects. {Hayves, st_al., 1982},
There are also models which use detailed esguations o study
the snergy budgest of lesaves in plant canopies, related to
1ong— and short—-wave radiation gxchangs, 1atent and
convective snergy sxchange, and carbon dioxide sxchangs

{lLemon, 19673 Terjung and Louies, 19735 HMiller, 1%81d.

4.3 WHEAT -~ BIOMETEOROCLOGICAL TIME SCALE
Roberitson {(1958) has developed a biometeosroclogical time

scale for wheat which wutilizes "readily available climatic
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data, knowledge of physical relationships between various
environmental factors and of the phvsiological relationships
between crop responses and its environment”. The general
eguation Ffor rate of development {(r¥, or progress to
maturity (dMSdtlis of the torm

o= dbifdt = FOLiLsFGrT where
L is davlength, T is maximum and minimum temperature, and

the e are non—linear functions dependent on the

i

developmental stage of the érmp. Az  the basis for using

this type of relationship, FBobertson postulated that a good

mathematical model of crop development shouwld:

i. *Consider the Feponse to temperatuwre as  being
pon—-linear and allow for lowsr and upper oritical

limits as well as an optimum value

2. Consider the response  to photoperiod also as a non—
lingar function, allowing for the thres cardinal
goints.

Ee Consider the response to day and night temperatures

sepatrately.

4. Integrate the influence of these three factors over
fairly short phenological pariods during which
physioclogical processes are relatively uniform.

D Make use of temperatuwres atbt least on a daily basis so
that extress conditions may be considered and not
masked by any averaging procedure.” (Robertson, 1988
. 193

The empirical constants used in this model WS e



gensrated from controlled field trials with Marguis Wheat

from 19593-19%7. The model was  tested with independent data

from the same stations for 1958-1963, and with data from

Buenos AHires, Argentina. The Buenos Alres trials were

the great

test of the model, dues to

considered a powerful

used. Table 4.1 lists the stations used in the

mlel development. The model predicted that corop responses

were related to photoperiod and temperature variations. The
strenaoth of the results indicated that the numerical
cosfficients used to estimate development are representative
of the genetic factors of the plants, and are independent of

the snvivronment {(Robertson, 1968).

Table 4.1: Location of stations providing data for
development of Crop Development Model for Marguis
Wheat, using Biomsteorological Time Scale {(from

Hoberison, 1968:3203)

Locabion Latitude  lLongitude Elevation
Harrow {42002 M BROSETHW 1990 m.
Ottawa 450247 N TSO4ETH 7?
Mormandin ARRS1ITN FEROIZ2TW 134
Eapuskasing AGOZETHN gI2e23E W 223
Switt Current SO2167H 1072447 W 820
L acombe S2RZETH 1132457 W a4x
Beaverlodge 55711°N 1199227 W rgwic
Fort VYermilion GHEEETN TI&670E W 2F7
Forrt Bimpsoan SH1952° M 12192174 130

Buenos Aires

F4VELRTE
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4.2.1 fHpplication_to The Pasguia Froject

In the present study, Robertson®s model was used to
determine the overall potential for growing wheat in a
specific climatic environment. Actual dates of planting were
available for only B vears — 125371944, 4 situstions were
used for the development model:

I & climatic estimation program was used to determine a
planting date based on temperatures, fisld moisture and
precipitation. The oriteria were {1y at least 5
consecutive daves with maximurn temperatures greater than
0%, {2} the top zone of the soil  at less than 204 of
field capacity, and (3} there should be precipitation
not in excess of 2.5 om on the planting day  {(Dunlop,
i781:. This was considered appropriate for southern
Manitobs.

II Planting w=as assumed to  have taken place on the date
following which the chance of killing frost was less
than 25%, regardless of whether or not precipitation
opocuwred on that dav.

111 PFPlanting was assumed to have taken place on the date
following which the chance of killing frost was less
than 10%, regardless of whether or not precipitation
agocured on that dave.

Iv Flanting date was the actusal planting day for the esight

vears (1997-1%9464)  when variety trials were undertaken

in the Pasguia project.

a0



K Flanting date was set as Ffor I, using data from

1957-464, for uss as & comparison with IV.

Situation I assumed a soil moisture status of field
capacity every spring at the beginning of Mav. It also
azsumed that there would be no excess water on the fields at
the beginning of the season. Because the Fasguia Project is
& topographically depressed location, with an overall
problem of excess moisture, the assumptions of soil moisture
content are guestionable. The modelling of crop development
and =pil msoistuwre budget done under this scenario should be
considersd "thesoretical or idealized”. & target date of May
7 was esstablished for drainage of free water from third
order drains  in order that seeding take place as early as

possible in the Fasguia Project {(Bell, 19715.

4.% FORABE - DEGREE_DAYS

& so0il moisture based simulator of forage vield was
developed by Selirio and Brown {(1979). The obisct of their
ressarch was to provide a m@seans of  estimating vield from
available meteosrological information for a Ccrop  inswancse
schems. Actual measurement of yviglds is hampered by the
variety of harvest methods {(dry hay, havlage, grass silagsel
as well az the difficulty of meassuring pasture vislds.
Developed for Scuthern Ontario,  the SIMFOY  program begins
vomputation of vyield accumulation after March 13 on the

first day which is preceded by 35 davs with mean temperature
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greater than 3P0, The program accumul ates “degrees days®
{daily maximum temperature minus a base value of S20.) up to
550 - when flowering begins and the orop is  first cut. At
the same time, daily soil moisture extraction is calculated
using the Versatile Soil Moisture Budgst. After cutting.
the soil moistwe extraction rate is reduced to allow for
regrowth and aftter 10 davs the accumulation of degree davs
begins for the sscond cutting.

Hallis st _al. (1983 studied the relationship betwesen
growth and transpiration for sstimating hay vield in ths
FPeace HRiver Hegion (559567 M. ). They attempisd to relate
growth to temperatwe and moisturs limitations  in that
northern setting. Their model allowsd for a reduction of
vield potential associated with senescence related to low
temperature and/or moisture deficit.

In the present study, no attesmpt is sade to model
forage vield., The pwpose of this portion of the analvsis
iz to derive approximate dates of Full field cover and
cutting for use in the Verssatile Seoil Moistuwres Budget.
Theretore, only the degree day accumulation to flowsring
upon attainment of full field cover in the spring is used.

There are problems associated with using the degres day
program forr the Pasouia FProject. The model was developed
for  Southesrn Ontario, where the rangs aof photoperiod
throughout the growing season is much less  than in northern
Manitoba. As well, only degres day totals were considered.
The relationships betwesn photoperiod and day  and nighttioe

s
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conditions were not modeled. Nightime temperature is known
to be important in the production of protein as a proportion
of dry weight. The model is used here mainly to investigate
z=0il moistuwre availsbility. Estimated growth stages in
terms of degree davs accumulation are utilized to set  the
plant water use parameters for the Versatile Soil Moisture
Budgest. The model begins on &pril 15, at  the end of the

winter period wshen snow cover is receding.

4.4 VERSATILE SOIL MOISTURE BUDBET

The Versatile &Soil Moistwe Budgst {Baier, Dver %
Sharp, 19793 Baier & FRobertson, 1965 is a computerized
procedure to estimate soil moisture usage and recharge,
using climatological station data and knowledge of soil and
plant characteristics. The soil ﬂFB%iEEQ ig divided into &
Fones of wvarving moistwe capaciity. Daily soil molisture

tatus of these zones iz estimated from precipitation and

il

svapotranspiration amounts.

Mater availability in the root zone is estimated using
constants which reflect soil phyvsical properties {(I) and
slant development stage. The plant related cosfficient (K
iz sssentially a consumptive use factor. It integrates the
effect of root extent.: which is species specific and related
to antecedent moistuwre conditions, and to asrial development
and leaft ares indesx.

The equation devel oped bry Baier and Robertson

LA
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{19455, 1979 is of the formi

gE{i} = Sum (K{3ys{8{j,i-1)/Ci=f{3) ) #PE{i}
wherel
AE{i} = actual evapotranspiration for the day (i},

summed over all the zones
Kii} = plant consumptive use coefficient, for esach

sail zone (311

8{i,i} = available moisture in the zone at the start
af the day
Si3d = gapacity for available water in sach =zone (§)
i3t = adiustment factor for seil drving curve
FE(LY = gpotential svapotranspiration for the davy
Fotential evaporation is estimsted using an smpirical

formula which is related to temperatwre and to incoming

solar radiation at

&

the top of the atmosphere:

FE = —B7.03 + 0.928B8Tsax + 0.233#Trange + . 48B6%KA.

The dryving cwves used are dependent on the tvpe of
#0il. For a clay so0il, water is considered to be readily
available to approximately 708 of capacityv, (Baisr et_al..
1979 then decreases. For a sandy soil, they suggest that
wWater is readily available to 320U of capacity, then
decreases rapidly. The root contact model of Herkelrath gt
al. {1983.2 & .b! supports the use of curvilinesr responss
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to s0il drving at the point when roots begin to lose contact
with the soil at drving. This would be more pranounced in a
clay =il which tends to uwundergo shrinkage on drving,
wheresas shrinkage would be less pronounced in a sandy oF
s5ilty soil. The moisture content of various levels in the
moil column can be  highly variable 1if the physical
propertiss of the soil change with depth. It is aoften
usseful to know the moistwre content of a particular depth.
Foy sxample, the solsture content of the surface zone must
e suitable for seed gersination. Similarlv,. bthe moisture
content of the top zZone is of importance for tractability -
the strength to withstand the weight of heavy machinery
{Dver & Baier, 197%9}). The 7 costfficients are set  each day

depending on the so0il moistuwre content of the zone at the

r+

i of

i

he pravious day.

lant rooting characteristics are speciftic to  the tvpe
of crop,. and can  be used with confidence regardless of soil
type. fAcocording to Miller (197722307 if ample moisture is
available at the beginning of the season, root  development
will be concentrated &t the top of the soil profile.
Conseqguantly, 1if dry conditions follow later in the season,
the lower ronts will not be sstensive enough to take
advantage of scil moisture stored in the lowsr levels. The
Versatile Hoil Moisture Budget allows for lower root zones
to sxtract & larger proporition of moistwe from the soil
atter the heading stagse of wheast, when plant desmand for
water is oritical. The E cosfficients are set according to

[t =t
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the stage of development of the crop. These dates are

derived from the crop development programs.

A.4.1 Problems Hith fAssumptions of Soil Hoisture Status

There were several major problems associated with a
study of this tvpe. The analysis assumed that the fieslds
werse at field capascity on May 1 of sach vear. While it is
rertainly reasonable to assume that the fieslds would not be
at less than field capacity, the ususl case is an excess of
standing water on the fislds {(Bell, 1971). Also, one of the
characteristics of the budgetting procedure is  that in
episodes of sxcess rainfall, a logarithmic sguation predicts
the amount of ronoff from  the fisld, based on antecedent
moisturs content  in the fop zons. Bus to  the absesnce of
slops and the naturally poor  drainage on these lands, 1t is
likely that a large rainfall would remain ponded on the
figld and sither evaporate or slowly infiltrate over a tew
davs.

Finally, i the absence of actual soil msoistwe
measwrenent to compare with the sstimsted amounts, it is
difficult to make more than general gualitative conclusions

o the soil moisture status of these Tields.

4.5 BIATIBTICAL ANALYEIS

The development estimation programs and soil moisture
budgetting programs are carried out for  each year from 1955
o 19RO inclusive. The resulits are in the form of series of
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twenty nins dates or amounts derived from the programs.

The dates of attainment of phenological stages and the
amount of moistwre remaining in the soil at different times
in  the season are then analysed statistically. They are
used to determine the probabilities related to development
by certain dates and moisture availability at critical
times. For the biometeorological time scale, dates of
attaining each stage {(planting, emsrgsnce, Jointing,
heading, soft dough and ripel), and the intervals bestween
sach stage are calculated. For the degrees day forage
growth program, the dates derived include dats when full
cover is reached, date of cutting, and date when crop has
again  reached full cover. From the water budgetting
procedure, the results consist of the proportion of total
water available present at the end of each stage, for the 29
YESIS.

4.5.1 Frobability

The hasis Fo the statistical analysis of the

derived valuss is the normal probability distribution. For

gach set of valuess:

Yii) = po+ (i)

That 1is, gach individual obhservation, Y{i}), from the
population consists of the mean of the population, He plus
o @minus an amount due to random fluctustion and natural

S



variability, e{i}. The normal distribution contains a

structural part, Hs and a distributional part

e WNO,0% .

In the population from which the observations are taken, the
random component follows a normal distribution with mean=0
and variance = o4, This relationship is such that =
distribution function can specify cumulative probabilities
of an event itaking place, or of an observation falling under

a certain value (Steel & Torrie, 1980).

Prob{¥{¥ (i)} = P{¥=0) + Pi¥=1} + ... P{¥=Y{i})}

First and last frost dates for the period 1943 to 1980
are analysed wusing the normal probsbility distribution to
determineg dates on which the risk of killing frost in the
FPasguia Froject is at & ceritain level. For crop growth, the
sets of twenty nine derived values are used to determine
cumiilative probabilities of dates on which sach phenological
ztage is reached as well as duration of intervals bhetween

tages. The amount of molsture remaining in  the soil

1]

following attainment of sach stage is also evalusted using
ths normal probability distribution, to study the
propability of moisture content dropping the level at which

it iz rFeadily avallsble.
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4.5.2 Btatistical fnalvsis Frogram

o sthn DL 2 T e e e e SR D RN

The PROC UMIVARIATE program (848 Institute Inc., 1983
was used to calculate the probabilities associated with
frost harard, development time of crops and amount of
moistuwrs available. The program is used to calculate a

varisty of descriptive statistics of the sample, such as ths

mean, median, ranges  {(lowesst  to highestl, guartiles and

deciles. The program is also used to confirm that the
sampies follow a normal distribution.



Chapter Five

RESULTS AND DISCUSSION

9.1 IMTRODUCTION

The growth of vegetation | is influenced by the
interactive effect of climatic, astronomical and soil
factors. The response of the crop to the environment is
related to the reguirements of the cocrop itself at each
particular developmental stage. Conditions which ars
appropriate for one orop may be inadeqguate or too extreme
for another. In this chapter, the results of the crop
development models and soil soistures budget are discussed.

The responses of the annual and  the perennial crop to two

diftferent soil soisture regimes are contrasted.

Sz CELIMATIC ELEMENTS

£ mzasurement of  insclation provides an initial
indication of energy availshle at the site. Insolation data
ares  awvailahle from thrae climatoclogical stations in

Manitoba, as follows:

Station Latitude ¥Years fvailable
Winnmipeg A 49545, 1949 to present
The Fas & SEU5H N, 1972 to pressnt
Churchill A SE945T M. 19491941 and

1964 to present



Long term mean daily insolation is displayed in Figure
5.1. The latitudinal difference in insoclation is most
pronounced during the winter period when the northern sites
sxperience very short davlength periocds. All  the sites
sxperience similar weather patterns which would affect the
transmission of light through the atmosphere. The smaller
difference in insplation among  the three stations in the
sumnsr  is  ralated to  the longer daviength in the more
northerly siites. The troughs in the curves are possibly
related to the seasonal sigration of the &rctic Front
{Graham, 19785 Ripley, 19745,

Insnlation is depleted by reflection from the surface.
Long wave Flux, an importent component of the energy budget,
was not  @measured. Homever, as indicated previously. the
long wave flux, mainly representing ensrgy advectsd into the
geficit region by southerly sir ma55é55 enhances the energy
sunply of the northern region to some extent. Uncertainty of
the actual amount of the short and long wave energy balance
makes it difficult to sstimate net radiation accurately.
Estimated daily mean net radiation for The FPas is shown on
figure 5.2 {(insert at back!) although there is uncertainty of

the actual amount of net ensrgy available.

5.2.2 JTemperaturs
The thermal characteristics represent an indication of
the amount of energy available. The mean daily maximum, and

minimum temperatwes are shown in figure S5.2. Temperatuwre s
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Winnipeg

1949 to 1980
1972 to 1980

1964 to 1980

The Fas
Churchill
‘MJm™ %day™
24 A //~\\
/I \\
s\ \

— THE PAS

— — WINNIPEG

eees CHURCHILL

2l 2l

1 T
Mo}ch Ju%e September December

21

Figure 5.1: Daily Mean Insolation for Three Sites

in Manitoba
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used, in the absence of radiation measurements, as &
substitute in modelling plant interaction with the energy
supply. The times of the 10% and 25% risk of killing $rost
{figure 5.2} comprise an additional element of the thermal
and radiative environment of the growing season in the
Fasguia Srea.

It is evident that, after the month of July, the energy
availability decreases significantly. However, the long term
precipitation noirmals for the region indicate thet
precipitation is expected regularly throughout the growing
ssEason. he analysis shows that the precipitation regime is
of utmost significance, dus to its role in continually

depleting the energy available for heating to evaporation.

Tables S=.1:. 5.2 and 5.3 illustrate the statistical
analyvsis of the lesngth of the frast free season and of the
sxpected datez of the last spring and first fall frosts,
The mean length of the —2.2° frost fres season is 1346 davs.
However, the subtremes variability of the climate in these
Tatitudes {(st.dev. 156.7 days! effectively reduces the season
of above —-2.29 to at least 124 dayvs on 759% of the occasions
or at lesast 114 on 0% of the ooccasions. If OPC. is used as
a oritical temperature, then the growing season is aven
shorter: %4 days 904 of the time and at least 107 davs 75%
o+ the tima.

The msan date of the last ~Z.2% spring frost {tabls



Table 5.1 Statistical Analysis of Frost Free Season

The Fas, 174317980

Level of Frost

-2 29, (S8 o
number of vears 38 8
mEan 136 davs 115 davys
St.bDev. 14&.7 3
Y i2.2 11.3
¥ BOE 114 days 24 davs
gy A i2 147
S0% 134 112
25% 148 124
10% 159 135
Shortest 186% davs 25 davs
lLongest 173 davs 148 davs

% Pereoentages are probshilitiss that the frost free ssason
will last at least the number of dayvs indicated.

&4



Table 5.2: LAST SPRING FROST, The Pas, 1743-1980
Level of Frost

2,290, o8R0,
no. of vears =8 3
mearn day 13& {May 1&) day 148 (May 28}
Gt .Dev, 10 davs .0 davs
C.¥. T4 f. 8
Q0% day 120 day 13&
Fday A 130 139
SO% 136 148
254 142 155
10% i48 160
earliest 113 {Hpril 23} 124 (May &)
latest 159 (Juns 83 167 {(June 143
Table 5.3: FIRBT FALL FROST, The Pas, 1243-1980

Level of Frost

~2Z. 250, Ooz,
Mo. of vears 38 =8
mE A dayw 272 (Sept. 2% 262 (Bept. 1%}
ot.Dev. 11.6 davs 10 davs
Coia 4.3 4 Z.B8 4
10% day 2548 gay 248
254 2454 : 255
S0 288 252
FEL 280G 270
DO 2aa 2F7
sarliest 252 {(Sept. %) 245 {8ept. 23
latest 301 {(Uct. 28 285 (Oct. 123

Percentages indicate probabilities of frost after that

gate for the spring and before that date for the fall
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3.2 iz HMay 16§ and the standard deviation i1is 10 davs. To
reduce the risk of late spring frost to 25% or less, the
garliest date of sseding is May Z22. To reducs the risk of
late spring frost to 10%, the esarliest seeding date would be
May ZB. The mean date of the first —-2.2°9 fa2ll Frost {(table
Z.3} is September 2%, {standard deviation of 12 daysz).
There is a 204 risk of frost before September 21, and & 10%

risk of a frost betore September 15,

This section relates to crop development toward
maturity. The interaction of the plant genetical attributes
detsrmines in part the sftfect of the thermal and davlight
regime on  its development. Energy and moistuwre factors are
interrelated. In +act the availability of moisture at
critical times in  the orop development has imporitant
consequences to final vield., However, this portion of the
analvsis is particularly concerned with the gusstion of
gvaluating wmatwing of cocrops within & short and highly

variable growing sSeason.

T.3.1 Whest: FProgress Toward Msturiity

fe discussed in Chapter Thiree, five situations were
investigated using the program to estimate biophotothermal
units to matwwity., Bitustions I, IV and ¥V are "natwal®™ in
that they either inaafémrat@ a Formula to use actual
metsorclogical and soil conditions to sstimate date of
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planting (I and V!, or actual dates of planting are set in
ta the program (IV). Situations I and 11l are “"forced" in
that an arbitrary date of planting is selscitsd *to
investigate the performance of the crop under particular
conditions.

The results of the analvsis are presented on the tables

and figuwes as follows:

Table S5.4: Eomparison of Mean dates of reaching
phenological stages, wunder the 35
conditions

Takle 5.5: Frobable dates of reaching each
stage (5.5a3-5.52)

Table S5.é: Probable duration {in days) of sach stage
(G.&a-S.6F)

Figwre 5.2I Frobable durations of period of planting
to ripening for all situations, sst into
the constraints of the growing season

Figuwe 5.53: Comparison of modeslled wheat growth for
195719464

Appendices: Tables of derived dates and dwations on

£.2.53-58.2.7 &8 vearly hasis, for esach situation
k3

The most critical periods considered in this analysis
accur in the springtime, when the corops are seeded, and in
the +sill, when the mature corops are harvested. BSince the
growing season in the northern location is  short  and

&7



Tabkle 5.4

Mean Dates of Sttsinment of Phenological Stages,
From Different Methods of Setting Planting Date

Climatic Actual 25% Risk 10% Risk
- Estimator_ Dates
F 134 145 i42 i4a
E 145 154 151 157
J 166 174 i71 175
H 1921 194 194 178
5 215 221 214 22=E
R 229 2F5 233 2E8
F—E 11 davs g davs 2 davs 7 days
E—J 22 20 20 iz
J~H 25 22 23 22
H-5 24 25 28 25
5K i4 i4 i4 iz
PR 25 0 21 20
F - date of planting
E — esmergence of plants from ground
J — Jaointing
H — hsading
8 ~ soft dough
R ~ Ripe

{Categories as per Robertson, 19468)

g
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Table 5.5:2
stages.

stage will have been reached by that date.

Tabhle S5.5.a:1

Frobable dates of attainment of phenclogical

Percentages indicate probability that the

Probable date of Plantinog

I Iz I11 I Y
% Elimatic Z5% Risk 10¥% Risk Actual Climatic
Estimator Day=142 Day=14H 1953744 Estimstor
n=2% =22 =29 ri=g 195744
PO 142 i1 138
T3E 138 150 137
SO 1Z%1 145 iz4
Mean 134 145 133
254 127 143 iz
104 124 135 127
St.Dev. .32 S 1% Z.84
C.¥. &£.97F 2. 58 2.8%
Table 5.5.b: FProbable date of Emergence
I iz 111 IV Y
% Climatic 254 Risk 10% Risk Hotual Compare
Estimator Day=142 Day=148 G754 57464
n=2% =29 = n=g n=
FOY 152 15X 152 1460 121
TEE 149 152 158 iS58 1560
SOvE 142 i51 156 i54 144
Mean 145 151 157 134 145
25% 140 150 154 152 140G
107 134 i44 155 i48 138
St.lev .44 1.73 1.35 .23 4. 80
£.4. .83 .14 0,88 2.54 3. 32



Table 5.5.c: FProbable date of Jointing
I I I v I
Q0% 172 175 179 178 172
754 170 172 176 177 170
S50% 165 171 175 175 &6
Mean 1&6 171 175 174 1467
25% 162 1869 174 171 143
10% 158 168 173 168 162
St.dev 7.32 2.57 .20 .38 4. 40
C.v. 4. 40 1.51 1.25 1.94 2. 40
Table.5.5.d: Probable date of heading
I 11 I11 IV v

SOY 199 199 201 201 i98
754 194 194 200 199 1948
SO 189 193 198 197 190
Mean 191 194 198 194 191
25% 187 192 195 192 188
10% 185 190 194 191 184
St.Dev &.17 .38 F.08 .52 4.97
C.¥. 3.20 1.74 1.55 1.80 2. &0
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Frobable dates of attainment of phenological stages:

Table S3.35.8:5

Frobable date of attaining soft dough

stage

I Iz 111 Y Y
POU 222 22b 230 22 222
FaA 218 222 228 L35 217
S50% 213 217 2232 222 212
Mean 215 219 22E 22 214
25% 210 214 217 21é& 210
103 208 213 218 214 JO7F
St.Dev. &.346 4,565 .11 - T3 5. 13
L. 2.95 2.1% 2.2 2. 14 240

I 11 111 IV Y
F0% 237 242 248 242 235
75% 2IZ 238 243 240 234
SO 227 232 P& 234 27
Mean 239 33 238 235 27
25% 224 23 232 230 224
10% . 226 232G 225 223
St.Dev  6.00 5.04 7.26 5. 70 5.15
£.4. 2,67 2.5 5. 05 2. 43 2. 26



Table 5.6 FProbability of durations (in davs) of
intervals between phenological stages

Table SG.&.a8 Frobabhle duration of interval betusen
Flanting and Emsrgence

I II iy Iy Y
O 15 i1 il i3 i7
5% iz i0 i0 10 i3
50% i1 9 g G ii
Mean ii g i g 12
2375 o g 8 & 2
10% g & 7 7 8
St.Dev. 2.&6B 1.73 1.35 1.77 2.8%
C.Y. {4y 24,3 12.5 iI5. &6 ig. % 28. 5

Tahle S.6.01 Probable duwration of interval betwesn
Emergence and Jointing

I i1 HE v W
FOU 25 23 20 24 25
FEY 23 22 20 21 24
SO% 22 20 i7 20 22
Mean 22 20 17 20 22
23% 20 ig ig 17 20
104 ig 17 i7 17 i7
St.bDev. 2.35 1.97 1.50 La 33 PEAAY
C.¥. 1.8 L. 2.0 12.0 1G.5



Table S.&6.c0

Frobable duration of interval

Jointing and heading

I I1 I v
FOU 29 28 2& 26
754 27 26 4 24
50% 26 2E 23 22
Mean 25 23 2 22
2% 23 22 3 20
10% i9 ig ig ig
Bt.bDev. 3.&65 2.94 2.74 2.7
C.¥. 4.8 12. 6 2.3 12,

Table S3.&6.40:

between

Frobable duration of interval betwsen
Heading and Soft Dough Stage

I Iz I Iv i
POE Z 26 2 29 25
FTEE 25 2& 7 2& 24
SOE 24 24 5 25 23
Mean 24 25 o 25 23
23% 23 23 23 2= 22
10% 22 22 22 21 21
SBt.Dev. 1.91 2.565 3.3 Z.49 1.25
DL, i 10, Z.0 ig.1 5.4



Table S5.6.8: Frobable dwration of interval between
Soft Dough and Ripening

i Ii IIY v Y
POA ig8 18 1% 1&6 1&
7oA i5 i& ig 15 is
S04 13 14 i4 i4 i4
Mean i4 i4 13 i4 14
25% 12 12 2 12 i3
10 i 11 i1 i1 ii
St.bhev. Z.53 F.2E F. 39 1.7Z% 1.77
.. 8.7 22.9 23.0 12.4 12.7

Table S.46.F: Frobable duration of interval betweesn
Flanting and Ripening

I Iz IiI iy Y
PO a4 300 100 3 162
FaR 100 P& 73 24 iGi
S0% 9o 0 R s 20 23
Mean F3 71 F0 G0 95
23% a8 Ha 84 84 0
10% 86 H4 g1 82 B84
St.Dev. 7.42 &.04 Fo2b P. 88 G 02
2.4, B.O fo s g.1 ba.& fa.8



variabhles, it is important for farmers  to make the most
advantageous use of the time span in terms of thermal and
energy conditions. The fow situations considered different

timing of planting based on spring conditions.

Hewel.l SBpring Conditions

Uzing Situstion I, the planting date and beginning of
water bDudgetting were sstimated using a climate and soil
moisture based formula. Two factors make this approach to
modelling plausiblse. The planting dates correspond well
with actual planting dates of wheat corops used in the
development of the biometeorological time scale (Robesrtson,
i9&8: {table 5.7). The average duration of phenoclogical
ztages and the average time span from planting to attainment
of stages {table 5.8} are very comparable. 6s well, the
slimatic estimation formula was  used successfully for
conditions in southern Manitoba (Dunlop, 1281

Unfortunately, as Figure 5.2 shows, in many Ccases
gmergence  occurs  when  the risk of a -2.29 frost  and
certainly a 0% frost are greater than 25%. Furthermore, dus
to poor drainage conditions locally in the post thaw period,
it is common for water to still be on the fields during the
ftirst weesek of Mav. It is thereforse unwsasonable to expesct
that field work could begin by this sarly date.

The approach in Situstion IV, in which only the 8 vears
fTor which known planting dates were used, provides a more
accurate representation of wheat growing conditions in the

TFE
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Table 5.7

Comparison of Mean Flanting Dates Estimated for
The Fasguia Project and at Stations Used in
Developing the Model (Roberitson, 1968}

FMean
Station Latituds Flanting Date
Lacombe, Alberta S2vEgs 137 iMay 1%}
Beaverlodge a5P1i”° 130 (PMay 1403
Fort Simpson, MWET s1852° 141 {(May 21}
Fasguia Projsct S3IR4ERT 134 (Mayv 14}

Table 5.8

Average Number of Days Between Stages,
From Model Development (Robertson, 1968),
Compared to Bituation I Using Pasguia Data

Flanting to Average Span

End of Stage

Faodel I Fodel I
Flanting-Emergence 9 il 2 1
Emorgence-~Jdointing 29 2= 20 22
dainting-Heading oo =8 25 &5
Heading-Soft Dough Bo a8z 25 2
HSoft Dough—-Hipe 73 74 15 i4

Fé&



Figure 5,3: Comparison of Modelled Wheat Development, 1957-1944

# of
Day No.:120 140 160 180 __ 20 ______ 220 ______ 240__Days__
1957 1 102
II 93
II11 95
v 93
1958 1 100
II 98
111 100
v 99
1959 1 96
II 1
111 87
v 94
1960 I 90
II 84
ITI 84
v 83
1961 1 89
II 88
ITI 85
Iv 88
1962 1 94
II 88
II1I 88
v 86
1963 1 86
Ix 82
III 79
v 82
1964 1 100
IX 94
I11 92
Iv 92

120 140 160 180 200 220 240
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Fasgquia Froject. Under the constraints of a short QoW ng
season  and spring field water problems, farmers would be
sxpected to seed their fields at the sarliest and most
opportung time. These vears, from 1957 to 12564, overlap
with the years in which the phenological data were collected
to develop and test the biometeorological time scale (1953
to 19650). Therefors, the wheat grown in the Pasquia Proisct
would have bheen comparables and the crops would have heen
responding in relatively the same manner as those used in
the model development. Situation VY comprises phenological
data derived using the same 8 vears, 1957-1944, but setting
the planting date with the climatic estimator formula, for
the suFrposg of  comparison. Although the results are
conparable to  that found in the stations ussd in developing
the model, the local conditions clearly make the use of the

same planting formula unsuitsble in this case.

0

5.3.1.2 Fall Conditions

The freguent comment during vears of variety trials in
the Fasguia Froject was that seeding must take place as
early as possible in order that harvesting can occur before
atdverse weather conditions commence in the fall. Theretore,
the length of time to develop and mature the crop must he
considered in terms of the estimated time of Fipening.

I Bituation I, crop ripening was commonly sstimated to
poowr in late July o esarly Sugust, much before a frost
would be expected. For example, for the vear 19583 the model
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estimated the ripening of the wheat crop &3 days prior to
the days on which a frost of -2.29%C. occcwrred. However, it
is unlikely that a crop sown that sarly would survive dus to
the freezes expected in the late spring.

It would appear that the best dsates to use to study the
climatic environment at  the end of the growing season would
be the dates derived Jrom situations II and I1I, which are
similar to the results using actual planting dates. Sraphic
portraval of the results in figure 5.2 along with tables
SGedea-.t and S.&.a~.f indicate that the best representation
af actual conditions is found by setting the planting date
to the date following which the risk of frost is less than
254. Particularly with reference to figure 5.2, the dates
of crop ripening for May 22 seeding and actual seeding dates
areg similar.

However, if one looks only at results of the modelling
for the vears 195971954 {(figure 5.3}, it is found that the
estimated dates of ripening when the crop is planted on May
22 are much earlier than those predicted using actual
planting dates. The differences in date of ripening over
the sight year period are least when using Hay 28 as the
planting date {table S5.%). Thus the analvsis shows that the
best representation of wheat development is found with  the
latest date of planting. For 1950 to 1954 there are alsoc

harvest dates available. I¥ one allows a few sxtra davs for

i

grying and for the possibility of precipitation during the
post ripening period, TEY and IV are found to sstimate

7E



fairly well the actual whesat growth in the vears tested. In
1940, grain was harvested at Station 2 on Sugust 25, the
gstimated date obtained using the programs for HMay 2B
planting and Ffor actual planting dates. Harvesting was

on September -3 at Station 1.

Table 5.9 Comparison of Modelled DRates of
Ripening when Planting Date was Hnown with
Situastions where Flanting Date was Estimated.

Gifference (in days!
Date of I Iz 11
Year Ripening

1957 2z8 : -4 —3= +5 ®
1958 242 ; -7 -2 +é
17y 229 ; +4 +4 —é&
1960 234 ; -11 = +2
19461 233 ; -~ -2 O
;
i962  ZE7 ; —-i4 -F +
1943 225 ; -1 -1 ~2
19464 240 ; ~13 —4 0O

# Negative sign means ripening date was sarlier,
positive means ripening date was later than for
zituation where actual planting dates were used

The aana&qu@néé at the bhest representation of actual
conditions being estimated with the latest planting
situation is that it allows a very small margin of safety at
the end of the season in which to dry and harvest the crop.
The risk of precipitation at the end of the season is guite

hlfg [



TGese2 Forage: Degrese Davs

The degree—day program for forage growth was used to
establish reasonable dates to set into the Versatile Soil
Moisturs Budget. This was done in order to study the
difference between water use by an annual crop which grows
from the bare ground and reaches a more or less full cover
and a perennial crop which is assumed to extract water by a
well-developed rooting system throughout the growing season.
Therefors, the forage degree day program assumed that a
previously planted field of alfalfa was on the field in the
spring and, following a period of attainment of full field
caver,; began to develop vegetatively until the flowering and
cutting stage {(tables 5.10, 5.11}). Following this a brisf
pericd of regrowth and adjustment was budgetted for, then
the same rate of growth and addition of degree davs was
carried out for the remainder of ihe SEASOH . In several
instances {indicated by asterisks in the tables of dates in
Appendix A.2.7}) the program indicated that the forage had
raegrhed sufficient development for a second cutting.
However, the growing season is extremely variable and in
muast cases the date of predicted cutting was followed within
saveral davs by the first fall frost below —-2.790C,

Dates of cutting predicted by the program ranged From
July 9 to fAugust 9, with standard deviation of 11.48 davs.
Evidence Ffrom Field crop reports of the Pasguia Project
indicate that sampling of forage crops took place within a
fighly variable time period. Im 1957 forage was sampled for

g1



Table G.10

Forage: Statistical Analvsis of FPhenological

Dates Determined Using Degree Davs

“ Begin Full Cut End
20 144 174 221 250
& 140 1462 214 274
S0 1335 155 204 2&é&
Mean 13Z i56 205 267
25 125 144 194 241
1o 132 142 1906 257
St. Dev 8.7 i1.4 ii.4 12.4
.V, H. 35 F.EE S &S 4. &0

Table G.11

Forage: No. of Days to Each Stage of GOrowth

% Begin Full Cutting
to Cover to to End of

Full Cutting Season

S0 54 55 FO

Fi=) FE 52 F2

S0 21 o0 &d

Mean 23 S50 &4

25 12 47 51

10 5 45 43

S5t.bev. i4.% 3.4 15.%

Co¥a 5. 13 Go P4 24, B0



hay on July 12 at Btation 2, in 19260 sampling was dones on
June 2%, and in 1943 on fSugust 15,

S.4% VERSBATILE EBOIL MOISTURE BUDBET

in addition to the direct use of the crop development
programs to  study the crops within the agricultural season
in the Fasguia Froiject, the dates of attainment of
phenoclogical stages of development were used to set the
coatficients for consumptive use of water. The tables A.2.8
o A.2.11 in the Gppendix show probabilities of the sxtent
of soil modsture deficit for esach stage of development of
wheat grown on the two soil  tyvpes. Station 1, Le Fas
Drained Fhase clay scil, wmas assumed to have 260 mm of
available s0il water. {University of Manitoha, 1977y, The
s0il drving curwve in the budgetting procedure provided for
ready sxtraction of moisturse down to 708 of capacity. with a
decrease in water availability below this level. Station 2,
Fasguia Drained, saline phasse, & sandy soil, was assumesed to

Rave 240 mm of available water {(University of Manitoba,

i

1977) . Boil water is more readily available over a larger
rangs of z20il molistwe content in a sandy seil {(Baisr gt
8., 1979 Bardner, 160G, & soil drving curve which
provided for readily available moistwe down to 30% of
capactity was used to budget water use on this soil. For both
snil drving cwrves, an sxponential  decrease of availability
was used below the level of readily available so0il moisture.
The wmater deficits shown are profile totaels for each

HZ



stage, although six zones of the soil profile were modelled
o gach situation on a daily basis. There are no soil
moisture data to verify the results, so it would not  be

meaningful to includes modelled amounts for sach zone.

S.4.1 HWheat: Water Use

at  the beginning of growth the wheat plants Extrast‘
very little moisture from the soil. The consumptive use
increazes as the plants develop a root system o extract
moisture from the soil and as  the asrial extent of the
plants present a larger surface for transpiration. Following
the soft dough stage of development, consumptive use drops
as the seeds ripen and the vegetative parts of the plant
dry. Fost-ripening water use is similar to that for & bare
=01l Tables G.l2.53 to 5.12.e present the =soil moisture
availability at the end of each phenological stage sstimated
for wheast grown on a clay soil and on a sandy soil.

For both clay and sandy soils in the Pasquia Project
there is very little chance of an overzall soisture shortags

arly in the season (table 5.1Z.a). Within both profiles the

m

content is close to field capacity. This can be misleading
becausse, while the total amount of water available is high,
detficit conditions can exist For the plants if  the surface
of the soil is drised out following a dry spell. Similarly,
the analysis shows that by the jointing stage there is
adeguate moisture in both soil types. according to the
mxisture bhudgstting procedure {table S5.12.0Y.
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Table 5.1Z2.a: Proportion of Total S5o0il Moisture
fSvailable on Emsrgence of Wheat.

Station 1 Station 2

Clay Boil Sandy Boil
¥ 10X - F7 - F&
254 =74 3=
SO% -T2 71
Mean - 73 « 72
Py - FE - 8%
GOE - FO - 8%

# The percentages indicate the percent probability
that the so0il will contain at least that proportion
af total available moistures at that stage.

Table S5.12.b: Froporition of Total Soil Moisturs
Available upon Attainment of Jointing Stage

Station 1 Station 2
Clay Goil Sandy Soil
10% & 71
25% - 89 .87
S0% « 84 =79
Mean =85 =81
hy A . 82 « Fia
FO% <81 _—




Table S5.12.c:

Table 5. 12.d:

Froportion of Total Socil Moisture
Available On Attainment of Heading Stage

Station 1
Llay Boil

2

Station
HSandy Soil

= B&
= 68
S
= &0
-2
- 44

Froportion of Total

Snil

Moisture

Available on Attainment of Soft Dough Stage

1G%
25%
S0%
Mean
FEE

FOL

Station 1 Station 2
Llayvy Soil Sandy Soil

« 74 .t

- F0 - 43

« &4 - 34

- &5 - 38

- et w2 F

= - 24

Table 5. 17.e:

PFroportion of Total Scil Hoisture
Available on Ripening of Kheat

Station 1
Clay Boil

o

Station 2
Sandy Soil

- 71
- &8s
« B
- &2

« 43
- 30
. 29

=31

w3
& ol

3o
& o



The interval between jointing and the soft dough stage
is oritical for wheat in terms of the development of the
number and sSize of grains. By the heading stage, on clay
sail, there was a 23% chance that the soil would contain
less than 704 of available moistwe capacity {(table 5.12.c).
Howewver, within this constraint; there was only a 10%
probability that it would bs less than 46%. This would not
indicate a2 serious deficit. On sandy soil there was F0%
probability that the scil moistuwe content at this stage
would be greater than 45% of capacitv.

By the end of the soft dough staege, on clay solil there
was a S0% probability that 6534 of total moisturs
capacity would be available, with only a 104 chance that it
woinild be less than 574 {(table S5.12.d). Wheat can survive
short periods of drought with little adverse affect (Agric.
Canada Research Report, 196264 . On sandy soil there was a
moean availsbhility of 3BY of capscitv., with only a 10X
probability that it would be less than 24%.

The water reguirement decreases substantially by the
ripening stage. The mean amount of soil moisture available
in the clay soil was 62%, with only a 10% chance that it
would e lower than 55% of total capscity. There was a 10%
probabiliity that there would be 70U of capacity {(that is,
that water would be sasily available!. On sandy soil, the
budgetting procedure sstimated a mean waitsr availability of
314 of capacity. The amount of solstuwre in the scil is
critical at thes end of the growing season because the crops
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must be dried prior to harvest. As consumptive use plummets
and aitmospheric demand for water decreases with cooler
temperatures, drving is slow. Field crop recnmmendatisns
for the Fasguia Fraject suggest wheat coropping is
appropriate for the drier years. This is evident in the
ability of the soil snvironment to provide adequate moisture

to the growing crops,., with very little chance of drought.

S.4.7 Forage: Water Use

Tabrle S5.13.a shows the soil moisture availability in
the spring after the forage has grown to full cover. At
this stage soil water is readily available, with greater
than 704 of total capacity in the clay and greater than 59%
in the sandy soil.

By the time of cutting, between July 1 and fAugust 15,
there is a difference in soil moisture availability between
the clay and sandy socils. Hith moisture content in the clay
s0il estimated st 53% to 74 of total availshlie, rate of
srtraction by the plant roots begins to decrease. Im the
zandy soil, there is a J0Y chance that soil moisture content
iz gresater than the 30%1 of totsl below which esxtraction is
Iimited, slthough the absolute moisture content is lower in

this sail. There is no second cutting of forage so following

i
i

the harvest the Jforage becones resstablished and  then
continues to grow thyoughout the remainder of the season.
There iz & significant probability of moisture deficit by
the end of the sSsason itable S5.13.c), dus to the high
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Table S.13.a: Proportion of Totsl Soil Hoisture
fivailable When the Forage Orop is at Full Cover

Station 1 Station 2

Clay Soil Sandy Boil
¥  10% - 37 -0
25% =74 - 22
S0% .88 -84
Mean . - 82
Py - B0 s
PO% o F2 = a9

* Fercentages refer to the probability that the soil
moistwe content will be greater than the amount indicated.

Table S5.13.b: Froportion of Total Soil Moisture
Available at the Tims of Cutting

Station 1 Station 2
Clay Boil Sandy Soil
10% - &7 . 48
25% - &5 A
HOE - TS .7
Flean - s PGS
Fiay . ek . 52
PO . D A

Table 5.1%.c! FProportion of Total Soil Moisture
Available at the End of the Srowing Ssason

Station 1 Btation 2
Clay Boil Handy Boil
10% s (7 - i
255 « 3 w25
S0 - it .l
Mean - .
7TH%E - 458 12
POE - 41 - 0%



cansumptive use of a continuous cover forage orop with a
large leaf arsa index throughout the season. On the clay
=01l water availability is less  than 704 of capacity at the
end of the ssason, with a 10% probability that the soil
moisture content will be less than 41% of capacity. In the
clay soil  this moistwe would not be readily sxtracted.
SBimilarly, in the sandy soil there was & 25% probability

that Iess  than 12% of total capacity would remain in the

i

RS

spil  at the end of the season. However, thers was a 25%
probability that =o0il soistuwre content would be greater than
the 30X of capacity below which moisture becomes a limiting
factor.

It iz important to note that the Versatile Soil
Moisture Budget considered precipitation to be infiltrated
into the ground on the dayv of the precipitation event. For
a rainfall in excess of 25.4 mm, {1 inch!, a logarithmic
gguation determines runoff as a proportion of antscedent
maisture content in the top zone. However, in this area of
negligent slope and pooyr  npatwral drainege,. 1t is expected
that infiltration will continue over a periocd of a few davs
following precipitation, and that there will be little
runatf. Im the pericd of water budgetting approximately 20
large rainfall svents ocowred which were estimated to have
resulted in  substantial runoffd  of as much as 15 @m
{appendix A.2.12. it is more likely that this moisture
would have besn infilitrated into the ground over a period of
a tew davs.
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The analvysis shows that soil moisture deficit would not
bBe a limiting factor in this area. Exceptions werese noted in
some years when sarly drought did affect the establishment
ot some newly planted alfalfa and grass as well as grains.
This was the case in 1957 when grass and wheat were damaged
by dry conditions shortly after sseding. Particularly in
regard to Station 2 on salinized soil, damage to clover and
grasses oooured when water moved upward from the water
table, evaporating near the surface and depositing dissolved
salts in the socil. Therefore, damage was indirectly relatsd
to drought conditions. although the specific cause was not
lack of subsurface moistuwre, but salinity {(Ellis, 1958).

£ Ffar more major problem is identified in the post
ripening period for annual crops. A&fter the siddle of July,
insolation and temperature decrease. Long term precipitation
normals throughout  the season indicate, howewver, that
moisture continues to  enter the soil profile at  the end of
the summer. While energy to do work decreases afitesr the
middle of July, and while consumptive use by wheat of soil
moisture drops following the ripening of the grain, thers is
still abundant precigitetion. The Yeffective” precipitation
is much greater becesuse of the reduced atmospheric and
hiological demand.

The reporits of wvariety and Fertilizer trials for the

Fasguia Project continually stressed the nesed to ssed crops

it

as @pon a5 possible in the spring to snsure successful

growth before sutumn. Treidl (1978 indicated that



temperatuwe in ths Frairvies decreases from southwsst to
northeast while precipitation increases from southwest  to
noartheast. The combination of lowsr tempsratures, short
eftective growing season and relatively high precipitation

creates & maior constraint to agriculture in the North.



Chapter Bix

CONCLUSIONS

&.1  INMTRODUCTION

. The obiective of this study has been to evaluate the
climatic environment for agricultwe in a northern region.
In general, the area can sustain profitable agricultwre.
However, the variability of the climate increases the risks
to successful  production. This study has analysed the
climatic elements during the growing season, in terms of an

annual orop, wheat, and & perennial forage crop, alfalfa.

6.2 SUMMARY OF THE RESULTS

The growing season in the Pasguia area is relatively
short. The period betwessen killing frosts of less than
~2. 280, is only 1356 days on average, and only 115 davs
between frosts of ORC. The study shows that there is
sufficient energy to mature wheat. Howsver, duse to the
brevity of the frost-fres season, timing of activities in
the sSpring and Fall iz extremely critical. Seeding must
take place as soon as possible fallowing removal of water in
the spring and when risk of frost is acceptable. in the

fall, the crops must bs harvested before the onset of

advaerse weather conditions associated with precipitation,



decreasing energy and low evaporative demand for =zoil
moisture. For these reasons, & dependence on grain farming
alone is not appropriate for this arsa.

There is also adeguate energy and moisture for forage
growth. However, only ong cutting of forage is possible in
most years because of the sarly frost  and the reduction of
energy required for reestablishment of the plants following
cutting. Legusinous forage improves the soil by adding
nitrogen. Elliis (1941.b) recommended forage Jfor use in
rotation with grains, as forage provides an  enhancemesnt to
mail fertilitv. This is important as the cost of importing
comutercial fertilizers is high.

The resulis aof the moistuwe budgetting procedure
show that moisture deficisncy is not a problem in most
VEAFS. The reverse situation of swplus moisture is &

proplem for grain culture in the Pasguia Project.

S.5 YIELDS FROM VARIETY TRIALS

NMotwithstanding the marginal nature of this environment
with respect to profitable agricultuwre, it has been found
that guite good vields are possible from  the Pasguia &rea.
Each year the Province of Manitobs Department of Agriculture
conducts  wvariebty itrials in the crop reporting districts.
Comparison of resulits averagsd from other districts in

Manitoba with those found in two stations in the FPasguia

Froject demmnstrates this {(table &.13.
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dheat Yislds at Stations 1 and 2
Compared with Averages Manitoba Yields
{Rushels per Acrel ¥

Year Station 1 Station 2 Manitoba
1957 S1.5 20.9 31.2
1958 S0. 3 26.1 ZhH. T
1959 S0.9 26.9 22.0
19560 47 . & ?.9 3.7
1941 46.9 24. & 2.8
19562 2.6 S0.3E
19563 47.1 24.7
1744 20.5 30,0
1965%%

1766 Sh. 4 4.z
19&7 Fi.7 7S
1968 S0 42,0
1769 SU.3E 8.2

#¥ Year characterized by high precipitation and low mean
temperature — no vield data available for this year.

##4% Figuwres taken Ffrom annual reports of Ffield crop
variety trials

Reclamation projects have helped to alleviate some of
the soil problems related to poor drainage and waterlogging.
The esxcellent vields achieved by some operators in the
Fasguia area show that this northern area can be very
productive. However, dus to the variability of the climate
and overall short season, good management is  necessary for

SUCCES%.

5



f.4 BUGBGESTIONS FOR FUTURE RESEARCH

fs the reqguirement for agricueltural land increases, the
northern areas will continue to bhe of interest far
development. In morthern locations  the high costs of
transporting food and fusl sugogest that it would be sore
sconomical +for needs to be met locally than by importing
produce from the south. The need to svaluate the capacity of
the land to support agriculture is apparent.

Morthern locations superience specific problems related
to agriculturs. In the Feace River Hegion, (Wallis et _al..
i983) the growth of forasge was modelled to deal with the
limitations of temperature and moisture. In the Pasguia
Region, there iz sufficient moisture and, in addition,
thermal deficiency results in low evaporative demand.

&n immediate possibility for resesarch developing out of
this study would involve the use of climate based programs
tox evaluate the probabilities of Ffield workdave in the
gapring and fall.

f need exists for a Field study of meteoroclaogical and
=201l conditions throughout the growing Season. This would
provide @seasurements of actusl spil msoistuwre content at
various levels in different soil types. HMeasurement of soil
heat flux  would provide an indication of the changes from
positive to negative energy balance as insolation decreases
rapidly in July and Sugust. HMeaswement of precipitation
and evaporation would provide a good understanding of the
actual moistwe and snergy regime in the northern location

Féh



at the end of the szason.

Current research interssts of governments are concerned
with possible ramifications of global warming associated
with increasse of atmospheric carbon dioxide. The warming is
postulated to result in longer growing sSeasons, wWarmer
summer temperatwre and changes in  atmospheric svaporative
demand. In the event of such a warming trend taking place,
it is possible that northern  agricultuwal regimng such as
The FPas area would bensfit. The Pas area presents an idesal

situation for research of this tvpe.

5
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AFFENDIX 1

Description of soil tyvpes utilized in this study: From
Sogils Report Mo, ii, Feport of Detasiled Spil Suwwvey of

Pasguia Map frea_in Morthern HManitoba. By W. 4. Ehrlich, L.

E. Fratt, F. P. Leclaire & J. A. Barr, 1940,

Sppendix H6.1.1 Station 1

ie FPas Clay, Le Fas drained phase, 14,932 acres in Pasguia
Map &Srea, (7500 hectares), (River Lot 50, Carrot River Road,
J. Jaeger Farm in Reports of Crop Adaptation Trials and
Field Drop Recosmendations).

“"Spils of this phases oocow generally as  long strips
bordering some of the more prominent leveess, notably  those
of the Carrot River and Nels Creek. These soils have siliy
clay to olav textuwres and are moderately calcarsous
throughout the soil section. Mo salinity of consegusnce has
been noted; the conductivities of the soils tested were less
than 2.0 ssmhos om.

Burface drainage is  modesrately good because of the
gentle fall of the terrain toward the deeper receszes aof the
de=ita. Internal drainage, howesver, iz restricted by the
retentive natwre of the fine textureﬁ sediments. The high
water tabkle, originally the main problem, is being lowsred
By the numerous swface drains constructed in the delta
BFE&.

Prior to cultivation and fires, these soils had a laver
of peat usually less than 12 inches in thickness. Horizon
development in gensral is negligible and the dark colowed
surtace laver in cultivatsd fieglds is dus to mechanical

mining  of the peat and msuck with the undesrlving mineral

s,

sedinents.



fppendix 6.1.2 Station 2

Fasguia Drained, Saline Phase, 2,429 acres in the Fasouia
Flap fres (approximately 1200 hectares):

Pasquia Drained Phase: *The drained phase, in comparison
with the modal phase, has better surface drainage, s thinner
layver of clay on the surface of the soil and less banding of
tiner textwed sediments within the profile. In a few
places, the surface laver of clay is absent. & thin laver
of muck oF peat was present on the surface prior to hurnéng
and cultivation. Thesse soils are moderately calcarsous  and
the predominant textwal fraction consists of fine sand.

Iron mottling is pronounced throughout the soil profiles. . ®

Pasguia Drained, Saline Fhase: "The saline phase is similar
ta the drained phase in the physical and chemical features
except for a general higher degree of salinity. Salinity in
this phase ranges from a low of less than 7 mshos/om.
conductivity to a high of over 20 mmhos/cm. In a few ocmall
areas, the salinity is sufficiently high to inhibit all
plant growth. The salts, which are primarily chlorides, can
only be detected by soil  tests o by the presence of

indicator plants such as goossfoot, wild bharlev., salt

grass,. ouwn wesd, sea blite and glasswort.
s i 8
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"HSalinity in these sandy soils is variable from one

eason bto another. This variation is dus to rapid changes

1

in the ground water level. WHhen bthe water table is low, the
salt concentration in the sandy surface lavers is guickly
lowered through the leaching sffect of percolating rain
water. I¥ the water table is kept at a low level, in a +ew
vears time soil salinity would not be a serious problem in

crop production.”
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AFPENDIX ALZ

Yearly Data Derived from the Models

Sppendix

HB.2.a

Mo.

Greater than 070,

af Days with Minimum Temperature

Year Spring Fall Season
{Julian date) Mo. of Dayvs
1943 1564 259 25
1244 137 246 129
1945 155 275 119
1945 14% 245 162
1947 144 260 112
i?48 149 285 136
1242 145 2F7 132
1950 158 259 101
1951 154 2&4 119
1952 150 2&6 114
195= 154 277 121
1954 151 274 2Z
1985 134 254 iig
1954 152 248 9
1957 152 2&61 109
1958 159 265 107
1959 147 253 106
1950 i1E8 266 128
19451 137 248 111
19462 134 251 117
19463 144 255 109
1764 155 258 103
19465 147 2865 118
13646 137 272 1325
12467 155 275 124G
124588 143 27 134
12453 164 260 &
1970 144 257 iii
1971 1z9 284 25
1972 167 2565 g
1973 133 258 125
1974 145 252 07
1975 154 250 e
1974 138 245 147
19F7 126 274 i4g
197d 152 270 iig
1979 153 264 107
1780 153 2&0 107
1781 152 259 167
1782 159 257 FH
1983 149 265 iis

iodg



fppendiy R.Z2.2

No. of Dayvs with Minimum Temperature
Greater than ~2.239C.

Year Spring Fall BSeason
{dulian datel Mo. of Davs
1943 1x8 285 147
iw44 132 27E 141
1245 148 275 127
1944 134 280 144
1947 148 265 117
1948 131 2as 157
1949 144 281 137
1950 134 278 142
1951 13 2468 32
1952 113 278 165
1953 139 278 13
1954 149 274 1325
1955 131 254 123
1954 144 258 114
1957 152 2&1 109
1958 159 2867 114
1957 141 258 117
179460 127 2&b 139
17461 37 Fhéb 129
1262 124 2862 13&
15463 144 201 155
1544 120 271 151
1965 139 BT 12g
19464 132 287 155
1957 140 29X 153
1948 141 2F7F 136
1949 144 2&5 22
1970 1=% 257 118
1971 138 264 1234
1972 128 268 140
1973 133 261 128
1974 1=8 252 ii4
1975 113 2846 173
1976 127 268 i41
1977 124 284 158
1978 119 290 171
1979 134 265 131
1780 134 2852 i2g
1281 1=7 2F0 133
1982 130 257 127
198% 144 272 128
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Hppendix H.2.3

FPhenclogical data from Biometeoroclogical Time Scale for
Wheat, Using Climatic Estimator to Set Planting Date:

Year P E J H 5 R PE EJd JH HES SR PR
1755 156 164 181 201 225 257 g 17 20 2 i2 81
19346 141 150 148 191 215 227 7 ig 23 24 iz 84
957 132 149 172 1%& 219 23 17 23 24 25 15 1o
1958 134 144 189 198 222 238 10 23 29 24 I3 101
175% 137 150 170 1946 218 233 13 20 28 22 i5 F&
150 133 142 143 189 210 223 7 21 26 21 i3 Fo
1961 136 144 144 187 212 225 & 20 £3 25 13 89

1962 129 140 162 184 207 233 11 28 22 23 1s 74
9635 138 151 170 190 213 224 3 i9 20 23 i3 8&

1964 12 138 163 18% Zii1 227 11 25 2 22 & 100
1965 132 144 1466 191 2146 Z28B 2 22 25 23 iz 26
I74&6 129 143 1646 185 209 221 14 23 ig 24 e 2
19467 1332 144 147 194 2ig 23 ii 23 2F £ 1z 78
1268 130 142 142 194 222 241 2 20 32 2 17 1ii
1969 1246 1431 1&B 199 222 233 15 27 Zi 2= i1 107
IF70 131 142 1864 187 208 220 11 22 25 21 12 8%
1971 131 141 1862 188 2146 22 10 21 2& 28 i3 Fd
1972 137 1346 188 186 215 230 7 22 Z 2% 15 103
19732 127 128 1&0 187 211 222 11 22 27 24 ii 75
1974 138 152 172 192 21& 227 14 20 20 24 ii 7
1973 132 147 168 188 210 224 15 < 20 22 i4 92
1974 130 139 158 184 2310 22 ] i9 =8 2 i4 74
1977 127 135 156 182 207 227 g 2 2& 23 20 100
1978 126 136 1460 18 2132 227 10 24 2 2é 15 101
79 142 149 171 190 213 23 7 22 i9 2% ig 89

1980 127 139 1&1 189 212 22 12 22 28 2% i4 F9

781 130 1440 145 18% 21X 224 10 235 24 2 ii @4
1982 126 141 145 192 217 230 15 24 27 25 3104
183% 1&6% 175 193 212 237 Z4s & ig 1% 23 2 77

Mean 134 145 186 191 215 22 it 22 25 24 14 PS5

iio



fBopendix f.2.4

FPhenclogical data from Biometeoroclogical Time Scale for
bheat, Using Date of 25% Chance of Frost as Flanting Date:
Bay 142

Year E J H 8 R PE Ed JH HE SR PR

1955 150 188 192 212 224 = ig 24 20 i2 82
19846 152 1&% 193 217 230 10 i7 24 24 1% 8g
1957 182 174 197 220 235 10 22 23 23 i5 3
1958 15 175 200 225 2440 24 2 23 15 78
1959 151 170 194 218 233 ig 2& 22 15 71
IF60 150 170 192 214 ZE2 20 22 22 12 84
1961 150 1&9 191 217 231 19 22 2 ig g

i7 22 23 i4 88
g 1% 23 i 82
22 7 23 17 4
ig 28 24 15 Fé

1962 152 1&% 191 2146 230
1763 182 171 194 213 224
I964 153 175 194 Zi19 23

1965 153 171 19w 2353 238

i
R

SRRl AR e N R s B I IR o v 1 vy Rt S

1946 151 171 190 215 22 20 i 25 13 83&
1267 1506 171 157 222 254 21 28 25 12 G2
I9&68 149 1468 198 230 247 i9 G 2 17 165
128% 153 177 203 22 238 1 24 2& 23 2 Fé
1970 133 171 193 216 3246 1 ig 22 23 1o 84
1971 150 148 196 222 232 id 2 2é& i4 74

i9 2é& 33 1i 27
20 23 24 ii 85
20 20 24 ii 85
i9 iz 23 i7 S
17 25 25 i4 g7

1972 150 169 195 228 239
1973 149 1&% 1592 21& 227
1974 192 172 192 21&s 22
1975 154 T A S B TN
IF76 148 1465 190 215 22

ot s

1977 148 188 i%1 217 242 20 k) 2 25 100
i978 149 172 195 22 238 25 25 £ 17 7

22 19 23 ig &7
22 24 2& 1x Zi
L0 21 24 iz 8é

I97% 149 171 190 213 2=
1780 148 170 194 220 ZFE3
1781 151 171 192 216 22

1982 183 174 198 224 247 11 = 24 L& i% 101
19783 182 171 195 217 2387 10 g 24 22 13 85
Mean 151 171 194 219 233X ? =0 235 25 14 YO
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Spoendix S.2.5

Fhenological data from Biometeoroclogical Time Scale for
Wheat, Using Date of 10% Chance of Frost as Flanting Date:
Day 148

Year E Jd H s R PE Ed JH HS 5R PR
1933 154 172 195 218 22 & ig 23 21 iz 8O
1956 157 172 1%9&6 221 234 g 15 24 25 15 =8
1257 158 178 200 2235 243 10 20 22 25 ig 23
I93E 15% 180 203 230 248 11 2 25 27 ig 100

1959 156 1735 198 220 235 5] 19 23 22 15 87
1960 158 175 197 220 232 10 17 22 25 12 84
1941 185 174 194 219 233 1% 20 25 i4 85
12482 137 174 197 223 22 17 23 2& iz g8
19463 136 174 193 214 2327 ig8 i9 23 i1 7

19464 138 178 194 235 240 20 ig 29 15 Pz
19465 186 174 201 285 243 ig 27 24 ig8 G5
19466 157 175 194 219 235 ig 19 25 i1& g7

funt

1267 197 177 200 233 239 20 23 =5 i4 71
1968 1546 175 201 234 253 ig 2 5 9 147
1969 158 181 Z2a5 28 239 1 25 2 235 i Fi

ig8 21 25 ii =
ig 28 27 12 P2
i7 25 32 i1 94

I97¢ 156 174 195 218 229
1971 155 173 201 238 240

1972 155 174 199 231 242

1973 156 173 199 222 23Z i 24 23 H £
1974 156 176 197 219 252 20 2 22 = 24
iI975 158 175 194 218 235 ¢ i7 i9 2 17 87
1976 103 173 197 221 223 ig 24 2 iz 855
1977 155 174 198 230 285 i% 24 32 24 1048
1978 184 1746 198 223 243 20 22 27 ig 75

e
R AR RN R B x 0 A B NI S R £ 2 M 5 Y« B

ig 15 25 ig g8
ig 25 28 ia F7
a0 ig 24 12 83
20 22 2 20 79

ig 23 21 i1 "2

1979 18% 177 193 218 234
1980 157 176 201 239 245
1981 156 176 195 21w 231
1982 189 179 201 227 247 1
1983 187 175 1i9g 219 230

™

1753 198 28% 23 7 i 22 25 i35 FO

iR

Mean 1



Appendix A.2.6

il

Fhenological data from Biometeoroclogical Time Scale for
Hheat, Using fctual Planting Dates for Field Trials &t J.
Jasger Farm, Station 1, 19571954

¥Year P E J H 8 R FE EJ JH HS SR FR Harvest
1957 143 134 175 198 222 238 7 21 23 24 i& F3E

19358 143 152 176 20y 22 242 g 2 23 2& i3 F4

17559 135 148 168 194 215 229 13 20 26 21 i4 F4

960G 151 160 177 199 2322 23 4 17 22 23 2 & 245
19461 145 153% 171 192 218 233 a8 ig 2 Zé 15 =88 EA
1962 151 188 175 198 224 237 7 i7 23 2 i% 8& 251
1963 143 153 172 171 214 225 1¢ ig i2 25 i1 82 235
1964 148 158 178 1%& 225 240 10 20 ig 29 is 2 2FiE
Mean 145 154 174 1986 221 235 7 20 22 28 14 F0

¥ fbhnormal seasonal conditions: high precipg values late summer
low temperatures early fall

fppendix A.2.6&

FPhenological bStages:

Wheat Grown on Clay Seil (Stationli, Showing Comparison
Botween Hater lse Estimated from fctual Dates and Estimasted
Dates o the Years (1957464}

Year Emsrgence Jointing Heading Soft Dough Ripe
1957 22.3 Sl.5 FH.S 112.0 F2.b
1758 iI9.3 45.1 87. & P51 10563
1959 2G.1 E3. 6 7F.1 g8g8.0 ge.1
1960 g.1 FF.1 #1.4 igd.i 20,5
12461 ii.1 48,5 B4.5 111.5 23,

1952 . 7 2.8 80. 4 FF.T FE.1
1943 20,9 27.8 20,4 &F. 8 8%.1
1944 2.8 49,2 FE. 4 S5.0 &7, 2

1i3



Fhenological Dates for Forage, using Degree Davy
Aocumulation to Set Cutting Date

Year Begin Full First Full End
Growth Cover Cutting Cover
1935 i= 142 190 201 254
1956 144 141 215 225 258
1957 25 1469 215 225 261
1958 124 134 g9 199 269
1959 143 159 207 217 258
17460 149 153 204 214 2&6
1961 124 153 196 206 2&b
19462 13% 162 209 2179 262
17263 i44 154 211 22 Z01
1944 12= 177 232 242 271
19465 134 B £ 204 21& 2&7
1745 i41 165 214 226 287
1967 122 153 202 212 29E
1948 134 130 201 211 277
17469 125 18o 22 2EZ 2&6&
1970 121 158 213 225 257
197 {53 154 202 212 2&4
1972 130 144 194 2056 2568
1973 137 152 208 22 261
1274 147 158 208 218 252
1975 127 162 214 232 284
1974 135 144 i%& 208 258
1977 iz2a 132 178 iag 284
1978 22 174 22 231 290
1972 143 147 194 214 2865
1980 =22 144 190 200 262
1781 1353 157 205 215 FIG
1782 122 145 izg 208 257
1983 132 1565 215 225 272

ii4



Appendix A.2.8

801l HMoisture Deficit {(mm) on Dates of Heaching Successive
Fhenological Stages:

Wheat Srown on Clay Soil (Stationi), Using Climatic Estimator
to Sst Dates (1}

Year Emsrgsnce Jointing Heading soft Dough Rips
1955 15.8 4.6 50.9 1G2.9 14,2
1958 21.0 48. 1 53.9 103,33 116.8
1957 i7.46 S5i.1 7S, 4 111.5 20.8
1958 223 45.1 Fi.4 110.0 110,33
195% i%. % F7. 4 T5.0 FHE. 1 Q0.4
1940 I & 25,8 FG. 6 100.5 116.0
1941 22.% L SR g84.5 iio g iZ2i.8
19462 22.2 EEZ LS | 11&6.0 1468
19463 17.8 21.% 15.4 &5F.8 g87.8
1944 152 48.5 Fhod Fia. 8 5.5
1865 i8.2 0.8 FE. 9 BE.E F7.
1966 1i.& &. 7 S0.3 44, G FE.3
19567 19.5 S0.5 F&.d g7.1 111.3
igsd 7 1.6 &H2.9 Fi.2 105. 4
1947 17.8 42,5 34,2 1192 105.2
1970 3.1 0.5 S.5 7.5 P22
1971 22.5 34.0 Fho o 11001 1151
1972 20.1 47 .4 41.8 gg.8 7.1
1973 i9. 48 17.7 S5H.3 1004 1045
1974 2.1 42.5 TS 7 10G.4 F7.1
FIS G. 2 Zi.8 24. & g6.2 757
197 1.6 4.9 2F .0 48.5 g7.1
I977 25.2 45,3 &E.E FT7.0 50.3
197 19. 4 45.5 TE.1 H7.6 11i.2
1979 ig. 4 44,0 85.1 1059 107,
1980 22.5 5.2 Fg. 7 103%.8 10%.8
78l 24,1 I&H. 3 FF.9 FE.E FF.0
i%g2 ig.1 43.5 87.1 1311.0 120.0
1983 i7.% 11.3 F2.5 F2.8 : 8%.5



Sopil Moistwre Deficit {(mm) on Dates of Reaching Successive
Fhenological Stages:

Wheat Grown on Sandy Socil (Station?), Using Climatic Estimator
to S=t Dates (1}

Year Emergence Jointing Heading Soft Dough Rips
1955 i8.7 So. 5 1.1 111.9 115.9
1954 25. 6 =58.7 PI.3E i67.1 18G.7
1957 2i.2 &1.7 1136 igi.1 161.4
1958 28.7F 52.7 134.5 179.7 ig4.3
1955 235.9 4. 4 112.8 141.6 1I57.3
1950 3.0 27.8 1iZ2. 4 168.0 188. 3
19461 Zh. 5 62,35 125.5 igz2.7 i92. 6
19562 26.4 42.2 1169 ig4.1 175.0
19463 21i.8 28.1 28.2 04,2 142.2
13464 15.2 8.8 113. 2 125. 4 14G.3
1965 i%. 46 265.5 111.5 155.1 1&%9. 4
1764 14.5 12,0 Fé7.% 8.7 153&6.7
1957 20.8 H4.1 115.2 i48.1 ig4.4
1968 2.7 8.9 164, 7 158.2 i78.2
19469 7.8 b b P 143535 171.5 175.4
1970 17.5 4322 i5.1 1657 145.7
1971 Z2&. 6 55,7 1153 175.& igi.g
1972 25.2 &0, 2 F7. B i62.6 171,33
1973 24.8 Z8. 6 a%. = 167.9 176.4
1974 1.5 b Ll R 109.1 1643, & i44. 4
1975 0.9 5.1 4Z2.8 1346.0 141.0
19745 i7.0 Fal 4.8 FR.T 143.3
1977 0.0 G2 10&. 4 135.7 11x5.8
1978 24.3 b L P 112.7 154.4 185. 2
1979 21.% S5 7 122.7 174.0 i7g. 2
1980 267 48.5 124.% 174.7 18G. 7
iggi 28.0 49,7 15,1 84,2 14%.5
ieas 21.9 SF. 4 129. 2 18G.5 12g.%
190x 20,0 22.3 ZF.5 1ia.8 1432

foute
fou
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boil Moistures Deficit on Dates of Reaching Successive
Fhenological Stages:

Forage Grown on Clay Soil (Stationly, Using Climatic
Estimator to Set Dates

Year Start Cutting Resstabl ish End

1955 ig.7 81.7 1100 i58.7
1956 9.5 12i.4 127.56 136.0
1957 57.4 1465.1 175. 6 i46.4
1958 28.4 113.1 125. 4 i18.2
125% 7.4 116G, 0 103 E g2
1950 1Z2.0 116.2 i124. 4 i44.%
19461 .3 11G.7 117.%9 i53.5
19562 152 ii1g. 2 igg. 9 gG. 4
1963 F1.7 24,2 11461 PF.R
i7a4 FE.0 B3 Ph.0 &0, 8
12465 2.4 H4.7 11G.% 48.1
12464 8.0 FE. D g89.4 105.5
1287 SZ2.8 116.3 113.3 102.1
1248 2.5 107.0 108. 4 i17. 6
1969 Fhobs 23.1 117.8 133, ¢
19740 55,0 Fho 2 24.5 i25.9
1971 48. 7 ii14.4 126.2 13,3
1972 7. E 2.7 F2.7 gi.4
1973 FE.3 1i&.4 122.1 107.2
19274 i4.4 1i4.% 127.3 G7. 4
1975 24.3 1133 1012 114.0
1974 28. 9 o A 87.5 155.8
1977 i9.5 11z.8 258 84.2
1978 FE.7 iig.8 109, 1 P33
197% 17.2 113.2 129.4 82.9
1980 49,5 IG5, 0 106, 9 iog. 2
1981 S54.68 7.8 117.28 114, 5
19gs 43, 1 lig. # 135, 1 141,40
1983 i2.7 25. 4 1045 24,8



Bppendix 6.2.11

Hoil Moisture Deficit on Dates of Reaching Successive
Fhenological Stages:

Forage Grown on Clay Soil {(Stationl), Using Climatic
Estimator to Set Dates

¥ear Start Cutting Resstablish End

1953 26,9 1182.7 16604 2E2G.0
1954 4%, =5 i69.5 1966 214.1
1957 5F7. 35 1465, 1 199.0 175.1
1958 FE.TF 134.7 1722 i8s. 4
1959 A&, O 16400 168.4 igz.9
19460 12.7 185.7 19G.3 211.7
1741 F.l i85G0 i8x.2 2i%.2
1942 F.7 146G.4 171.3 156.2
12463 7.8 14,1 i9g. 4 iB4.5
1964 gZ.8 150. 9 153. 25.3
1265 1.0 Efg” 168, 2 1533.9
1784 IZ.0 135, i68. 4 125.3
19467 H2.3 1&23? 175.8 166.3
159&8 Z5.5 iS4.1 17¢.5 199.%
19465 P68 148.8 1gz. 2 213,46
1970 &F.5 i45.9 210.8 2077
P70 S 4 1&2.8 1913 20%.4
1972 47. % 144,& 17G.5 164G.5
1973 42,0 i1&2. 202.4 igz2.5
1974 14.5 iﬁ?aﬂ 19468 177.3
1975 27.4 129.9 i&8. 4 i9%.48
197 FE.8 H&. 2 1Z24.4 2ER0. 6
1977 22.7 i49.7 i82.7 iZ4.8
1978 B3 177.% 1854 i73.8
1979 ig. 2 142.0 208,32 15%. 0
1980 S8.0 147.% 170.9 178.3
1941 &7 .0 148.0 196.89 1963
iggz 8.4 i61.2 PF0E.O 21E.7
19853 2E.9 152, igs. g igl. 5



Exceptional Precipitation Events During the Growing Season
Which FProbably Make Soil Moisture Budget Inappropriate for
This Site

Year dJulian Mo. Dy, Antecedent Frecip. Runotf
Date flois.Defic Mifi o Fifii =
1959 i7g & 27 52.1 31.0 18.6
1940 147 par 2& 1.0 F0.5 23,
19635 185 7 4 48.3 S4.4 2.9
19464 iz28 5 7 4,7 £F.2 21.4
19454 180 & 28 4.1 2F.7 12.7
19464 213 7 31 27.8 42.4 20,3
194565 145 S 25 Db 22.4 2i.0
19464 188 7 7 F1.7 EE. ig.1
1748 217 o 4 Fl.46 27.9 ig.g
1970 172 & 28 555 S51.56 14,0
157 174 & 25 35,2 28.5 4.2
1974 1S3 & i 42,0 25.6 1Z2.5
1977 22 g & IoZ2.2 &HG3.5 12,
1979 1932 7 11 g89.3 25.9 15.4
1781 168 & i7 44,5 25. 6 17.8
1981 gz 7 1 &F.2 Z&.T7 i5.2
1983 1%& 7 i5 22.5 45.0 i4.3
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oportion of Soil Moisture Available at End of Phenological
ges, Wheat grown on Dlay Boil:s

1955 .74 .83 . 8O . 60 . &0
1954 .72 .82 .75 - 60 .57
1957 .93 .80 .71 .57 .65
1958 .71 .82 &5 . 58 .58
1959 .92 .86 .71 7O - 65
1960 .79 .50 .69 .51 .55
1961 .71 .81 . &8 .57 .53
19432 .91 .87 . &7 .55 .57
1963 .93 .72 .94 .7 . &
1964 .95 .81 .7 . 65 .71
1965 .93 .88 .70 .64 Y.
1966 . PE .77 .77 .83 71
1967 .92 .80 .71 . B .57
1948 .57 .92 .76 . 65 .57
1969 .93 .84 . &4 .58 . 50
1970 .95 .88 .78 .73 .64
1971 .91 .83 .71 .58 . 5
1972 .72 .82 .84 . 66 .63
1973 . T2 .93 .78 .61 . &0
1974 .98 .84 L7 .61 .70
1975 1.00 .88 .90 .67 .71
1975 .74 .9 .90 .81 .66
1977 .50 .83 .74 .70 .21
1978 .92 .82 .7 . b .57
19779 & a3 &7 57 S8
E " et = " = & @ 2 td
1980 .91 .86 .70 . &0 .58
1981 .7 .86 . 6% . &7 - &3
1982 .93 .83 e .57 .54
1983 .93 .96 .88 .72 . 68
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fopendix ALF. 14

PFroportion of Soil floistwe fivailable at end of Phenological
Stages, Wheat grown on Bandy Soil:

Year FE Ed JH HE BR

19535 =92 =77 « 79 - - O
1934 . 89 - F &l A 4 - 25
1957 - 71 - 74 s - 20 - ZE
1758 . 8% . 7 - 44 « 23 - B
1939 =70 - 80 . =41 - 54
19860 - 2% - 88 - 35 . w22
1941 - 829 74 - 48 « 28 - 20
1952 -89 - 82 - 51 25 27
19483 =721 . 88 . 88 it « 41
1764 « P50 - 7& = i o SeF - 42
1945 - T2 = 83 - a5 = Sk - 29
19466 - F4 - 73 - &8 . 65 - 45
1947 - 71 - FE - 52 o . 5
19468 - F& - 88 - ab - ik .2
19a% «F3 - 77 - 40 - 27 27
1970 - F3 - 82 - P4 - O6 - 57
1971 - 89 - FT o = 27 - 24
1972 - 87 2 72 - 58 - 32 - 2F
1973 « FO . 88 = &3 - 30 =27
1974 - 7& - 73 et a2 - 57
1975 1.00 « 35 = =535 =41
1974 - 23 - F7 - 85 « &7 - &0
1777 - 88 - 78 - S - 43 - S5
1973 - F0 g - TS « b -« E5
P79 - F1 -FF - 49 - 28 -2
1280 - 8% - 80 - 48 =27 « 23
17981 - 88 - 7% .32 - 40 - 27
1982 « 71 g « & - 25 - 20
1983 - - 71 -84 » - 40



Froportion of Soil Moistwe &vailsble at End of Phenological
Stages for Forage Grown on Clav Soil

Year Full First Regst— End of
Cover Cut ablish Season
1955 - F3 - 6T s . 57
1954 .85 - 53 .01 - 48
1957 =78 Y Gy Iy ¥
1958 - 8% it - 57 - 54
1959 -8& - 38 - &0 61
19860 - F5 - 55 - 32 .44
1241 27 oy - S5 41
1982 - 75 - 54 - 58 - 6F
1963 - 88 « &4 - 55 - &3
1944 71 &2 B3 s 77
1945 = - BF « 57 .82
1984 -7 . &4 = & - 59
1967 « 80 - 35 - s =&l
1948 - 88 - 5% - 58 . et
19469 - 7O - 5% =55 - 4%
1970 «7 « &3 - S2 -T2
1971 =81 - 55 i - 4%
1972 .84 - &4 - 59 « &7
1973 - 87 - 35 - 5 - 5%
1974 . T4 = o3 il - 52
1975 =Tl - 55 .5l - S
1974 . 8% - 75 - Bb - 40
1977 =53 T . &2 « 68
1278 . 72 - 54 - S8 - &5
197G . FE = b iR « 08
1980 =81 - &0 - 59 - 5
izg: - 7 - &2 - 54 - 56
igas - 84 - 34 - 4% = &4
1783 - 25 - &3 - &0 =64



Proportion of Boil MHoistwre fvailable at End of Phenological
Etages for Forage GBrown on Sandy Soil

Year Full First Fegs— End of
Cover Cutting tablish Season

1955 =31 - - 31 « (34
1956 . 75 - 25 18 =11
1957 = 7H 31 17 .2
1958 -8& - - 20 . 232
1957 .81 . « 0 « 2%
1240 - 35 . .2 .12
1241 75 P = .24 - O
1962 - FE « S5 « 27 - hi
1963 - 34 - 44 17 . B
1744 =51 - ZF o ba - 48
1365 - FS . 38 . 20 « 44
17464 . i « 435 o E0 - 1%
1967 - 78 . 27 .
19468 - B5 o s - 2F - 17
196% « &0 - S0 . 24 =11
1370 =71 - T - 12 « 13
1971 =75 REAE, - 20 =13
I972 = « 40 - 25 .S
1973 82 A .16 - 24
1974 - 74 o 5 - 1% -2
1975 - 88 A - S0 17
1976 « 84 = & - 47 AL
1977 « F0 . SE « 82 o s
197 . 7 .2 . « 28
1979 . F2 <41 <13 .=
1980 . P . - o its
1981 « 72 « 38 « 18 - 18
1782 - 30 A - 15 13
17683 = F0 .y .22 « 24

3
s s®
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Figure 5.2: Climatological Data and Biometeorological Time Scale

for Wheat
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