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& | Anbstract“

Optimiaation of 1andimanagement for wagg; conservation,
soil salinity "and erosion control requires a through
understanding of thefsoil water balance. The adequape design
of any water balance.atudy requires that the precision“and“
the spatial variability of the soil parameters be known. The
objectives of this study were to quantify the éoil water °©
balance components and to determine the 'precision and
spatial variability of soil moisture- and related soil’
properties. The study was conducted during 1983 at ‘the
Ellerslie Researcn Station near Edmonton, Alberta.

Soil moisture was measured with a neuytron probe at 42
locations, 6.1. m apart, arranged in a si% - by seven grid.
Fallow plots were alternated with barley‘plotsfresulting,in
three replicates of each. Particle aize.,analysis, bulk
density, and the moisture charactenisﬁic 'cu;ye ‘were
determined at several depths at each- locatlon Due to dry
conditions in May and June the. barley did not germlnate
until late June. Heavy rains durlng late June and early July
resulted in near saturated conditions_and_in a perched water
table within 1 m of the surface. Dry,;warm’Weather “for .the
remainder of the growing seaSon resulted in vigorous barley
groweh. | | >“ . |

Precipitation for the study -period was 284 mm.‘The
total change in 5011 moisture for the top 1 m of the soil
~profile was<'—17 mm and -64 mm for the fallow and barley

plots respecleely Evapotransplratlon dete mined in ‘part

—
-
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from the Penman method and from the field capacity method,
was 207 mmp and 254 mm for the fallo# and the barley plots
~respectively. Drainage\was~det?rmined to be 94 mm for both
fallow aﬁd barley plots. As it was not possibie to gepéfate
'deep drainage from upward\\éiay, the vcontribution of the
water table to evapotranspiragioﬁsbpuld not be évaluated.

An alternate 'meth05  for eYaluating drainage aﬁd
evapotranspiraﬁibn of the barley plots, the gradient mefhod,
yielded only a 2% difference in evapotrénsbiration from the .
field'capaéity method.

Discgntinuéus sand lenses below . 60 cm resulted in
highly skewed ldistributiohs ,bf the particle size, the .

“

charactsgistic-curve, and the moisture content duriAg  dry
conditions. During the Aear saturated conditions of the
heavy-rainfalls the skewed moisture conditiohsrknormalized.
This resulteéd in soil moisturelsample size réquireménts of 4
to ovef 20 -for a ﬁrecisioh of #5%. Semivariograms of soil
moisture and related soil properties showed general spatial
indépendénce"for distances from 6.1 to 37 m. Spatial
dependence could ekist at distanées less than or greater
than those méasured.‘ | |
An adequate sampling program for the deterﬁination of
soil'moistufé for this site, which is épproximately’ 0.1 ha
in area, would require at least 10 to 15 access tubes
arranged between 6 and 37 m apaft to achieve a precision of

+ 5%. For these distances systematic saﬁpling_does not offer

any increase in precision over random sampling.

\.
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1. INTRODUCTION

Quantification of the soil water balance components
(precipitation, d;ainage, and evapotranspiration) 1is wvital
to the understanding and management of agricgltural and
forested lands. Knowledge of drainage 1s necessary for
proper irrigation scheduling, salinity control, and
prevention of groundwater contaminatién. "The study of
potential and | actuga evapotranspiration aids in‘ thé
development of better management practices for optimizing

\

crop growth.

“Soil is a .particulate matrix of "mineral and organié
matter that contains air and water in the voids. The
relative. proportions of these constituents ;hange with
distance dﬁe to ' the geolggic‘history, groundwater, slope,
veggtation, and climatic influencés. »

Studies of the heterogeneity of soil-water properties
indicate that appreciable ranges 1in variétion may be
encountered. Generally to obtain a statistically reliable
value for so{i- hoisture .and bulk densitQ"only sévéral
samples are required, whereas for soil water %lux p;operties
(e.g. changes in soil moisture, hYdraulic conducfivity,
infiltration, and diffusion) often over one hundred samples
are réquired to lachieve the same degree of precision.

Soil is }also a continuous body, 1in which @ the
relationship betwéén neighbouring' locations 1increases as
distance between these locations decreasés. Because soil

prqperties vary, an estimate of the degree of representation
DA : \
1



of the total population is needed. Proper ;EﬁTesentation of
soil variability should include not only an estimate of the
variabilit 3 but 'also an estimate of how the variability
changes wi distance. Knowledge of the spatial variability
of soil water 1is valuable for the design of water balance
studies. With estimates of population représentation and
spatial dependence, the' establishment‘ of proper samplev
intervals can be established.

The purpose of this study was to determine the degree
of variability'thaf is encountered in soil water changes due
to précipitation, dréinage, and eQapotranspiration. lThe
objectives of this study were: : : .

1. To quantify the 5oil wéter baiance~ gomponentsi
precipitatibn, drainage, evapotranspiration, éround.
water-cohtribution,‘and changes in soil storage- for
bafley and fallow plots. |

2. To determine the ,populétion distribution and spatial
variability of soil moisture storige changes, moisture
content, texture, ‘bulk density, and moisture

characteristic curve.



2. SITE DESCRIPTION AND EXPERIMENTAL DESIGN

3

2.1 SITE DESCRIPTION

2.1.1 LOCATION | .

The study site was located aboet 15 km south of the
Edmonton city cenﬁer at the Ellersiie Agricultural Research
Station (NE 1/4 Sec 24, Tp 51, R 25,"W 4; lat. 53° 25' N,
long. 113° 33' W). A fully equipped mékeorological station
is situated at the station, adjacent zo the study site.
2.1,2 CLIMATE

The climate of the Edmonton area 1s cool <continental

characterized by relatively, warm summers and cold winters

(Bowser et al., 1962). The average annual temperature is
3°C, with January the coldest month at -14°C and July the
wafmest month at 16°C (TableJ 1). The average frost free
period is greater than 100 days (Crown and Greenlee, 1978).
The climate 1is betwe;n dry and moist subhumid with a
mean annual precipitation of 338 mm. Sixty percent of the

annual precipitation falls in the period May-August, with

July havin. “he greatest amodﬁt (Table 1). Rainfall accounts
for 70% of :h "~ipitation, with the rest occurring as
snow (Vermr . The rainfall during the growing season
has been-describ low in intensity and well distribute%}
(Toogood, 963, zock "1967) reported that the moisture

deficit for the ~:3 -~ on 1s 5 to 21 cm assuming a 10

[N
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TABLE 1. SUMMARY OF FLIMATIC DATA RECORDED AT EDMONTON
INTERNATIONAL AIRPORT FROM 1841-1870
(adapted frdém Crown and Greenlee, 1978)

. MONTH YEAR
A M J J A S 0

Temperature (°C)

Mean daily , 3 10 13 16 14 10 4 1.4
Mean daily max. 9 17 20 23 21 17 11 7.8
Mean daily min. -3 2 6 9 7 3 -3 -5.1
Extreme max. 26 30 34 35 33 34 27 35
Extreme min. ~-19 -18 -6 e} -1 -8 -19 -45
Precipitation :
Mean rainfall. (mm) 9 32 76 99 62 41 9 338
Greatest rain 24 hrs{mm) 12 21 66 49 34 60 7 66
No. of days of rain 3 S 12 13 11 9 5 66




cm soil water capacity. Cohen (1980) reported a mean annual
soil moisture deficit of approximatély 10 c¢m and mean annual
potential evapotranspiration of approximately 50 cm.

wing velocity for the year averages 16 km h-' with the'

dominant direction being from the NW. Sunshine averages

2,175 hours'du}ing the year (Bowser et al., 1962).

2.1.3 VEGETATION

The ' Ellerslie Agricultural Research Station is located
in the forest—grasslénd transition. Undistg&bed vegetation}
of the immediate area 1is mostly a balsam poé&ar forest.
Balsam poplar (Populus balsamifera) is the dominant forest
§pecies in the <canopy with a strong admixture of aspen
poplar (Populus tremuloides) on the upper clopes and white
sprucé (Picea glauca) on the lower slopes (?awluk and Dudas,

r

1982) .
The studx.plots are located on.a cultivated portion of
the farm. A large portion of the area is under pasture and

mixed grain cultivation, with barley being the popular grain

crop (Cohen, 1980).

2.1.4 SURFICIAL GEOLOGY

~ The Ellerslie Agricultural Research Station 1is on a
gently rolling to pélling morainal plain with slopes rarely
exceeding 2% EXCept at river and creek channels (Crown ahd

Greenlee,-1978;‘CQhen, 1980). The study plots are located on:

a local rise (for several km) with gentle slopes (less than
SO



6

2%) in all directions, except to the -south whefe the land is
nearly level, | _ | ' “ \\
The Laurentide ice sheet advanced over the eﬁtire " area
in a Qeneral southerly direction deposiging a méntle of till
bf variable thickness (Crown.and Greenlee, 1978). Much .of
Edmonton:arga, includipg the Ellerslie Agricultural Research
Stétion, is located on the Edmonton Glaciél Lake Plain. The
deposits of the Prbglacial Lake Edmonton covered the £ill
with a blanket of fine-textured glaciolacustrine sediments
up to 16 m thick. Pawluk and Dudas (1982), in a study, about
500 m to the north of the plots, (Figure 1) found tha;
sortéd drift was frequently intergedded with lacustrine
materials and formed the surficial materials bf the

surrounding' site. Bowser et al. (1962) found that the soil

series that occurs in this area (Malmo) frequent#y developed’ \

1.7 m thick,

&

on slightly saline lacustrine material 1 to

separated‘frbm the till by a sand layer.

2-.1.5 HYDROGEOLOGY

About 150 metres to the south.bf_the plots there is'a 2
ko 3»metre drop in elevation to the east (Figure 1). Over. a v
'distance'of approximately 40 meters én this slope -séve;al
soil pits have been dug and described (Crown and Greenlee,
1978). At the boftom of this slope is a discharge area with\
a Rego Humic Gleyso: 1n a depression. A water table has been
fecofdéd within 10 to 40 cm of the surface for 3 out of 4

T

yEars (Pawluk, 1981). The water table represents discharge
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from the slope probably as the resulf of a sand ‘layer

redirecting flow. A soys\pft located just above the toe of

the slope has few fine distinct mottles occurring at 48 to
.. . o ) EE . . .

62 cm (Crown and Greenlee, 1978) probably indicative of a

ca?illary fringe from a variable water table (Péwluk, 1981).

o

The Gleysolic soils may be salipe or carbonated (Crown and.

-~ ' A
4 \

Greenlee, 1978). V.o A S

Sgnborn (1981) " studied 'thevﬁiezome;ric surfaces at a
locatiin about 800 m toUghe NW of,the‘Study‘éfte (Figure 1)f
He found that the head was hiéhe§t in Ehe 10;4 m piezometer,
whilé a 4.5:m piezometer,yas d;yvtﬁfoughout thé study period

(1977 to 1978). This was interpreted as indicating upward

" movement of groundwater- into a more permeable sand and

.gravel' layer, ~discharging elsewhere in - the landscape.

Piezometric leveiél;Were higher' during “the spring- and

L] ‘ . . .
_continued rising - until late Jupe. A 3.6 m water.well
-remained dry except during May, 1979, wﬁgn the water level

- was within 1 to 1.5 m of the su%facef\This, according to

A\
\

Sanborn (1981), indicated a perched waterﬁtable as the 4.5 m
piezometer .remained dry.

! [3

2.1.6 SOILS

Soils in the well- to moderately-well drained positions
of the Ellerslie Agricultural 'Research Station have been
desqribed as Elpviated Black Chernozems 'kBowser et al;,
1968; Verma, 1968; Crown and Greenlee,‘1978; Sanborn; 1981;

Pawluk and Dudas, 1982). These include the Malmo Series and

O
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are found in.level.to gently undulating éreaé characteristic ’
of the laFdstripe deposits of Proglacial Lake- Edﬁbnfon
(Bowser et\al., 1962). Gleyed Eluviated Biack Chernozems éng
possibly Séﬂodic Black soils are féund in the %mperfectly
drained posﬂtions (Croﬁn{and Green%ee, 1978) .

y

\
\

\

2.2 EXPERIMEN%@L DESIGN
Plot design must allow for maximum flexibility in
: .. i

satisfying experimental objectives, = often \iﬁvolvinq

compromises. The following rationale wage used in the
experimental design (Figure 2). - i A i

+ “The watef balance components’ of éummerféllow and barley

plots were to be quantified. and.compared. -

“2. The vdetermjnation‘iof" spatial dependence required tha£
sampling\sjtes have spatial coordinates. The simpiésg .
coordinate - system for both layout ané analysis is a
grid. | o

3; The efgecté'of soil variability between thev fallow and
barley -plots :had to be minimized: thus, fheLtreétménts
-had.to be as close togethé; as possible without edge
’effect. Conséquently' adjacent rectangular plots with
alterﬁatiﬁg tr?atménts were fa70ured over ‘sepafate,

/

-~~~ large plots. - ./ '_ >

1

—
4. Lo?ations -of moisture measurements at least 2.5 m away

from - plot edges should ‘minimize edge effect.
. - . \ .

Consideration of farm .machinery size led to a final

N
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spacing between sample points of 6.1 m.

Four to teh’gravimetric samples are needed to’obtain an
accurate estimate of soil moisture content (Hillei,
19805).lUsing the neutron probe, seven’ sample sites
arranged lﬁnearly should give sufficient aécuracy and
. A .
distance for spatial determinations of soil moisture
content. — c J
Three -repiicates of faltbw and barley plots should ‘aid
with‘statisfical comparisons-between treaémenté and the

establishment of. spatial dependence  for a

two-dimensional surface.



3. SOIL WATER BALANCE

3.1 LITERATURE REVIEW

3.1.1 INTRODUCTION

Determination of a soil .water | balance entails
quantification vof ‘the balance " components. Components of
water gain are; precipitation, irrigation, interflow and
runoff from upslope, of from a shallow ground water table.
Components of water loss are; drainage, evaporation,
transpiration, and runoff or interflow downslope. Using a
model of input equéls output plus change iq;stqnage, a model

for soil water balance may be formed:

LN

p+I+U = E+T+D%Ro+L +AS (1)

-precipitation,
irrigation,
capillary rise,
evaporation,
transpiration,
drainage,
0= runoff,

= interflow,
AS = change in soil moisture storage.

where,

L T I VI T 1

OO MC~T

©

The + symbol indicates the component can

result in either water gain or loss.
Assuming a flat land wsurface with negligble ru . off,
interflow or capillary rise and with no irrigation, equation

'1 may be simplified to: - -

P =Et +D+ AS . (2)

whére £t = £ + T (evapotranspiration)

o

12
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3.1.2 EVAPORATION FROM BARE SOILS ¢

3.1.2.0 Intrbductipn

Evaporation 1is the transformation of liquid water to a
. \
vapour. For this to occur there must be a supply of about

2472 joule/g for vaporization (Penman, 1963). The amount of

water evaporated from the soil surfacg is dependent upon the
evaporati&e demand (atmospheric conditions such as wind,
temperature, and, 6 radiative energy) and soil water
availabiiity. (
3.1.2.2 Stages of'Evaporati;n-
Evéporatiqn from an initially saturated soil may be
divided ihto three successive stages_(Lemon, 1956; Hillel,
1980b) : an initial cdmstgnt—rafe stage in which the
evaporation rate is limited only by atmospheric conditions;

an intermediate falling-rate stage in which the rate rapidly

declines and comes under control of soil conditions; and a .

slowrate stage in which water transmission occurs primarily
by vapourhdiffusion.

The transition from °the first.to the sécond stage 1is
generally sharp, yhile the second stage bleqdé into the
third stage so “gradua;ly that they ‘cannot be separated

easily. Some researchers prefer to combine the second and

third stages and to recognize only two stages (Ritchie and"

Jordan, 1972; Hanks and Ashcroft, 1980). Jackson et al.
(1973) found that the three stages could not be delineated

under natural conditions.

}
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During the first stage, the steepness of the soil
moi;ture gradient 1is determined by the rate of loss and by
fhe diéfusion coefficient governing_the relationship between
the rate of‘ flow and the moisture gradient (Lemon, 1956).
vapour flow is insignificant. Immediately after wetting the
evaporatioh from - a wet bare soil is approximately the' same
as that from a free water surface at the potential
evapotranspiration rate (Lemon, 1956; ASCE, 1973; Stewart,
1984). Hartmann et al. (1980) found good agreement between
bare soil evgboratiqn and potential evapotranspiration (PET)
estiﬁated by the Penman eqdagion corrécted for a free water
surface by multiplying by 0.8 for May to August.

The length of the first stage depends upon water
availability and “vmeteorplogical 4conditions. Water
avaiiability is dependent upoh texture, with finer—textgred
'soils4having a longer first stage than coarse-textured soils
(Wilcox, 1960; Hillel, 1980b) . When metéorological
conditions result in low evaporation rates, the initial,
conétaht—rate stage persists longer whicl, according to
Gérdner and Hillel (1962), results in lower cumulative
l6sses. Lemon (1956) founéjthat liquid flow was insufficient
to mafchh evaporativg demand as 'soil potential decreased to
-30 kPa.

.During the second stage water movement takesiplace due
to capillary flow and vapour ,aiffusion. Temperature
gradients play increasingly important "roles in affecting

direction of moisture movement in this stage (Lemon, 1956).



3.1.2.3 Temperature; Liquid and Vapour Flow

The ' process of evaporation and heat transfer involves
the eqhilibra&ion of energies of two systems; the atmosphere
and the soil (Wiegand and Taylor, 1962). There are two
reactions of equilibria; a quick reaction involving a drop
in temperature of  the soil surface; and a slow reaction
iﬁvdlvihg» a decrease in moisture content of the soil

profile,

The temperature depression 1is .the greatest at the
evaporation zone due to the latent heat of vaporizatibn.
Latent heat requirements for soil water may exceed that of

pure water (2472 Jjoule g~ ') by as much as 840 joule g~

(Nielsen et alt, 1972). The evaporation zone ranges from 0-1

" cm in depth . for moist and conditions to seven cm in depth

for dry conditions of high poténtial evaporation (Richards

et al., 1956; Gardner and Hanks, 1966; Fritton et al.,
1967). |

Both’ liguid and vapor water flow will occur from warmer

to cooler areas if* the soil. The rate of flow 1is greater

_than that predicted with Fick's Law and the diffusion

coefficient for water vapour 'in air (Philip and deVries,

~

1957; Cary, 1965). Vapour flow can oécur from a cool soil to

&

warmer conditions due to lower vapour concentrations

(Fritton et 'al., 1967). Cary (1965) found that a thermal

gradient of 0.5°C/cm at a soil potential of -7 kPa moved as
much water as a pressure - gradient of 0.2 kPa/cm; At a soil

potential of -46 kPa, the same temperature gradient was
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equivalent to -25 kPa/cm. .

.

The relativé amounts of water moved by a thermal
g:adient as compared to that concurrently moved in ‘the
oéposite direction by the mafric tension gradient may be in.
total small, but at certain stéges may prove significant.

- i
/

/7 Hanks et 'él. (1967) in a light radiated treatment, found
i that thermally induced flow~becametgrea£er than upward flow.
due to matric potential,'after 0 days. A total of 7.6 cm of
water moved downward, about 10% that moved wupward (0.7
cm) due EQ the thermal éradient. Although evaporation in
5011l aoes noﬁ occurlupder-isothermal conditions, models used
by Penman (1941) and Gardner and Hillel (1962) which pegleét
thermal flow, still provide a fairly go&od approximation
(Stgple, 197j), proﬁébly due to the small amount iniolved.
Rose (1968) found that vapour flow Qas not important
relative to liquid flow 1in soiis with potentials greater
than -1500 kPa. ‘
Richards et al. (1956) using chloride tracers conciuded
that water tranﬁfer in the vapour phase below a depth of 10
cm was of negligible bagricultural significance. Gardner
(1959) postulaéed that wvapour diffusion wunder 1isothermal
conditions will occur primarily at . the soil surface
resulting in only slightly increased evaporatibn-rates.
3.1.2.4 Eroperties Affecting Soil Water Evaporation

Evaporation rates are modified by hysteresis, soil

texture, profile discontinuities, cracking, and surface
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residues.

Bresler et al. (1969) showed that evaporation was
directly related to the previous wetting rate, eilther
immediately following infiltraﬁion or after redistribution
for 4 days.. Allowing time for b;aistribution resulted in
dedreased evaporation. Gardner and Gardner (1969) found that
as tbe frequency of water apélication incfeased, moréiwater
was lost t6 evaporatioﬁ for similar totals applied. Hank é}
al. (1967) concludéd thét‘ the average rate of drying is
almost entirely determined by watér movement within the soil
"and ‘this is, influenceé only} slightly by temperature
gradiénts. | |

Texture affects  evaporation rates by modifying
hydraulic conductivity. Finér-textu:ed'soils will remain 1in
the first stage of evaporation much 1longer than coarsé
textured®soils (Lemon,  1956; Wilcox, 1960; Reddy, 1983).
Stewart (1984) Hbited an example where the second:stage of
evaporatioﬁ occurred aftér'12 mm was lost from a sandy soil
and after 20 mm from a fine-tex£ured soil..Top layers of
coarsg—textnred materiél will impede evaporation (Hillel and
Talpaz, 1977). Tillage, after wetting, will,effeétively
terminate the first Stage and reduce evaporation from
greater depths by as much as 50% by creating larger pores
(Willis and  Bond, 1971). The . surface hydraulic
conductivities control the evaporation rates of the profile.

Tillage to 7.5 cm reduced evaporation only slightly better

as compared to a tillage depth of 2.5 cm (Willis and Bond,
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s

1971). Swelling and crusting from rains will change the pore
size distribution‘ of the surface from that uncerneath,
resulting in reduced evaporaﬁion (Staple, 1971).

Soil cracks extending deep into the profile can cause
serious vlossés of moisture. Adams et al. (1969) with
simulated cracks, 30 to 60 cm deep and 1 to 7 cm wide found
that turbulent air flow within the cfacks accounted for most
of the water loss. Fifty to sixty percent of the evaporative
losses occqrred below a depth of 15 cm. ‘

Applications of surface residues have their greateSt
effect upon reducing .evaporation during the first stage
(Willis, 1962). Duringlphe first~stage there is a linear
relationship between initial rates of loss and percentage Qf
surface area covered for windy conditions (Willis, 1962).
Gravel and straw mulches redu;ed evaporatioﬁ from cracks 85
to 90% with no wind and about 60% with windspeeds of 8.9
m/sec (Adams et al., 1969). '

-~

3.1.3 TRANSPIRATION

3.1.3.1 Introduction

Transpiration 1is a functioh of soil, plant, and
' meteorological factors (Lemon et al., 1957). kttempts to
egplain and predict transpiration require consideration of
all these factors. Plants form part of a continuum between
the soil and the atmosphere 1in thch water mqbes from

i

regions of higher to lower potential energy (Gardner, 1960).
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The amount of water withdrawn from the s&il is dependent
upon the steepness of the energy gradient and upon the
évailability of the soil water,
)

3.1.3.2 Transpiration and Soil Moisture Loss

During conditions of high soil water availability,
transpiration rates are dependent upon meteorologicél
conditions (Lemon et al., 1957; Ogata §t al., 1960; Taylor
and Ashcroft, 1972). As the soil water .is depleted beyond a

critical threshold, daily transpiration rates be;omé.

I Il

dependent upon soil hydraulic properties (Ogata et al.,
1960) . The uptake‘ of water decreases as the potential
increases and as the moisture content per 9nit.'poten£ial
decreases (Peters, 1957; Denmead and Shaw, 1962).

Hydraulic.condﬁctivity begins to affect .transpifat%on
rates at potentials between -200 and -1200 kPa{ dependent
upbn potential eVapotranspiration and texture (Gardner,
1960; Denmead and Shaw, 1962; Feyens et al., 1980). At high‘
potentiais, hydraulic conductivity and rooting density is
sufficient that required flow can.béfmet withouf very low
plant potentials. When ﬁhe soil potential is low, the plant
potential mast be® much lower to maintain flow with the
reduced hydraulf®c conductivities (Gardner, 1960).

Denmead and Shaw (1962) found that the length of the
period of constant transpiration, ~the steepness of - the
decrease - -in the transpiration rate, and the permanent

- 13 . \ . .
.wilting point were dependent upon the potential
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evapotranspiration. Examples of wvarious soil depletion
curves due to relative ﬁfanspiration rate is illustrated in
Figure 3. Thé relative transpifation rate 1is the actual
évapotranspiration (AET) divided by the potential
_evapotranspiration rate (PET).

The horizontal cqrve,'A, represents equal availébility
of soil‘water from field capacity to almost‘_the"pérmanent
wiiting point. This cufve hag"been reportéd for low PET
rates by Denmead and Shaw (1962) and Gardner (1960). At a
PET of 1.4 mm day~', the AET for corn grown in a silty clay
loam remained approximately equivalent until a soil
potential of -1200 kPa was reached (Denmead and Shaw, 1962).

Curve B, basea upon Pierce's (1958)  proposal (Denmead
and Shaw, 1962) ' was obtained under ‘'usual' weather
conditions of moderate potential evapotranspiration. Denmead
and Shaw (1962), found' that  moderate potential

<

evapotranspiration rates of 3 to 4 mm/day resulted in
e

s

equivalent AET rates until-a soil potegtial of -200 kPa was
reached, resulting in a cugve similar to curve B.' ;

Thornthwaite | and Mather (1955) proposed a linear
relationship, curve C, based upon observations made for a
sandy loam soil under very dry cgnditions of'high radiation
intensities. Curves C and D agreéd well withv the curve
‘obtaiﬁed. for a high potential evapotranspiration of 6.4

mm/day in which AET was equivalent to PET until -30 kPa

(Denmead and Shaw, 1962).
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The permanent wilting point is a function éf the
magnitude of the potential evapotranspiration and textu?e.
Gardner (1960) found that the wilting point varied from 16
to 23% for a clay and from 23 to 34% for awsilty clay loam
soil Tor PET rates of 1.4 to 6 mm day~™' (Denmead and} Shaw,

1962).

3.1.3.3 Rooting Distribution and Soil Water Depletion
As soil ‘water becomes. limiting, transbiration rates
‘become dependent upon the rooting distribution and hydraulic

conductivity of fhe soils (Gardner 1960; Ritchie et al.,

3
i)

1972). Gardner (1960) found: that the rate of uptake from"a
glven soil is proportlonal to the ef#ectlve length of roots.
leen initial condltlons of a- u*lformly moist proflle,
roots WDll gradually -elongate and - prol;ferate dewn thew
proflle as the shallower 1ayers dry , (Ogata et al., 1960;
INDraycott ‘and Durrant, 1971 Belmans et a] 1979): Waterﬁis
removed more qﬁickly from the surface‘layers due to. denser
rooting and evapdration»(Ogata et'él.,:1960; Belmans et al.,
1979): Generally there is a qgradual decreasé\\in rooting
density with depth ‘(Gardner, 1960; Belmans et 37;; 1979);
however, frequent but light i;rigatidns (Rose and éfé{g,
1967) or a shallow water table (Belmans et al., 1979) ca;‘
result in a shailowef, morS)dense network of roots.

!

3.1.3.4 Physiological Factors
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(
‘The stage of plant maturity will affect transpiration

rates (Denmead and Shaw,‘ 1962; Bowman and King, 1965;

Ritchie et al., 1972; Ritchie, 1980a). Leaves of corn and.

most 'small grain crops become senescent at a certain- stage
. f

"of maturity regardless of the soil water status, resulting
in a decline -‘in transpiration (Bowman and King, ' 1965;
Ritchie et al., 1972). Stress-induced maturity, due to

nutrient (Brown, 1971; Ritchie, 1980a) or water deficiencies

(Ritchie et al., 1972; 'Garrity ‘et al., 1982) can become

confused with limited soil water that also causes reduction .

in transpiration. Water sEress, regardless of time . of
occurrence during crop growth, can reduce ‘water use
efficiency throughout the growing season (Gar;ity et-al.,
1982) . - |

Root impedance to transport can be an important factor
determining extraction patterns. from the soil‘ (Wwind, 1955}
Ogata et al., 1960). Plant resistance to transport ;siyuqh
greater than soil resistance thréugbout a wide® range in‘soil'
water - coﬁtent‘ (Taylor and Kleppér; 1976) . Thevresistanqé
wili vary due to moisture content; agek éf root; 'rosfing
denéity,w and physiologicai stage of plant (ﬁillel et al.,’
1976) E ' |

v,/“\\

3.1.4 DRAI.'NAGE

3.1.4.1 Field Capaciﬁy/”““"ﬁr

'Soil water held between saturation and field capacity'

is subject to gravity induced flow. In the absence of

!

B T . 7—/\ |

q “ A

9
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sapurated conditions or a shalloﬁ‘ water table, this igi
referred to és redistribution, otherwise, it is internal
drainage (Hillel,nHQBCb). Water that has 'afained' below the
root zone 1is ~the drainage component in the soil water
balance.

Field capacity is that soil moisture content at which
exéeSS gravitational water has d;ained and déwnward movement
of water has geased (Wé?%meyef and Hendrickson, 1931). The
impof%ahce of field capacity is the concept "of a specific
water retention véluF opposing the fdrce of gravity (Petefs[
‘T965%, The €Xact poﬂnt’at whicﬁ f%g&d\‘capabity',bcgurs at,’
however,’ remains difficult to/éefine as drainage has been
shown to go on indefinitely at ever decreasing rates
(Nielsen et al., 1973) down to potentials as low as -50 kPa
(Hillel, 1980b). S .

Common laborafory tmeasuféments‘ﬁofA}ield capacity are
cbngucfed on 2 mm‘sieved; oven d:ied, samples~ at 33 kPé
;(Peters, 1965). Cavazza et al. (1973) found that -30 kPa on

'~ .sieved samples gave values similar to average field obtained

<

values. Field measurements, however, indicate that field
capacity .occurs at potentials betweéh -4 and -10 kPa
(Russell, 1961; Webster and Beckett, 1972; 'éarkes and
'0'Callaghan, 1980) for most textural ranges. Webster and
Beckett (1972)ﬂ found that the moisture status of freely
drained_sandy loap soils stagiljzed after é to 3 days at -3
to -7 kPa, that- for loams énd ciay loams after a week at -4

kPa, and that clays had no detectable transifion point of
) . , - \:»\\ . .
» B L
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stabilizatjon. Values of -5 kPa were suggested for clays, as
flow as almost undetectable at this wvalue. Laboratory

measurements on undisturbed soil cores at potentials of -10

ké? (Cavarazza et ai., 1671) ana -5 kPa (Hall et al. 1977)

have been found to agree with field measurements. Hillel

(1980a) reports drainage to occur to about -50 kPa.

3.1.4.2 Properties Affecting Drainage .

The main physical property affecting reéistribu}ion
rates and amounfs is the pore size distribution as
influenced by texture and bulk density. As particle size
increases there is an increase in pore size but a decrease
.in total porosty (Hall et al., 1977). For‘%a;dy “nils
drainage is initially rapid but suddenly decreases due Hto
the narrow distribution of pore sizes (Hiilel, 1980b) .
Redistribution rates in fine- and medium-textured .s;ils
continue at gradually declihing rates for days and sometimes
weeks due tovthe wider distribution of pore sizes.
| The drainage process consists of two parts; an inital
ﬁgpid thro%ghflow. of water to deeper portions of the
profile, folibwég- by a-"normal" drainage process. This may
be duéL to preferential- routeSfiﬁdaused by  vegetation
(Kanchanasut and Scogtef, 1982}, macrofauna;'gnd struétural
cracks  (Quisenberry and Phillips, 1976; ParkesA: and
_O'Callaghan, 1980). Quisenberry anq Phillips (1976) found

that 40% of applied water with a chloride tracer ©penetrated

below 90 cm within 1 hour following irrigation of silty loam
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and silty clay loam soils.

Actively growing vegetation can affect redistribution
rates. Wilcox (1960) found that evapogfgnspiration was
occurring largely « the expense of free water that would
have normally drained away. Vegetation through interception
and stemflow will reduce the amount;of water”'reaching the
soil (Kanchanasyt and Scotter, 1982).

'Any profile discontinuity that results in a change 1in
pore size distribution will result in lower drainage rateé.
For‘water to flow into an wunderlying. coarser layer, the
moisture content in the overlying léyer must increase until
the matric tensioﬁ reaches the air-entry vélue of the larger
pores (Miller, 1973; Gardher, 1979). At ‘ﬁhis point the
profile will seem to suddenly 'empty' because of the‘
increased moisture flow into the coarser layer (Hillel
1980b). The presence of finer layers on the other hand, will
impede flow due to ;maller pore sizes.

3.1.5 EFFECTS OF A SHALLOW -WATER TABLE

3.1.5.1 Introduction !

The presence of a hallow groundwatEr §urface affects
the soil water balance of the root zone through'contribﬁtionr
of water to transpiration and -evaporation. The upper
boundary’ of the capillary ffinge from the water table is
defined as the air-entry value of the soil and the lower

/
boundary, gg; water table, 1is where the pressure of the

groundwater équals atmospheric pressure (Hillel, 1980b).
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3.1.5.2 Drainage

In theﬁpresence of 'a shallow water table, the addition

“of small amounts of water can result in a very' large ‘rises'
in the water table (Freeze and Cherrv, 1979; Gillam, 1984).
Meyboom (19671 found that a heavy rainstorm caused a rise in
the water table by as much as 20 times the depth of
rainfall. The larger than expected rise was .interpreted as”
due to. air entrapment (Ffeeze and Cherry, 1979). When the
capillary f}inge extends to the ground surface, the addition
of a vgry small amount of water can result in an immediate
and large rise in the water .table. Gillam (1984) reported a
§O‘cm rise in a water tablé in 0.25 min from the addition of

0.3 cm of water.

3.1.5.3 Evaporation

Gardner (1958), in a theoretical study .of steadystate
upward = flow from a water-table to an evaporation zone, and
Gardnér and Fireman (1958), in a' laboratory study, showed
that the evéporation rate can be limited either by the
potential evaporation or by the maximal rate at which the
soil can transmit wgter, whichever is less. Where the water
table.is near the surface, the poténtial at the soil surface
is low and the evaporation.rate is determined by external
conditions. With.increésing depth\oﬁvthé water table, .the
matric potential at the soil surface decreases énd upward
flow becomes more limited by soil properties. (Hadas and

Hillel, 1968).

f\\ -
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The‘.maximum water table depth at which evaporation is
still externally controlled and not .limited by soil
properties is referred to as the - 'critical water table
depth' (Anat et al., 1965). At this point the pores begin to
;apidly desaturate with a décrease in soil potential. Hillel
(1980b) referred to’ this valﬁe as the air-entry value
corresponding to tﬁe top ofatﬁe éapillary fringe. Anat et -
al. (1965) cited the critical water table depth for fine
sand as. 60 cm. The finer the texture of the soil, the highér
thé~capillary fringe and the greater the evaporation rate
for given depths (Gardner, 1958). The actual amounts
evaporated, however,Aare'dependent upoh thé depth of the
water table and the potential ‘evaporation (Wind, 1955;
Gardner and Fireman, 1958; Gardnqr,-1958).

Soil horizdnatién affeéts evaporation rates. The amount
of the effect is. related to .both“thex type of profile’
discontinuity ‘and the depth of the wate; table (Willis,
1960). The existence of a fine layérrover é coarse one has a
relatively = small _efféct upon the evaporation rate,

regardless of the water table depth_ Willis, 1960). The

TJ

evaporation rates in this case wililapproximate that of a
profile entirely composed of the fine soil. A <coarse layer
over a fine layer, however, will result in very large
differences depending uéon the thickness of the coarse
layer. The thiqker the layer, the greater the evaporation
rate for a specific water table‘depth. As depth to the QQEEE

table increases, the presence of layers:-has less effect on
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the evaporation rates. ‘

Several researchers have studied the effect of .PET upon
the actual evaporation rates in the presence of a water
table (Schlausener and Corey, 1959; Anat et al., 1965; Hadas
and Hiilel,‘ 1968). Initially increasing PET resulted in

linear increases in AET. When PET reached a certain value,

AET decreased with further increases in PET. The deeper the

%

water table and the <coarser the soil, the smaller the
potential evaporation value at which the decrease
occurred(Hadas and Hillel, 1968). Schlausener and Corey .

(1959) concluded that high PET removed water from the
sUrface layer faster than the cbnductivity' rates could
r;place it from deeper lajers. Anat et al. (1965) found that
Qﬁenever this occufred hystéresis and the evaporation rafes
were reduced by 20 to 50%. Hadas and Hillel (1968), by
measuring evaporation under »diurnal conditions of high
evaporativity, found lower than expected'evaporétion.rates,

attributing the difference to hysteresis.

Under certain conditions the evaporation rate 1is
: ye-
lowered due to the creation of a two-layer condition i’

which a dry surface layer acts as a fdiffusion barrier” to
vapour movement (Hadas and Hillel, 1968).

Hellwig (1978) reported the presence of two daily peaks
in evaporation rates from a sand lysiméter with a water
table near the surface. One peak occurred at.sunrise and was
related to air temperature and the presence of a
condensation surface. It was independent of Ehe water table

N
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depth until /the water table was below 40 cm. The other peak

occurred later in the afternoon and appeared to be related

to radiation. The deeper the water table the less the

absolute value of the peak and the greater the lag.

3.1.5.4 Transpiration

Gardner (1958) theorized that.in the presence of an
actively transpiring crop the potential at the bottom of the
root zone may be taken as the upper boundary for a ~shallow
water table. Water uptake for a soybean crop in the presence
of a shallow water table was féund to be related to a small
7umber of roots near - the capillary fringe (Reicosky et al.,
1972), Taylor and Klepper (1975) found that ryegrass roots

were denser and shallower in soils with a shallow water

&~

‘table.

Plant roots create drier conditions lower in the
profile and result in an upward flux of water. Upward fluxes
of 4 mm/day and 2 mm/day have been reported by Van Bavel et
al. (1968b) and Stone et al. (1973) in the. absence of a
water :table. Purvis (1964) studied winter wheat and sugar
beet produétion on sanay soils with shallow water tables in
New Jefsey. With depth to the water table varying between
100 to 300 cm, 40 to 70% of the crop wafer ‘fequirgment was
supplied by groundwater. Saini and Ghildyal .(1978) in
Northern India found that 36 to 73% of the total water
requirement for winter wheat was mef by upward flux from

groundwater through a silty clay loam. A study by Read and
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Pohjakas (1981) in southern Alberta with a barley crop found—_
that groundwater contributed 21.5% to AET for a loamy sand
and 30.5% for a clay loam. The water table was at 180 - cm.

Fallow soils wunder similar treatments did not have any

groundwater contributions to evaporation.

3.1.6 SOIL WATER BALANCE EQUATION y . By
A Simpljfiea form of the soil water balance eéuation
is:
P =FEt + D + AS ) ' (3)

precipitation,

Et = evapotranspiration,
D - =" drainage, and -
AS = change in soil moisture.

This eqhation may be rearranged to solve any individual
component or combination of compbnenfs. Usually the more

BN . . .
diffrcGLp/to measure components, D and Et are determined by

differeéqg:

~

Et + D =P - AS ' o (4)

after measuring P and AS.

Equation (4)is commonly used by many researchers where
no runoff or interflow occurs. For soil profiles where there
is no drainage, the equation may be reduced even further

_(Shouse et al., 1982; Stewart, 19847) :

‘

Et = P - AS | | - - (5)

Shouse (1980) assumed that< D was egual to zero, as the
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bb%ervedﬂ hydraulic gradients ‘were' small andx'the water
content below the root zoné- was low and ' did not change
'signiffcantly during the season. : "

If drainage occurs, Et and D must be separated. Holmes
(1956, 1964) solved the equation for Et, by measuring AS
with a neutron probe, D by outflow from a: lysimeter) and
obtaingd P from meteorological methods, Rose and Stern
(19655 determined Et by using a neutron probe and measuring
the hydraulic conductivity té estimate the D component. They
later used the hydraulic conductivity function (Rose and
Stern, 1§67),t?:séparate evaporation (£) from transpiration
(T). Errors originating from wusing a 'laborator§ ‘moisture
charaéééristie?acurve to infer field 'potential and from
spatial variability =~ of hydraulic conductivity were
posgﬁlated as contributing inaccuracies of up to 47%. If‘the
D component was neglected, they conclu%gd‘that an error of
up to 16% in T would occur.

" The presence of a water table shallow enough to
contribute moisture to the root zone or to the evaporating
surface can make the water balénée difficult ,to solve for
Et. Nikolski (1977) and Saini and Ghildyal (1978) solved,for
the irrigation reqguirement (I) for crops in the presence of
'a shallow water table inferring upward flow from (U) the

hydraulic conductivity:

I =FEt =P -D+U+ AS (6)
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McGowan et .al. (1980) estimated Etfor a watershed by
measuring P, runoff‘from streamflow and AS from neutron’
measurements. They found that the main sources of error in
measuring £t during wet years were the neutron probe and the
estimation of drainage and during dry vyears from ‘the
variability ofrréinfall. Combining these errors the standard'
error of annual Et (372 to 440 mm) was *30 mm, regardless of
the amount of rainfall. -

Soil moisture and changes in soil moisture (AS) may be
determined indirectly from estimates of evapotranspirétion.
Thornthwaite and Mather (1955) estimated periods of moisture
deficiency and excess by compéring calculated PET 'with
meésured P. Baier and Robertson (1966) used estimates of the
water holding capacity and PET along with plant growth
coefficients to obtain estimates of ‘soil . moistur 0
meteorological records. Spittlehouse and Black (1981) ..  a
similar approach to estimate forest soil moisture and lésses
in  soil moisture  due to either drainage or
evapotraﬁspiration. | ‘

lThe soil water baiance‘equation can be solved fd: AS by
using meteorologicalx data and em irical ;relationships .
between the components (Reddy, 1983). \‘fdr ‘practical
purposes; however, it remains simpler to solve the equation
for £t by measuring P and AS.'Drainage may be 'measured or

inferred by a variety of methods .explained in the following

section.
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3.1.7 MEASURING TECHNIQUES -

3.1.7.1 The Neutron Probe

The change in soil moisture content (AS) is perhaps the
most important and simplest of the soil water balance
components to obtéin. The accuracy of the determination of
the change in ’sbil moisture ‘with time is related to the
magnitude of the change and to instrument resolution. The
magnitude of change in so0il moistyre content (AS) is
dependent on the duration ~of time between samples, soil
retention properties, and the magnitude of the other balance
components. Instrument resolution is an inﬁerent propert& of
the instrument itself. | |

A commonly used instrﬁment for soil water studies since
the late 1950's is the neutron probe. This instrument has
proven to be a reliable ana.éccurate method for obtaining
sequential readings at the same location and determining a
water balance. | |

The basic principle' behind "the neutron probe is the
emittance of ﬁast neutrons.and the detection of" neutrons
thatt  have’ gegn slowed down through colli;ion with H
molecules. The number of slow neutrons measufed (the count)
for a specific time period is an indication of the moisture
content. The distribution of counts about the mean for a
standard medium is normal (Milanova, 1969). Most neutron
probes reporfed in the literature have a standard deviation
of 1less than .1% for 1 to 5 replicate obsérvations (Holmes

and Colville, 1964; Milanova, 1969; Sinclair and Williams,
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19;9; and McGowan and Williams, 1980a). Sténdard deviations
of about 2% have also been reporte (Nixon and Lawless,
1960; gnd ﬁe Boodt et al., 1969). There§>ke indications that .
a change 1in technology has improved the resolution ability
of the neutron probe as the older probes did nOt’possess an’
annular source surrounding the éounter—tdbe, thus.
contributing to variation due to geometrical .placement
(Holmes, 1984).

The accuracy gained by increasing the count time 1is
very little. Bowmah and King (1965) found that count times
past two minutes did not significantly add- to precision.
Sinclair and Williams (1979) and McGowan ‘and Williams
(1980a) used 16 s count periods. Sinclair and Williams
(1979) did not find any significant incrfase in precision by
increasing count time past‘20 S. %

In a field experiment gy Holmes and Cohville {1964,
1970) it was found that for a profile water content of 50
cm, the neutron probé had a standard deviation of 0.08 cm
and that for a profile 2.25 m deep a water gain or 1loss of
0.5 cm could be resolved. Bowman and King (1965)"repobted‘
weekly errors of 3.8 mm (15 to 21%) for the determination of
Et and a 3 month error of 15.7 mm (about 6% éssuming a daily
Et of 3 mm). Van Bavel et al. (1968b) concluded that with Et
rates of 5 to 9 mm/day a neutron probe.cbuld resolve chanées
in mojsture for measurements at least 5 to 7 days apart.  If
determinations of soil water change for periods less than

one week -are desired, the weighing lysimete- 1is recommended



(van Bavel et al., 1968b; Holmes, 1984).

3.1.7:2 Separationlof Evapotranspiration and Drainage
In%roduction

In soil water ba}ance studies, separationr of the
moisture lost due to drainage and’ evapotrahspiration is
crucial to the correct eValuation of A%r As there is no

direct method of measuring actual evapotranspiration, many

- methods rely upon the . determination of the drainage

component. .

!

The following methods have been used to determine
drainage rates and thus to separate drainage from
-evapotranspiration:

) the field capacity c~ncept,
) flux/instantaneous p.ofile method,
(iii) =zero flux plane, -
iv) gradient method, ‘
) tracers such as chloride and

~tritiated water,

(vi) empirical descriptions, and

(vii) lysimeters. .

Selection of the appropriate method will depend upon
the relative limitations and advantages of the specific

method in accordance with the objectives, required accuracy,

and economics of the experimental design.

Ty

1

_ l
Field Capacity Concept

At field capacity, the amount of soil water lost from
the root zone due to drainage is insignificant in terms of

total soil moisture storage. The use of field capacity for
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demarcatlng the moisture content at which drainage ceases 1sn
perhaps 'the simplest approach, but also the most error prone
due to the fact that drainage never xaetually ceases.
Drainegerrates at -5 kPa potential (Webster and ‘Beckeet,
1972), 1/10 potential evapotranspiration (Hi}lel, 1980b) ang
0.1 cm/day (Ritchie, 1980a) have been suggested as practical
field measurement values at wﬁich point drainage ca? be

neglected.

~

'Errors.” of 20 ‘to 30% in calculation of
evapotranspiration can occur if drainage is not considered

(Robins et al., 1954; van Bavel et al., 1968a; Rouse, 1969).

Flux/Instantaneous Profile Method

This method involves the use of the continuity equatioﬂ
with measured unsatu;ated' hydraulic eonductivities and a
characteristic curve to calculaﬁe actual flow. Determination
of the hydraulic cenductivity—moisture'content relationship
may be conducted on undisturbed soil "columns (4h  the
laboratory‘ (Gardner, ;1956ﬁ Klute, 1965),'. from the

Millington- . uirk theory ‘(Millington and Quirk, 1959;.Nielsen

et al., 1973) or from actual. in situ field ‘measuremehts

using the instantaneous profile method as descrlbed by
Richards and Weeks (19535.and2Hillel-et ar. (1972)

Although labovatory methods offer the advantage of

controlled condltlons and are relatlvely economical, they do

not reflect fleld condltlons. - o
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The instantaneous profile method fepresents field
conditions and gives reasonably accurate results (Richards
et af., 1956; Rose and Stern, 1965, 1967; van Bavel et al.
{568ab; Nielsen et aJ.,.1973). This method i vo*vés flooding
a plot‘ fo achieve unit hydraulic gradient, co&ering it to
prévent evaporation, and then measuring water‘ content and
soil potential frequently and simultaneously, Hydraulic
conductivity may be calculated'for-the mofsture content or
the soil potenﬁials encouﬁteréd duringidrainage,ﬁo to .-50
“kPa (Hillel, 1980a). |

Advéﬁtages of this ﬁethod are (Klute, 1973; Hillel
1980a): it does not assume uniformity of the hydraulic)
properties; ‘boundary conditio?s need not be established;
- hysteresis can be accounted fgq, aithough with difficﬂltyr
time and  effort are less tﬂan that. required 1in the
labofator&;‘and once the hfdrauL}c conductivity function - is
established for a site{ it can pe éxtended to vegetated
conditions, ”

| Several limitations of the-instantaﬁeoqs profile method
have been noted. Séme studies (Wilcox, 1960; van Bavel et
:alw; "1968b) noted that it did not give aéequaﬁe résults for
estimation of evapotranspiratiohaﬁit loséé reliability with
-more frequent and copious water>appligatipns Ayan éavel et
al., 1968b); diurnal ;temperature fluctuatiqns can affeqt
water movement in the top f5 to 25 cm (Klute, 1973) and

hydraulicvgradients within the root .zone (Van Bavel, 1968b) ;

it relies upon the assumptions 'of no lateral flow and no



39

N o,

lateral variation -in hydraulic conductivity, moisture
content, and‘soil tension (McGowan and Williams, 1980a);
errors may occur -when rapid dréinage occurs in structural
cfacks and worm burrows, especially when evapotranspirati;n
is taking placd (Parkes and O'Caliaghan; 1980); and the
anormal distribution of unsaturated hyaraulic conductivity
values can lead to inacéufate répresentation‘by the mean

(Hartman ef,al., 1980) .

Zero—-flux Plane B
. Where evapotransp1ratlon %ékes place from the root zone
and wheTe drainage takes pTJce from the bottom of the root
.zZone,sa plane ggﬁsts between the twb_ where the "hydraulic
gradient is zerof.This plane is referred to as the zero-flux
plane or stétic zone (Giesel et al., 1970). Above this plane
water movement is prard and below it is downward. During
_vegetative growth the zero-flux plané'is often found below
ﬁthé root zoneTXKreutier et al., 1980). -
.Several~stUdies héve comparéa the. zero flux plane
method to otﬁers. Hartmann7 et al.‘(1980) compared it to
field hydraulic“ conductivity data and found that the
conductivity method gave ‘either muéh higher or much lower
seepage values, with the mean value being" too high. They
concluded that the zero flux plane method for determination
of water balancé was more representative of field conditions

- given the typical log-normal distributions of hYdraulic

conductivities. McGowan and Williams (1980a) compared the
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zéro flux plane method to the gradient method and found good
agreement. Drying depths inferred from hydraulic potentials,
showever, tended to be slightly deeper than those inferred
:;f}om ‘the neﬁtronvprobe. This was attributed to differences

in sensitivity between the two techniques.

Gradient Method
This method has been developed and "~ used by McGowan
(1974) and McGowan and Williams (1980a). It 1involves

examinihg graphs of water content versus time at 6 specific
P

depths for irregularities attributable to root extracfion,

rainfali, and harvesting. Graphs of water content versus -

time often show initial slow, almost non-existent rates of

water loss equated to loss by drainage, followed by a sudden

discontinuity interpreted as root extraction. Ogata'aﬁa‘

Richards (5957), Wilcox (1960), and Black et al. (1969) have
indicated that drainage rates' will decrease conéistentIy
withgigime: (barring profile textural changes). The
discoﬁtinuity will increase in depth during the growing
seasonv as the roots grow.) Water lossés before the
"discontinuity occurs are attributable to seepage, whereas
_those after are inferred to be due to evapotranspiration.
This method 1is based upon two assumptions: (1) that
ther. is no' loss of.water by’ downward  drainage after the
dis- .~* nuity, and (2). that‘ roots do not extract a

5. ticant : - before the discontinuity (McGowan and

Williams, - These assumptions were checked during a '

(-

9
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field study by McGowan and Williams (1980a) where they
obtained a good linear fit of theugradient method with the
zero-flux plane method. McGowan (1974) found for spring

cereal crops with expanding root systems that the

_discéntinuity depths were about 10 cm deeper than actual

root depths. He indicated that these differences in depths
would not introduce any significant errors into water
balance calculations.

Tracers

Dyes, chlorides, bromides and radioactive substénces,
such as tritiated water, are commonly used to 'trace' water
movement. The general method is‘to add a known amount of the
labellingh material with a known amount of water ané then

after specified periods of time simultaneously measure water
o

.content and 'tracer' concentration at various depths.

Richards et al. (1956) obtained a 7% difference in the

estimation of evapotranspiration between the hydraulic

.gradﬁent-conductivity method and that using . chloride. They

noted two factors © which may influence the chloride
concéntration in soil-water; the removal of chlorides
through distillation, condensation, and upward film flow;

and negative adsorption as the moisture content of the soil

. .

is depleted. Quisenberry and Phillips (1976) successfully . _.

-used chlorides to follow deep and rapid seepage associated

with structural cracks. For slower drainage ratés_that

-3 : : .
occurred after the structural seepage, water and chloride
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concentrations did not correspond for the top 15 cm, but did
for the rest of the profile. They attributed this to profile
discontinuities associated with the tillage layer.
Kanchanasut and Scotter (1982) wused bromide to study
drainage in vegetated plots} Théy suggest that the
vegetation, by induweing preferential flow pathways; retarded
the ieaching of bromide from the soil near the surface.
Tritiated water has been used in several studies (Woods
and O'Neal, 1965; Kreutzer et al.,.1980). Woods and O'Neal
(1965) injeéted tritiated  water at suveral debths in the
root zones of small trees to measure transpired water. Rose
and- Stern-{1967); however, suggest that this water movement
within the profilg.may lead to erfrors in interpretétion.
lKreutzér et al. (1980) injeéted tritiated water at 60 cm-
depth and compared water balance estimations by this method
‘with that éf the zero flux plane. IHaccurate results were
obtained if the tracer distribution was within the‘ zoné of
active roots. ‘ | ’
" Empirical Descriptions 5
Numerous researchers (eg. Richards et ~1., 1956; Black
et al., 1969;.Aston and Duniﬁ, 1977) have found that after.
infiltration ceases, -the moisture conten: s 1inversely

proportional- to time (Equation 7).

9 = gr° _ (7)

where 6

water content B S
T. . i . '

time

mn
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a,d = constants, where d is related to
diffusivity (Hillel, 1980b).
The relationship is linear on a logarithmic scale. linear
a logarithmic scale. Use has been made of this equation to}\
calculate wvertical flow :yelocity and esfimate hydraulic
conauctivity. Reasonably good agreement between labofatory
and field values were obtained. These models, however, seem
to be best suited for \homogeneous soils. lFitting such

drainage functions to layered soils might prove difficult.

3

A weighing 1lysimeter with leachate collector is the

most accurate of methods (+ 0.2 mm per day) but it lacks

" representation and flexibility of field variability (Holmes,

1984). When combined with -neutron access tubes moisture

distribution may also be described.
3.2 MATERIALS AND METHODS

3.2.1 SITE CHARACTERIZATION AND PREPARATION \
Soil at the study site was chérac;erized‘using\\a soil
pit 1located approximately 80 m to the south at thé\top of -
the catena previously described. The git is part of the\same
local rise on which the study site is located. A pro%ile
description of this pit is'provided in Appendix A.
The site was tilled, during May 8 to 10, 1983, and the

access .tubes installed May 11 and May 17 to: 19, “The plots
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were tilled again to remove tracks left by the coring truck
and the barley plots were seeded on Méy 26.

Roundup hérbicide was sprayed twice on. the fallow plots
during the summer, during'June and August, to control Canada
thistle. The fallow plots were tilled twice, in July and
August.

Surface elevations at the neutron access tube locétions

and the water well locations were determined.

3.5.2 SAMPLING AND ACCESS TUBE INSTALLATION

Aluminum access tubes for the neutron probe were
insfalled at each grid location (F{gurei‘ 4) with a
truck-mounted  hydraulic ~coring unit. The coring tube
extracted a soil core 4.5 cm in diameter and 100 cm long.
The aluminum aécess tubes fit snugly into'the cored hblés.k'
Optimum moisture conditions at the time of cdrﬁng resulted
in very lit;le observable compaction of the core. The .core
surface was dsuélly depressed only about 1 cm and ne&ér moré
than 3 cm. ’ ”

The cores were examined to determine the débthJ of the
Ah horizon and for;presencé of $and lenses. They were then
sectioned. into 10 cm increments from 0 to 40 cm and 120 cm:

~increments from 40 to 100+ cm _and bagged for subsequent °

laboratory analysis.
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3.2.3 LABORATORY ANALYSIS

Bulk density, 5 point particle size analysis and--the
moisture characteristeric curve were conducted on é;il
samples for depths listed in Table 2. The soil was weighed
while moist, dried at 105°C, ‘and then weighed dry to
determine éravimetrié moistﬁre content and bulk density. The
soil was then ground and sieved in a rotary drum with 2 mm
openings. The Ah‘samples were hand ground and sieved.

Particle 'size analysis was performed using the
hydrometer method (McKeague, 1978) except for the clay
fraction whiCh‘ was ° separated using the pipette method
(Jackson, 1979).. All Ah samples were pretreated with
hydrogen . peroxide to remove colloidal ~organic matter
(McKeague, 1978) . Samples below 60 cm were pretreated with
the ;ddition of 5 ml of 1IN HCl to remove carbonates.

Soil moisture tcharacteristic curves wére determined
using ab pressure plate épparatus (Richards, ‘1965)v on
disturbed samples. Mass vater contéht was determined at

pressures of 33, 100, 300, 1000, and 1500 kPa.

3.2.4 FIELD INSTRUMENTATION

A Campbell Pacific Nuclear Neutron Probe (Model 503)

]

was used to determine moisture content at each of the 42
locations .  on the plot. The first moisture measurements were
'made‘ on May 26, 1983 and were measured weekly until
September 8. Meésurements were made at |15 cm increments from

15 cm to 90 cm. Total profile water was calculated to a
: _
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TABLE 2. Depth intervals of soil for
analysis

3

BULK DENSITY PARTICLE SIZE PRESSURE PLATE

(cm) (cm) (cm)
0-10

10-20 0-20 0-20
20-30

30-40 20-40 20-40
40-60 40-60 40-60
60-80 60-80 60-80

~ B0-100+ ~ 80-100+ 80-100+
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depth of 1 m,

Mercury manometer tensiéméters were constructed using
porous cups, (6 cm long, 1.9 cm 0.D., and 0.24 cm wall
thickness) with a bubbling preésure of about 200 kPa
(Soilmoistufe; 1974), glued onto polyvinylchloride tubing.
Nylbﬁ manometer tubing connecting the water source to the
mercury had dimensions of 0.24 cm O;D. with a 0.04 cm wall.
Tensiometef nests were established at three locations within
each plot (Figure 4). A main nest was located adjacent to
. the access tube atﬁthé center of each plot and secbndary
nests wefe situated adjacent to the acceés tubes on either
side of the main nest. The main nests consisted of
tensioﬂeterélat depths of 30, 45, 60, 75, and 90 cm, whereas
the sgcondary nests hadftensiometers only at 30 and 60 cm.
Readings were taken concurrently with the neutron moisture
readings and were taﬁen at '8 a.m. to avoid temperature’
effects.

Six water wells to depths of’2 m were established at
: variéus perimeter pointé at the site (Figure 4). keadings
were taken dpring the same day as the other readings.

Precipitation, temperature, relative humidity, wind,
pan evaporation, énd solar radiation data were obtained from
- a meteofoldgiéal station situated about 20 m ﬁo the east of
the site. Net radiation and total radiation were measured
withb a'CSIRO pyradiometer and a KIPP CM6 pyranometer at the
Edmonton?Stony ’ Plain station respectively. The

Edmonton-Stony Plain station is located about 50 km to the

~
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west of the .study site at lat. 53° 33' N, long.»114° 06' W,

3.2.5 POTENTIAL EVAPOTRANSPIRATION DETERMINATION

. Three methods were wused to calculate the botential
evapotranspiration (PET); the Class A Evaporation Pan
located at the Ellerslie meteorological station; Penman's
,quation; ana a ‘multi-regresSion' technique by Baier and

/

aporimeter 1s a standard device for

- ,
- w . !

A T -~ L= : . ~ ‘5 . . ,
.measurement of frge water evaporation by Canadian and U.S.
S i .

weather offices. 'It‘is constructed of galvanized steel and
is 1.21 m in diameter and 0.25 m deep (Gray et al., 1970).
Sonmor (1863) - suggested a cer}icient of 0.64 cm cim-' for
estimating the consumptive use of barley for maximum yield

in Southern Alberta from Class. A Pan data (Gray et al.,

¥

1970) .
3.2.5.2 Penman Method '
. The general form of the equation i§:
(A/v)J + LEa ,
LE = ~(8)

(A/~) + 1

‘where LE 1s potential evaporation, J 1is the heat

budget, LEa 1is an expression for the "drying power" of the
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atmosphere, A is the slope of the saturation vapor pressure
‘versus the temperature curve at mean air temperature and v

is the psychrometric constant (Heapy, 1971; Hillel, 1980b).

Delta(A)
2 The Goff-Gratch formula as given by.List (1958) was
used foér calculating A. .

9
Pﬁycﬁrometric Constant (v}

' vy is the constant (0.65) of the wet and dry bulb
psYch;émeter equatidn.‘Calculations based on data presented
by List (1968) revealed that this assumed value of 7y is
without - error at a wet-bulb temperature of 45°F and the

actual error would seldom exceed 1 per cent (Heapy, 1971).

- Heat Budget(J)
Thé heat budget can=+be divided into its component parts

by the relationship (Penman, 1963):

J = dJ,(1-r) - d, - IR (9)

‘ where J, is incoming shortwave radiation, r is surface
albedo, and J, is net outward long-wave rédiation.

Incomtng.. short-wave fadiation (J,) was measured with an
Eppley pyrheliomete;:KThé‘iédiatiqn is réporfed Viﬁ MJI m-?

and must be converted to cal cm™? by multiplying by 23.883

z
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to be used in formula (9).

Outgoing long-wave radiation (J,) was eéstimated from a

formula presented by Penman (1963):

Jy = oT*(0.56-0.09¢47)(0.10+0.90 n/N) (10)
where o0 1is thé Stefan-Boltzmann constant,
(1.98 x 10°* mm Hzo/cml/day/°K‘); T : is the mean air
temperaﬁure (°K); €4 is the actual vapour pressure of the
air (mm ‘Hg),‘ and n/N 1is the ratio of actual to possible
hours of”bright sunshine. The actual vapour pressure. was
calculated ﬁrgm Equation 13. Possible hours of bright -
sunshine was fakeh from List (1958) for Latitude 54°N.
Surface albedo (r) 1is the portion of incident solar
radiation that is reflected from the soil. and crop. Verma
(1968) wused a r value of 0.25 for a green crop in the
Edmohton:area. Heaby (1971) used 6.18 for barley and 0.12
for bare soil in a study at Ellerslie. The bare soil albedo
was used fér the.fallow plofs and in the barley plots uhtil

full ‘emergence, "then 0.18 was used for the albedo for the

[S)

Drying-power of the atmosphere(LEa) ' ) .

»

The equationhfor theydryih@ipbﬁer of the atmosphere,

i -~

appropriate to a crop-surﬁace, is given as (Penman, 1963):

t N\

LEa = 0.35(1 + u/100)(e, - e,) (11)

4



>

52

”, .
where u is windspeed (mlles/day7 at a height of 2.0 m, e, is

/
saturation- vapour pressure and €4 is actual vapour pressure

(mm Hg). Wind data from ErTérslie at 10 m was converted to a

w1nd speed at 2 m using the follow1ng power law-

U1/U2 = (Z1/Zz)m . _ ‘ (12)

where wu, is the wind speed at hEIth Z1, Uz 1srthe wind
epeed at height z, and m is a variable depending upon the
stability of the air layer. A value of 0.2 was used fer m
(Heapy, 1971). |

Saturation vapour pressure (e,) was computea by .the
'equaﬁidns.of Goff and Gratch_preéented by List (H958) in the
'Smlthsonlan Meteoreloéical Tables. A linear correcﬁioﬁ was

L

applledﬂf r actual air pressure as moist air does not

3

'exacﬁlxhﬁulflll relatlonshlps that express the 1deal gas law
(Harrlson, 1965a; ‘cited by Heapy, 1971) The Edmonton

average pressurg- of 935 mb was used for a correctlon factor
(Heapy, 1971).

?ﬁe ‘actual vapour pressure (e4) was calculated from e,
ahdftﬁefrelative humidity (RH) using the following formuta:
; ' ) ' ¢ L |

es = e, x RH/100 ' - (13)
/ o . T ) | | |

3.2.5.3 Baier-Robertson Estimation of Potentﬁal Evaporation

@ -

~ e

7This_, technique for estimating .daily potential



1. Latent Evaporation(Lf£). This was measured with a Bellwni
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evaporation reqguires only simple meteorological observations

"and astronomical data. The technique was developed by Baier

and Robertson"(1g65) using data collected from a five year
_ ;o o
peried, 1953 to”’ 1957, dwuring the months May through

September from six meteorological stations across Canada.

Nine variables were studied and simple and mult@pie linear

o

correlation and regress&on” formulae were developed ‘Daily

~records of latent evaporation as the dependent'variable was

correlated  with datly data of several-meteotological and

astronomical parameters. as independent variables. These

include:
?«1“.

plate/watmométer. The forrmula ngenA by Baier and
Robertson (1965) .SOlVeS‘ LZ in cm®/day from a Bellani
plate atmometer and must be wultlp ied by 0. 08§36 to be -
converted to mm/day. B

2. Maximum temperature(T,). The temperature -used in ehedﬁ‘
formula is in degtees F. < |

PR

3. Temperature range(T,). The difference (°F) between-daily .
maximumzeﬁd~minimum tempefatures;

4. wind(u);: Total, daily wind 1in miles at a height of et
least 1 S ' S

Durat1on of brlght sunshine(n). Daily suﬁsﬁfne in hours.

QVapOUr pressure def1c1t(e. -eq). e, Vé y determlned from
’7fprmulae presented ‘by: List (1958) as descrlbed in the

‘}prev1ous section on Penman's method ‘ ~j{



B

7. Solar energy at the top of the atmosphere. (O,).”ioéal
> - \
daily solar radiation in <cal/cm? from meteorologgcal

tables in List (1958).

(3

8. Daylength (N). Possible hours of sunshine from

meteorological tables in List (1958). N

9. Total sky and solar energy on a horizontal : rface (Q.).s

Total aaily sky onds solar energy 1in cél/cm2 was

calculated'@sing}the_following restionship:
LS

L {»../- .

i o o 25140.616(n/N) ) . - (14)
S ~ (Baier and Robertson, 1965)
g ”ﬂéj"'fw | |

Baler ‘and Robertson (1965) ‘offeredvjeight possible
multlple correlatlon methods‘eachiusing various combinations
‘ ofﬁthejvarlables..The method_uséd‘inmthis study utilized the

most number of .variables and was judged by Baier and
et N L .

Robertson (1965) as yielding the most accurate results. wsfhe

multiplé correlation formula used was:

-

“

. 0.08636LF = . -53.39 + 0.337T, + 0.531T, + 0.00107¢Q,

v . +.0.00512Q, + 0.00977u + 1.77(e, -~ es) ~ (15)

5)- .

‘Daily LE was calculated for the months May through

¢

’September | B RS
3.2.6 DRAINAGE ESTIMATION,

Of ‘the methods described in the llten§ture review, the
follow1ng metﬁods -were utlllzed fleld capac1ty, zero flux
plane and the gradlent method. Field capacity values

de;ermined by tensiométors at -5 kPa and -10 kPa were used.

\

Y

[o N
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The assumption -was made that potential evaporation as
determined by the Penman method, corrected for evaporation
from a free water surface using a coefficient of 0.8, was

equivalent to water lost from  the soil when the soil

potentiél_was above -5 to -10 kPa. Also moisture differenpbﬂ/

. i - ' T R
retween barley and fr 1~ =lots were tested for s1gn1£i&ﬁ@t
differences at specitic depths to determine wh@ﬁ*ﬁ@dot
~extraction began. -

/'h
3.3 RESULTS AND DISCUSSION
3.3.1 METEOROLOGY
3.3.1.1 General o ‘ \

L&

Meteoroﬁ@gical data for Ellerslie were summarized

>
{
"'4

, Ny
monthly for May through September, j983 and are presented A?

with longterm data from the Edmonton International and

Industrial Aigporté in Table 3.’Ellerslie had higher than'’

normal precipitation during June aad lower precipitation
: NF
d ring the other months, higher temperatures during August,

less sunshine during July and more duriqg"Adgust,ﬁand lower
' . . LSRN o

‘windspeeds over all. ‘ S ‘ o~

3.3.1.2 Precib;tation  S
}

Daily précipitation for the studyAperiod is éhown in
Figure $. HeamQ rain during the 'JO day period June 18
through June: 27 accounted <for 53% (152 mm) of the total

¥

precipitation.for the study period (May 26 to September 8).

- : .

T

NS
LY



TABLE 3. Summary of meteorological data, 1983
: MONTH
MAY JUNE JULY AUGUST ©  SEPT

Temperature (°C)
Mean daily
Mean daily max.
S 17(18)  20(20)
Mean daily min.
3( 2) 8( 6)
Precipitation (mm)’
Mean precip.

6(35) 187(76)

No. days precip.
10( 9) 16(12)

Wind (km per day):?
10(17) 10(16)

Bright sunshine (heurs)?

| 267(267) 228(251) 237(305) 331(268) 165(186)

1

11(10) 14(13).

D

16(16)

22(23)

11( 9)

78(99)

21(13) -

8(14)

17(14)  8(10)
24(21) ~_15(17)

1007 a8

i1 8

10(62)  35(44)

9(E) 18(10)
5o
6(14) * 9(15)

7 Information in brackets from Edmorifton International,

Airport, 1941-1970 (Crown and Greenlee, 1978).
2 Information in brackets from Edmonton Industrial

Airport, 1938-68 (Heapy,

1971).

Information in brackets from Edmonton Industrial

Airport, 1930-60 (Heapy,

1971)

v

56



JUNE

5. DAILY PRECIPITATION

60 }
P S5Ot
R
E
o
I
P 40t
1
-
A
T
1 30t
0
N
mm
20+
A
104
0
.~ *FIGURE
L, '
- ,” 4
P
T -
R
~r r

—

wan,
JULyY

AUGUST

SEPT

s

57



58

July had a near normal rainfall of 78 2 mm, as compared with

thegaverage of 71 mm (Table 3) but August was quite dry (9.6

mm) as compared with the longterm average of 72 mm.
Approximately 46% (133 mm) of the total precipitation fofi

the study period occurred during three rainstorms, on June

18, 24; and Jnly 7, 1983, Precipitation was not as Toogood

(1963) had described it for the Edmonton region, .'low' in

intensity and well distributed’.

Based on infiltration rates measured by Verma (1968) at

Ellerslie,' runoff from the the Malmo soil is not likely_to‘

occur given recorded one-hour intensities for -the Edmonton

area (Verma and Toogood, 1969) U51ng ponded 1nf11tration on.

cuitivated soils, rates of approximately'S cm h~' at t hour,
and a steady-state rate ofis cm h™' were recordedr However,
as raindrop impact can significantly .reduce permeability,
the heavy rains'ineJune and‘Jui gcohld‘have.resulted in .some

runoff, especially as very litf?e? ground cover existed.
-

After these rainstorms freshly tilled soil was compacted and

[

“some micro- rills/were observed along wheel tracks.'
ey L4 )
v . - I\

e
-

‘3;3 1.3 éotential Evapotranspiration

Monthly PET uestimates as calculated by the three
methods are given in Table 4. Generally the Pan and the
;Baier4Robertson nethods ‘gave apbroximately {equal values,

"Qboth higher than the Penman estimates. The Penman estimates

were similar to those obtained by Verma (1968) and Heapy

(1971) when similar  albedos were used, except for August

b



TABLEY 4.  Potential evapotransp{ration

59

f‘"\

 MAY

JUNE JULY

. AUG

SEPT TOTAL

Evapotranspiration (mm)

Penman

albedo = 0.25 105 128 123 55 391

Verma (1968) 114, 117 84 46 465
ralbedo = 0,12 123151 144 64 603
< Heapy .(1971)2 139 146 111% 72 594

Class "A" Pan N | da

Ellerslie, 1983 161 159 - 148 150 84 702

Heapy (1971)3 203 206 201 158 g1 859

Baier—RobErtson‘

: 156 147 155 162 96 716

1 Verma (1968) used data from Edmonton Industrial
‘Alrport 1955-67 and ‘an albedo of 0.25 to
.represent a green crop,

'Heapy (1971) used data from Edmonton Industrial
" Airport 1959-68 and a variable albedo depending
upon crop stage with bare soil before seeding .

.'set at 0.12 - - o

Class "A" evaporimeter data from Edmonton
International Alrport averaged for year3~1968 69
(Heapy, 1971).

Calculated from multi-correlation equation

by Baier and Robertson (1965)
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which had higher - temperatures. The mean monthly  PET
increased gradually’ from May to July and decreased sharply

after August.

Laycock (1967) estimated the PET for the Edmonton area
using the Tho;nthwaite method as 508 - 559 mm. Verma (1968)
indicated that this was an overestimation for the area as
Zlompared to the -estimate obtained/using Penman's equétion:
however, the éétimaté for 1983 (603 mﬁ)‘using the Penmén
equation and.the parametérs used by Heapy (1971) were higher
' than Laycock's (Table 4).

' The penman methbd is. acéepted‘ as béi)g‘ a feiiable
techanue of 'éalculating PET (Hillel, 1980b) as it is
physically based. Methods based upon atmometer observations
(Baier and Robertson, 1965)) are considered difficult to
interpret (Gray, 1970) and have been reported as being ovef
sensitive to wind. In comparing the relative importance. of
the three major factors involved in evaporation (net
radiation, humidity and wind), Mukammal and@gruce (1960;
cited 1in Gray, 1970) found thét “the prééértioning  of
ébmpoﬁents for the pan was 80;60:14, and for the Bellani
Pléte 41:7?§2£ Sonﬁdr (1963; cited in'Gray, 1970) calculated

seasonal coefficients to be applied to various evaporimeters

to estimate the consumptive use of crops for —maximum yield -

in southern Alberta. For barley, the coefficient for.the
Black Bellani Plate (cm/cc) is'O;00762 and the coefficient
fbr .Class 'A' Pan 1is 0.66. Nicholaichuk (1964; cited in

Gray, 1970) found the Penman method to be applicable for

)
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alfalfa growing in soil at potentials higher than -700 kPa

for a 14 day pefiod. He used an albedo of 0.25 and foundvthé
consumptive use to be egqgual to 0.95 PET. Gray (1970)*~‘
suggested Fhat a coefficient of. 0.80 be used for crop
estimates for May through August. |

Estimates of AET used in this stﬁdy to calculate soil
water balance were calculated using the Penman methddAM An
albedo of 0.12 was used for bare soil. Bafley waslassigned
albedo values ranging from 0.13 to 0.18, dependihg upon its
stage Qf growth. | |

| \

3.3.2 SITE TOPOGRAPHY

Surface elevations of the neutron access tube and water
well locations are displéyed in Figure 6. The site had

approximately a 2% slope to the north with the lowest

elevation in the northwest corner.

3.3.3 CROP GROWTH

Due to dff conditions affer seeding very little " (less
than 10%5 of the seed germinated until late June‘wheﬁgihere
was sufficient rain fdr complete germination. %he heavy
rains in early July initially resulted 1in poor growth;
however, the warm dry weather soon éaused excellent growth
(Figure 7). Thebcrop was harvested on September 10 in one m?®

samples around each access tube for a total of 21 samples.

The resulting total weight of the crop (straw and grain) was

3.24 (40.53 standard deviations) t ha-'.

I8
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access tube location

water well location

arbritary elevation location
3 elevation in cm above lowest point in site
7~~~ 10 cm contour lin€s : '

v e 0 +

Figure 6. Surface elevations of study plots
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3.3.4 PHYQICAL PRdPERTIES

Bulk density in the 0 to 10 cﬁ layer was quite low
(0.98 +0.11 Mg m~*) due to tillage. There was a steady
increase to’ 1.60 ~+0.15) Mg m"?® at thé 40 to 60 cm depth

(Figure 8). The highest average bulk density of .69 0.0

N \ -
" Mg m~’ occurred at the 80 to 100 cm depth.

Soil texture ranged , from a loam in the top 20 cm to a
clay loam for the rest of the profile. Clay and sand
éontents increased‘slfghtiy with depth (Figure 8). iClay
increased from aﬁ ave;ageiof 26% (£3.9%) for the uppermost
20 ‘cm to 32% (+6.4) for the 80 té 100+cm uep+-h. Sand

increased from a low of 33.6% (+3.8%) for a dedth of 0 - 20

‘cm, to 40.2% (£7.7%) at 40 to 60 cm. Numerous sand -layers,

approximately 1 to 4»cm'thick, were observed below 60 cm.

These layers were discontinuous from core to core. As the

particle size. was determined for samples 20 cm in length,

thelbresance of these sand layers was often masked.
- Mass moisture contents for specific préssﬂres generally
decreased with depth (Figure 8). The largest “decrease

occurred betWéén the surface 20 cm and the 20 to 40 cm

‘sample layer. This was possibly due to higher organic matter

contents of the surface 20 cm.
Field measurements from the cores indicated that the

average depth of the Ah horizon was 33 £11.5 cm,

"4

r:"l“’ L
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3.3.5 SOIL WATER PROPERTIES
3.3.4.1 Water Table Wells L _ p
The water table depth showed a constant and ,steady

decline during the entlre measurement period (Figure 9 and

a9

10) . The average recorded dallyjrate of fall, as e aated

from regression slopes, was 1.38 (%0.27) cm day".'During_a

‘brief period following establishment of the wells (July 18

to 22), the rate of ‘fall was very small; thisxbeing
attributed to an equilibration period after inStablaticn.
Well 3 became;clogged with mud after Aug 18.

‘Initially the water table for the higher ﬁﬁground

_elevations <{sites 4 and.5) was closer to the ground surface

(Figure 9) than thé lower elevations (sites 't and '2). The
rate of fall for sites 4 and 5 was less (1.19 cm day-') than

sites 1 and~2 (1.71 cm day~ '), The water: table level alsé

roughly paralleled the surface elevatlon as 1nd1cated when,'

el

the water levéls weére measured ffom .a ~réierence plane:

3

(Flgurei 10) The ,higher the- grpund surface elevatlon, the

-\ £ d

" higher'thekqater table relatlve to the refereﬁce plane. ‘Tne

reference plane was‘ establlshed o settlng the lowest .

<measured ground surface p01nt to zero Well 51tes '3 and 6

were approx1mafély at the same elevatlon 447‘and 52 cm),

-4' :_- <

\\*\szeﬁse;;atlons by Sanborn (198?7 and further observat1onsi

"at this 51te in June, 1984 (water table at 3.35 m below thef-'
ground surface), 1nd1cated that the occurrence',of’~a water ’

table ‘at these depths ;was not . commén. The water table

observed _was iikely‘ perched due to sionly permeable

! 2

g
L"d

.
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conditions, and the unseasonably high rainfall, that occurred
. . . K -14 ‘ .
durlng the end.of June and beginning oﬁ July, 1983. The

shallow depth of the water table and-the f1ne texture of the
y qr»«;, } .
‘%gll' undoubtedly resulted in the caplllary“ fringe
aa

__contrlbutggg .water to evaporat1on and transp1rat10n Water

. 3.3.4.2 Fleld 501lﬂWater Potentlals . “v' R

- &( )/‘f}

N ¥
beneath the ground surface can contrlbute up

'crop in a clay loam ‘s0il (Read and Pohjakas, 1981)
L‘k’:; ; . N ' - . [ :

LA . ¥

.v&a

x,

19

J ' 3 ‘ e
5011 water potentlal decreasedz’or all depths ts both

£

treatmenﬁt w1th tame '(Flgures 1] gﬁd 1 )? The 5011 water

' A 3 }{A/’l "‘f‘ y

e _ @ '
»»potentlal for the barley plZQj’ decreased faster and to -

greater deoths than' that for the fallow»plpts Potentials

ey ]'“0

s measured at 75 and 90 cm remalned qu1te h1gh (greater than

e

-33 kPa) dur1ng the growlng season due to the presence of a«'

h1gh water table..,

Generally very llttlé seha

N e \./ .

occurred untll after July 11 due " to. poor- ba{lezgdgrowth
. . ' ,é

: 5& heavy -rains and hlgh water table COﬂdlthﬂS. Readings taken

on June 24 and June 28a showed p051t1ve potéﬁtla}s at depths

of 45 cm “and below. Readlngs,at the .30 g@ d%pth generally

remalned greater than —5 kPa unt1l Julyﬂ4th to 8th when the

Barley began vigorous grOwth SOll watér potent1a1 at thlS
- - f kR
“depth dld not reach values less than.’ (-10 ukPa‘ until after

e

July 14th, and —33 kPa untll August 4th for the barley plots

and.August.11,for therfallowrplots.n So;l .wat - potentlals

<

”553"

; ge 1n 5911 water potentlal .

,,;,

o
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for the fallow plots at and below 60 cm rema1nod greé@er

7 aer

than -10 kP until August 25. Some of the 90 cm tens1ometers

for both treaéments'mwerem suspected as giving erroneous
v

readings :n late August due to, the development of large soil

cracke 1ear the tensiometep..! d;ngs.near themtensdometer'

Climi- \—60 to ~80 kPa) be'aAe quite variable,..due to air
enterlng the water column and/due to’soil drying

Hydraullc gradlents for fallow plots on August 4- (day
70) averaged 11;9' cm cm between 30 and 45 cm, whereas
barley plots aVeraged 20.4 cm cm“‘. The- hydraullc gradient
.durlng “August 4 between the 30 to 80 cm depths averaged 4.2

'and 9 7 cm cm'f for'rthe fallow -anhd barley -plots’ st

‘ IRV W E R S
o . . .t : . " . - \'.-\3-:' AL
respectlvely _ § o Temmgﬁ_ . S . St
, The pos1t1ve potentlals measured by the ten51ometB¥s 1n

latex JUne and early July 1nd1cated a High. watér table;

@l
i

aen51$meters have ‘been successfully used (Rlchards et -al.

wu973) to est}mate water table depth by. assumlng that zero
Vpotential exists at the water %%ble“ surface, p051t1ve
potential below and negativevabove Tensiometer iead;ngs on,
\HJune 24 d:d not 1nd1cate the presence of any water table td?
‘fa depth of 90" cm. Between June. 24 and June 27 there was 72 8

~

" * ‘mm of prec1p1tatlon. The water table depthshfor June 27 as .

N~
Y

1nferred from'_the ten51ometer readings were between 37 and.

39 cm. By June 30 the only water table recorded was in plot

-
~

E’vat 85.. 5 cm. It was thus assumed that‘the water tables-. -

a - O AT
sagyt T

_regorded on June 27 were actually due’ to saturated but stzll~ o

4

dralnlng condltloms. Although very llttle rain occurred
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betneen' June 29 and Jul§)4, the water table was recorded at
the 60 cm'depth on July 4., By JUly‘144only>one plot had a
water table within measurable.range/ét'85.2 cm. On July 18
no water_tables were within tensiometer range; however, well

#3 recorded the water table level at 87 cm. &

3.§r4.3 Moisture Content
Volumetrlc soil moisture increased with the hﬁgh
“égwunts of prec1p1tat10n in late ‘June and early July ehd_
decreased then due tthncrea51ng PET, crop growth and~the

water table dropping (Figures 13 and 14). The heavy

’ rainstorms in late June -and earl& July caused a rapid-

increase in soil moistqgg ‘with the 15 cm depth having the

o -

L. © highest m01stureu ¢ontent..By late July -to early August the.j'

barley>plots wé%e muéﬁ%%r1er than the fallow plots. %

'fcontents,.at 90 and 105 cm tor bbth plots rema1hed hi _e

to the shallow water tables. As the water table was perched,,

some of " the gradual decllnek_ln mousture_contents at the’

»

deeper depths was likelyx§ue to the fall in Qater table. "The
lower moisture contents at the 90 and 105 cm depths in the
’barley plotsd9relat1ve ‘to, the fallow plots, can be assumed
.to be due .to ggfater. hydraullc gradlents and/or to ?BOt

/extraction.

1

Changes in ‘moisture content betweén barley and ‘fallow

plots became apparent after July 28 (Flgures‘15 and 16). For'

{the fallow plots réuge chaﬁ@és in m01sture content (>0. 05" m>

")' between dates occurred only ‘at. depths <45 cm. The

&
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' . barléy plots, .however, ‘tdd large changed in"moisture content

K]

‘ : i
to depths greater than—75.cm. ., Ve
RN )
D
3.3.4.4 Water Holding Capacity
Water helding capacities as determlned from

.tensiometers and from pressure plg%és are reported .in Table
§} Field- soil potentials of -4 kPa were chosen as

..representative of field capacity based-on results by Russell
- - : ¢4
“g

(1961), ‘Webster and Beckett ‘ (1972) and Parkes and-"- %

O'Callaghan (1980YTﬁFér_the-pressure plates -33 kPa was used

‘to represent field -capecity'as this is thé value commoniy

used (Richards, 1965). Permanent w11t1ng p01nt was dhly

measured using the pressure. plates Grav1metr1c mo;sture q

SO ‘;‘xs

.contents from

cﬁﬁure plate ane}§51s was converted to-a"

2

volume basis ug’ mé%ﬁleld bulk densities. M01sture contents»;vﬁf

J

._(%§ m-?*) at ~4-and -33 kPa for all the ten51ometers were
\\:’ . . “ : ,

, determlned by ~plotting the characterlstlc\ eurVe* and ro
Jlnterpolatlng the values (Flgure 17)

"The ‘waterb»hold1ng capac1ty (129 mm m"j as determined

ey

~from the tensiometers kPa to represent field -

capacity, was slighﬁi'f. . "than that‘measured u51ng the'

I

. ressure plates If -33 kPa wasu;e§ . as representatlve- of

. N L .
for‘ the .tensiometers, the wetef holding -

capecitydwould only be 87, mm m~' (Table 5) The reason for

d1551m11ar field caoac1t1es between the tensiometers and the

pressure plates could be. due to the extrapolatlon of

]

moisture .contents from the pressﬁte platesv“to field
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/
nd permanent wilting

N point volumetric moisture contents
Ce—
FIELD CAPACITY (m®m-?) PWP (m°m~?) -
DEPTH TENSIOMETER Pr Pl Pr PI1
(cm) ~ -4 kPa -33 kPa- =-33 kPa ~—-1500 kPa
v — .
0- 20 0.32 0.19 =~
20- 40 | 0.32 0.19
30 0.35 0.29 . 0.19% . .
40- 60 0.22 - '
45  0.34 0;29 . 0.22x
60 <0.33 05529 : 0.22+
60- 80 - B e ni 0.22
75 0.33, 08 = - B 0.22%
80-100 ~ a\§»¢¢ 0.35 0.23 I . °
90 0.33 0.32.° -~ . 0.23%
"% values at these depths interpolated from sampled
depths. B
Pr Pl - pressure plates -
. R
LB
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“gapacities than those obtained from the tensiometers,

3.3.6 SOIL WATER BALANCE

77

,Situations. The grinding apd.sieving pretreatment altered

i -t . . . ) . 3 w‘ . . . .
fle pore size distribution. This resulted in higher field
: o

especially for depths beloQ 60 cm. This effect is Llikely
minimized at the lower potentials of -1500 kPa, as moisture
content in t%ie range is largeiy determined by texture and
not structure (Rode, 1969; Gumma‘a,_1978).’

Water holding cabécities reported by Verma. (1968) and‘

Heapy (1971) for the Malmo soils at Ellerslie were 184 mm

and 204 mm respectively for the /top 1.0 m of sbil

'

considerably higher than that Deportéd for thlS study (129

aed.138 mm). Both studies . used prgﬁﬁgre plate values-(33 and .,

15b0 kPa) and bulk .denéity ferkégiermiﬁing water holding
higﬁeﬂ .espec 1a'fly R

capacities. Fleld cq%gc1t1es were

»

for ' the depths. below 30 cm (VermaAS ﬂa aqﬁ‘éz 5 m’-m'J;

Heapy, 60-90 cm, 45.3 mJ m-?) and permanent w1lt1ng p01nts
were equivaleﬁt.. Discrepencies are likely due to. textural

Q‘ | ) ' o
differences, as the soils in this study“ Y

—

.contents (10 -to _15% hlgher) and lowerxclay contents (4 to

10%) than those‘repprted by Verma (1968) and Heapy T(1971).

. o
:'
P

s

3;3.6.1vchaﬁgeshiﬁﬁSoii‘Moisture (AS)Y‘ 4  ' e
C; Chéﬁgééliiﬁ* total soil maisture 1n the top 100 cm/
under barley and fallow ‘conditions were 51m11ar “Uﬂtll
mid July, at whlch t1me changes under barley exceeded

i‘s

those of fallow (Figure 18). ‘Gains in soil moisture
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(+AS) "were due to-precipitation and losses?(-ASf were
due to drainageiand“evapotranspiration. |
>ChangeSg'%nj soil. moisture '(AS) for the top 1 m,
precipitationi'(P) ~.and potent1a1 ~evapotranspiration
(PET) between consecutive recordlng dates are presented
Imln Table 6./If the AS for these periods isg subtracted
from the#'amount of prec1p1tatlon that occurred during

the, same time period- the difference'is the amount that

occurred as runff dralnage,,and/or evapotransplratlon.'

i?@? - ; ﬁﬁgpese amounts are: shown for both ’fallow»'and barley. oA
#ﬁf%?. .condltlons under the; .column 1abelled 'P .—‘lAS'.
Q%.h ‘:r Generally,‘e&ceph dur;ng the rai ;_?g 53 from June 16
o to July - and for some perlods éfi%lgh m01sture loss

o : % & —

from the barley plbts durlng July and uAugust PET

exceeds P - AS. o S ' ﬂ,; v R

N From F1gure 18 and from-the dato iny Table 6 the
gko1sture lbalancé%.for . the StudylperiOd'ma§‘he divided
'1nto three per;ods -: 6W ; : “f—" ’ B s
.lj Ma¥«26 to June 16 ldttde rainfa}i, no tgrowth,.,andw
o * ”: 11ttle change in AS h h ' - - o

» -

\ ' o I
2. June' 16 to July 7: high rainfall,- ndf.growth, and
S O

Svo large p051t1ve changes 1n AS L . . *

[

,3 July J to Sept 8: llttle ralnfall _v1gorous ,barley

C e growth and . large negatlve changes in AS

As the m01sture content was’ below fleld capac1ty durlng

]

tve f;rst Jperlod :any water loss (P .—i AS) may be
;" 2. ’
~°attr1buted to Et. Durlng the second perlod and the first



TABLE

~k

. Determination of moisture balance

6.
. . \\ .
DATE AS P P - AS PET"
~ (mm) (mm) (mm) ~ (mm)
Fal Bar. . Fal, Bar Fal Bar

May 26 k . : , -

June 1 -5 -5. 0 5 5 25 25
- June 9 1Y 2 4 ‘3 6 530 30
“June 16: . -6 -4 . -tr - 6. & 31 31

June 23 44 44 68 - 20 20 18 18

July ﬁu35 37 121 86 84 28 28" 7.

July 97 g @9 5 - 42 38 - 37@,' 13 137 .

July 1gs “ <6 =5, 4 100 9 . 17.%17

July %p -1t =12” ¢ er % 1112 13 13

July 2t° - -4 -8 = 25 29 33 24 20
ZJuly 28 -11 =17 1 12 is8, . -28 27
.Aug 4 -15 =25 6 C21 31 34 32

Aug 11 -11 =26 T 12 27 32 30

Aug © 18 -17. =23 ° 3 ' 20 .26 23 22
J'Aug: 25%  -11 =~16 . 3 14 19 0 260 24
sept 1 -4 8 tr . 7 . 8 207 18 |
' Sept 8 0 1 10 © 10 .9 14 . vg. .
-------------- . . -o--tu--‘-oofc/o-:,on "4 0 0 00 o.o“-’

Total 2177 264,00 284 | 301 348 376 (862

3 ‘ i

'PET calculated from Penman,equatlons.

. albedo for bare soil 0.712, - ‘
.albedo for early’barley growth 0. 13 to 0 18
‘ (July 21 to August 4)

albedo for full green barley covér
Crop coeffichent for conversion of . 3ﬁnman .
estimate to barley Et 0.8 (Gray,

O 18

™

970).

_ Bare s0il coefficient for. convers1d Tof. Penman >
estimate 0.8 (Hartmann et al., 1980)

* corrected dueeto chahge in neutron’
/!§ 14l & . ),( -

‘?

<

\

i

robes.d.
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portidn of the third'period when the moistQYé contents
were above field capacity, some of the moisture lost was
also due to drainage. Due to thewvigorous.barley growth,
higher PET rates during the third period, ands moisture
contents below field :capacity, most of'theiwater loss
was probably due to Et. Changés in soil water status for

each " of .these periods will be discussed in greater

detail in the foliowing subsections.

~

: : f
3.3f6.2 Dréinage (D) and Evapotranspiration (Ft)
General Approximation

Assuming no water losses by runoff or interflow,
and noﬁwatef gains from groundwater, a simple estimatign
of\ wéter loss due to both evapotranspiration and
_draihage for the Qtudy period (May 26 to »Septembef 8)
for a 1 meter depth may be calculated from the data .in
Table 6> using the following simplified vefsioﬁ of

Equation (1):

| P - AS =FEtw D . (16)
‘Barley: 284 - (-64) =.348 mma} ' -
Fallow: 284 - (-17) = 301 mm

//// . : ,
The net change ir =<=:il moisture for the season was

negative, with barley having the greater loss of 64 mm.

Thus barring any water addition or loss due to runoff or

interflow, the total amount of water lost due to
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evapotranspiration and drainage was 348 mm for barley
and 301 mm for fallow. For this general mlculation,
. which includes the.entire time period, any contributions
from the shallow groundwater table does not affect these

table formea

RS,

-totals of 348 and 301 mm as the water
’ ! . ’ -~
during this period from the heavy rains during June 16

to July 7.
¢ /

Approximation Using The Field CépaciLj Concept
The drainage and ev;potranspiration components were -
separated with the use of the following aésumpéioné:
1. drainage occu;féd only when tﬁe moisture dQntent was
| above field capacity, as measured &t -4 kPa by the
tensiometers;
2. when soil moisture was below field capacity any
losses were due only to evapotranspiration; and S
3,//ﬁgiéfure loss due to evaporétion was equivalent ‘to
| potential evaporation as ﬁeasured by the Penman
method only while the soil moisture for the 'brofile
was above field capacity.
The evapotrahspirationvand.the drainage componehts
for fallow and barley conditions are listed in Table 7
in mm of water for the top%‘1m of profile for the
individual time periods along ;ith AS.
For period 1 (May 26lto June 16) L&kl ,losﬁes were
attributed to Et as the moisture content was below field

capacity. Total Et for this period was:

P ’
L
e

[Ea—
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T\ E 7. Evapotranspiration and?drafhage -
components: Field capacity method

DATE . " FALLOW BARLEY

AS Et D AS Et D

(mm) (mm) (mm) (mm) ~ (mm) (mm)
May 26
June 1 -9 5" -5 . 5
June 9 1 3 -2 6
June 16 -6 6 -4 4
June 23 44 18 2 44 18 2
July 4 35 28 58 37 28 56
July 7 4 13 25 5 13 24
July 11 : -6 10 o -5 8 1
July 14 -11 7 4 =12 8 4
July 21 . -4 28 1 ~ -8 31 2
July 28 -11 10 2 -17 16 2
Aug 4 -15 20 1 -25 29 2
Aug 11 -11 11 1 -26 26 1
Aug 18 = -17 20 ‘ -23 26
Aug 25 =11 14 -16 19
Sept 1 o -4 4 -8 8
Sept 8 0 10 1 9
Total -17 207 94 =64 254 94

83
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Et D
-Fallow 14 mm . 0 mm
Barley 15 mm. 0 mm

-

During the second period '(jbhe 16 10 July 7)
moisture contents throughout >thé entire prbfile were
above field Capaéity ‘due to the 'large amohn; of
rainfall. Conéequently dpainage jwas ‘assuméd to have
occurred. Precipitatidn ”Sﬂdt accounted for by the
positive changes in'AS (P - AS ianéble 6) was assumed
to be lost due to £t which was set_aé equivalent to the
~PET in Table 6 with the remainder eqﬁal to.the drainage

(Table 7), that-+is,

P~ aS - PET = D o (17)
. -

The £t and. D cqmpoﬁents'so cglculated‘for the secénd‘
period are listed in Table 7 for the individual

measuring times. The total amounts for period 2 are

‘listed below.

. Et )
Fallow 59 mm 85 mm
Barley , 59 mm . 82 mm
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After July 7 drainage and evapotranspiratioﬁ were
partitioned according to “the depth of occurrence of
field capacity as represented by ~4 kPa. Water loss ffom
depths at which the moisture content was above field
capacity. was assumed to be due to drainage and water
loss from depths at which the moisture céntent'was below
field | éapacity was assumed to be due to
evapotraﬁspira:ion. The idepths and dates at which
botential " decreased below -4 kPa are represented. in
Table 8 by the letters "F" and "B". Any pfécipitation
during this peiiod was assumed to have been lost due.to
evapotrahspiration. Et and drainage so separated.ﬁor ;Hp'

period from July 7 to September B8 are listed in Table 7

and tétalled for this period below:

‘ Et D -
Fallow ‘ 134 mm 9 mm
Barley 180 mm 12 mm

The total amounts of moisture lost due to
evapotranspiration and drainage during the entire study

period (May 26 to September 8) as summed. from Table 7

are:

Et D Total

Fallow 207 mm 94 mm 301 mm
Barley - 254 mm. 94 mm 348 mm

Barley utilized only 47 mm more moisture by Et than

did the fallow. The Et estimates above are likely~
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smaller than Et logses that actually occurred due .to
possible codtributiéns frdm the shallow<§a£er table. As
the drop 'in water table during the season ééﬁnot - be
separated into the components of deeper drainagejor
upward flux, an estimate éfjcontribution‘ of the water
table to Et cannot be given.

Approximation by Gradient nethodv(ﬂarley only)-

Graphical examination of changéslin soil moisture
content versus time (Figdres 13 and 145, according to
the metﬁodology " outlined by MéGowaﬁ and Williams
(1980a), (see Section 3.1.7, page 40 of this report) did
not display sufficient resblution to discern changes in
slope attributable to evapotranépirétiop. Cohéequently a
moéification to " the method was used4 Using the fallow
plots as a control, root extraction from the’ barley
plots was assumed to start where and when the soii
moisturé between plots began to differ significéntly;

Testing of significant differences was performea
with the. wilcoi',non—;;raﬁetric test " for ‘independent
~pairs (Steel and Torrie, 1978). A non—parametfic test‘
was used in place of a ﬁaréme;ric test (eg. péired
,t;tesf)v because - the “déta:_cou;d not be assumeé to:bgv
nofmally istributed.‘del sets 6f"déta .werej tested;
moisture . onteﬁts'for barléy,and fallow; -and chanées in
moisture Content for consecuti§e dates for barley . and

fallow. With this method the evapotranspiration and
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dféiﬁaée cbmbohehté may be-separated ohly for thé barley
plots during éctive growth which‘ occu;;ed~ duringv tﬁe
third period (July 7 to September 8);

Separation of the Et and D‘compohents before barley’
growth Qas made with‘the same\techniques and éssumﬁtipns

~as described for the first twg\\periods in the field

-t
v

capacity section.

| The,resulfs of the Wilcox test of significance for
the individual depths and times of measuremenf are
displayed inkTable 8 for the moisture contents ~and in
Table 9 for the éhanges in moisture ééntehté.vBotn sets’
of tests show root ex;ractionx begidning “on the same
‘date, July 21, at the depths of 15 and 45 cm for
moiéture conténts (Tablé'B) and at the depthé o£.15, 301
and 45 cm, for chahges in moisture (Table 9).

The root extraction depths were greater ééch week
and by August 25, both the moisture contents was
‘significantly'smaller and the changé$ in moisfure ‘were
significantLyl larger in  the 'bérley plot53 at 90 .cm.
Because the rainfall wés low during this period, 'thé
moiéturé contents remaihea éignificantly>différent for
~all depths through to Septembef 8 . (Tablé 8). As _the
roots grew aéepér and as the,moisturé COntenﬁ decreased
in'the upper'parts of tﬁe profile (Figure. 14), rooﬁs
extracted. the more %eadily available water in the lowér
parts of the profile. This is evidenﬁ from the lack of

significant differences occurring for the shallow depths
- N

.



Table 8. Comparisons between barley and fallow
gnoisture contents (6)

DATE " DEPTH (cm)
15 30 45 60 75 S0
May' 26 + / / / /- /
June 1 / / / / / /
June 9 . +++ -/ /S / v/
. June 16 +++ / / VAR VA /
-June 23 ++. o/ / / /oS
July 4 / / et / /o
July 7 / / + - / -/
July 11 /F /F / / L /
July 14 /B’ /B / / / /
July 21 ++ / +++FB / / /
July 28 +4++ N e Va3 / -—
Aug - 4 +++ +4++ +++ - /B /F /
Aug 1 +4++ +++ +++ ++ /B /F
Aug 18 ++4+ +++ +++ F++ T ++ /B
Aug 25 +++ 4+ +++ +++ +++ ++
Sept 1 +++ +++ +++ (4 4+ 4 +++
Sept 8 ++4 +++ s ++4 S+ '+++¢
Notes:

B - Barley field capacity: cessation of drainage
- at and after this point
F - Fallow field capacity: cessation of drainage
at and after this point - ’

Barley > Fallow Fallow > Barleyd

Symbol ' Symbol Significance
+ - 0.05

++ . - 0.02

+++ L e ' - 0.01

/ no s1gn1f1cant difference
Results are based upon Wilcox's test on "independent
pairs (two- tailed test).
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TABLE 9. Cbmparisons between barley and fallow
changes in soil moisture (AS) .

DATE. .~ DEPTH (cm)
15 a30 45 60 75 90

June 1 + / / / / /
June S +++ / /. / 4 o/
June 16 / / / -/ / /
June 23 ) /. / / ++ 4
July 4 / / / -/ / /
July / / / -- / /
July / / / / -/ /
July / / / / / +
July 21 ++ T+t ++ / / /
July 28 +++ +++ </ / / -
Aug 4 +++ C o+t +++ ++ / /
Aug 11 +4++ +++ +++ +++ +++ /
Aug 18 / ++ +++ +++ +++ /
Aug 2 / / / +++ ++4+ +++
Sept 1 / ;/ / +++ +4+4 +++
Sept 8 / / / / / /
Notes:
Barley > Fallow Fallow > Barley

Symbol '~ Symbol . Significance

+ _ - 0.05 h
++ - 0.02
+++ S ' . 0.01

¢ / no significant difference
Results are based upon Wilcox's test on independent
pairs (two-tailed test).

S
<3
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on Augﬁst t1é and thereafter as shown in Table 9. By
September 8 the changes in mdisture' coptents. at .all
depths were not signiaacantly 'differe%t ‘betbeen the
fallow. and the barley[ plots. At tbrs ;Zfiwé root

extraction - and barley growth were assumed to have
. YRR - ““\‘, o

ceased.

u@h these 51gn1f1cant

1\‘

The depths and 1Ltlmws, at w
differences occdrred are;\assumedi td‘ demarcate the
moisture losses due gtoi dra1nage' from those due tg
evapotranspiration.

/

Comparison of Methods and Comments

| Evaporation according to the field capacity nethod
began 1 to 2 weeks before that ‘determined by the
gradient method for most depths'(Table 8). This could be
because the ' field capacity method is more sensitive to
losses from ‘evaporation whereas the gradient method
measures the onset of transpiration. It is expected that
‘water‘losses from shallow depths (0745 cm) would .occur
from evaporation ! first Before the roctsl began'
extraction; however; the 1. to 2 week 1ag3 period is
consistent to the 90 cm depth.JTnefieid Tapacity method
also 'assumes tnat the soil "profile 1is homogeneous
withOut any textural discontinuities that can affect the
’dralnage process (Mlller, 1973; Gardner, 1979- Hillel
-1980b) ThlS site was characterized by sandy layers at

depths below 60 cm//yhlch 'in one location resulted in a-
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sudden decrease in moisture content at the 60 cm depth
between July 28 ‘and August 11 relativeito the rest of
the site. o ' S '

Another explanation might be that these methods are

not entirely 'repreSentative of conditions at which

drainage ceases and evapotranspiration begins. Perhaps

field,capécity is better represented by -6 or -10 kPa.

The gradient method, as used in this study, is more a .

—t

measure of when water began to .be removed by root

extfgctian. Itn is very possible and likely that ‘at the
.shalloﬁer depéhs upwardAflbw as a result of evaporation
" from the surféce had already be§un.: ' ". | -
‘?he' tQEal , draihéée . and  evapotranspiration

calculated usiné‘the two methods are listed below:

v

o

Method - plots P AS Et - D,
Field Fallqw 284 -17 207 .94
* Capacity Barley 284 -64 - 254 94
Gradient (6) Barfey 284 -64°- 260 - .88

(AS) Barley 284  -64 261 87

-

. ®

~Despite the ong' to two week lag that voécdrréd
between the fiéld capacity and the gfadient aépths‘in
discérning _t%e onset - of £t and :ﬁhe cessation of
drainage, the actual difference is only 6 mm fgf'a'Z%
difference for Et aﬁd 6mm for a.S%'differenCe fof D.

Drainage could have also occurred under conditions
w . < . . :

which would not have been measured by either method.

.
«

i
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‘_w}nitialfrapid drainage through' gtructural” cracks can
take place during and 1mmed1ately after heavy ralnstorms
(Qu1senberry and Ph1ll1ps, 1976; Parkes and 0 Callagnan

1980). If this did orcurothen ‘the current estimate of D

would be low and the Et estimate would be high.

3.3.6.3 Water Table Contributions (u)

VoA
LY

The ' amount of  soil moisture lost ~~due to

evapotranspiration was undoubtedly /—augmented‘_ by

'grounduater _contributions due to the shallow water

table. 4The steady drop in the water table durlng July
' and August would then be due to both deeper dralnage and‘
to upward flow however, as_the hydraulic conductlvgty.

-and -the drainage conditions of the deeper subsoil arei,

not known, the amount contributed to Ft cannot be

calculated. Studies in other regions indicated that

o |
between 30 and '70% of the. Et for j crop can be .

contributed by a water table at a depth,of 100 to 300 cm

(Purvis, 1964;\ Saini »and Ghildyal, 1978 - Read and
Pohjakas,.1981). The actual amount is dependent upon the ~

depth 6f«the'uater table, the-soil texture, the type of "

T

crop, and the hydraulic gradient. _

Read and.'Pohjakas‘ (1981)  recorded net seasonal
.,water’use for barleyrgrown near Lethbridge, during ,1980
and 1981,”as‘vary1ng between 374 and 506 mm for a loamy
sand soil and a clay loam 5011. Grain’ yleld for the

barley ,crbp_ was correlated to the'xater use. The gross

sample weight for the crop varied between 3.5 and 4.0 t

4

1

/
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ha~ ' Eor 19?1. The”grOSS sample wéight for the barley
crop from this study site was 3.24 (£0.53) t ha™' with
an. estimateg water -ﬁsé (Et) of 254 to 26& mm,
considerably 1less than that estimated by Read and
Pohjakas (1981). They calculéted that the water fable,“
at 185 cm in a clay loam . soil, .contributed 30% of the
total Et. If the drop in the water‘tabié:can be ehtirely
attributéd to upward flow, then the' maximum amount og Et
by’ the barley crop at the Ellerslie study was 348'Aﬁm;
~ The drainage component of 94 mm répreSents 27% 0£ 348

mm.’

3,3.6.4 Runoff and Interflo%;

~ Although infiltration ﬁrates fecordea 'b; “Verma
(1968) at' the Ellerslie Research Station on Malmo soil
indicate.that runoff is not likely to occur given -
typical rainstorm intensities foflfhe Edmonton aréa; the‘
océurrence of surface sealing from :aindropf iméact was
not taken into considération,  ”Thé presehcé~ of
 mich-rills along tractor tracks within the plots -aftér‘
-thec.occurrencg of the heavy rainstorms in late June and
early July was .an ihdication‘that some ;unoff did occur.

‘The previously loose surface of the tilled fallow plots

occurred would have resulted in a net loss. Averag
slope was 1 to 2% to the northwest with the steepest

slope at 3.2% 1in the northwest cornér. Because the P

- -

Lo
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v

slopes were slight, runoff is believed to have been very

small.

With the sliéht slope; the near satufated
conditions reSultinéffrom the h;avy rainfalls;-the high
bulk densities of the deeper depths; the‘ low
permeabilities of the deeper subsoil materials, as
evident by the perched water table; and the slope of the
water table itself, interflow might have *occurred during
periods.of high intensity vrainfall. If interflow and
runoff did occur then it would be expected that the
lower end of the plot would be wetter. During the near
saturated conditions (July 4 to July 11) the north edge
and the northwest access site were measured as slightly
wetter than the rest of the site. This, however, is
complicated by moisture and textural variability between

the sites and also by the fact that the water table is

closer to the surface in the northwest corner.



4, SPATIAL VAEIABILITY OF SOIL-WATER

4.1 INTRODUCTION : .

Soii is continﬁously variable 1in space. Préper_
statistiéél descriptionnof its variability- should include.
more than determination of the meaniend dispefsion. ‘Soil
properties change with distance, conéequéntly adequate
description should also consider the spatial variability.
Through measurement ‘of how the'values'change with distance,
the relative degree of si&ilafity can be measured. If a
property shows greater similarity between neighbouring
observations than those further away, it is considered to be
_spatially dependent. With knowledge of the épaﬁiai
dependence of a property, future.sampling program$ can, be
more efficiently designed, through increasing the precision

with fewer samples (McBratney and Webster, 1983).
4,2 EXPLANATION OF STATISTICAL METHODS

4.2.1 MEASUREMENT OF DISPERSION

4,2.17.1 Sampling Precisionh

A set of collected observati.ons may be summarized into
two statistical parameéeré; tpe mean whichv describes the
typical observation; and he standard deviation, which
describes the amount of ‘diipersion about the mean. The
precision of a set of observations»refefs to the width of

the dispersion about the mean (Kempthorne and Allmaras

o

95
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(1965)." A
I ~

1

" Using the mean and the standard deviation an estimate
of the required sample size to achieve a desired precision

may be calculated (Cline, 1944; Petersen and Calvin, 1965):

n = o IR (16)

3

estimated value of Sfudent's t at the chosen level of
pfobability, k; s* is the estgmated variance; and D* is the
'specified‘liﬁit' or the level of pfecisi;h.

.Another expression of variability is the coefficient of

variation (CV), which .is also referred to as the relative

" dispersion or the coefficient of dispersion. The CV,ndefined

as the standard deviation divided by the mean, expresses the

standard deviation free from units of measurement, enablihg
the relative dispgrsion of oﬁé soil pfoperty to be compared
to that,pf another. Wilding and Drees (1983) caution that
when a directiy proportional relationship éxisfs between the

magnitude of the mean (x) and s, CV is an invalid index. Rao

et cal. (1979) stated  that the CV does not provide &h

adequate insight into the nature of the dispersion of the

. measured population as it does not indicate the degree of -

normality. Nevertheless, the CV has been a widely wused

. parameter (in soil science) to present a guantitative index

of the amount of variability.

where n is the required number ..of samples; ti is the
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4,2.1.2 Normal and Anormal Distributions

Statistical measurements describing the shape of the.

-

distribution are the variance, skewness, and kurtosis. As

parmetric statistics assume that the population has a normal

(Gaussian) distribution, the use of anormal (not normal)

) N
distributions will reduce the efficiency of the parametric

N
Y

tests and likely result in the acceptance or rejection of

the wrong hypothesis (Webster, 1977). Some soil properties \

-

such as soil poteatial (Webster, 1966) and hydraulic \
conductiyify (Nielsen ef al.;, 1973) are significantly skewed
and consequently the geometric mean is a better
approximation  of the 'typical' sample. then anormal
distributions cannot be ‘'normalized' by a transformation
(i.e. logarithmic, - square root, etc.), nonparametric
methods, whic% do not make stringent assumptions regarding
normal distributions, = should be used (McIntyre énd Tanner,
1959; Heath, 1979). Normal and‘tlog—normal distributions
-appear to Dbe ‘the most frequently observéd _statistical
"~ distributions fof describing the spatial variabilty of soil

physical properties (Rao et al., 1979)..

——

N\ . . : .
Numerous statistical tests are available for testing

AY

the 'normality' of the distribution and should be utilized

'
/

not only to provide a description of the population,

dispersion, but to also increase the accuracy of statistical

comparisons. Rao et al. (1979) found that the two most ~-
‘frequently used methods for establishing : normality or

log-normality have been (i) visual inspection for skewness

i
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using an histogram (Webster, 1966; Cassell and Bauer, 1975;
Nielsen et al., 1973) and (ii) examination of the fractile
diagram obtained by plotfing the measured values on
probability paper (McIntvre and Tannef, 1959; Rogowski, '
1972; Biggar and Nie15en,'1976;h'éumma'a, 1978). The -main
disadvantage to these’ methods 1is that they are not based
upon Quantitative measﬁres and therefore'-an" objective
evaluation of thé goog%gss—bf—fit of the theoretical
distribution to the measured data is not- possible (Rao et
al., 1979). o
Skewﬁess and Kurtosis

The variance, the second moment abbﬁt,the mean (mz), of
a set of observations describes the amount of spread of the
population. THe third moment (m,) moment ig the skewness
which deécribes the symmetry of the-disfribﬁtion;‘The fourth
moment (m.) _is kurtosis which describes the peakedness .

(Webster, 1977).

. The third moment may_be.cpmputed according to equatioh

17. ’

T (x,-%) S a

v

Where N . is’i the total’ number of observations; x; is an
individual observation; and x is the mean of the

observations.
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The expression of skewness as a dimensionless quantity
is referred tg as the coefficient of skewness and is denoted
as Vb, or \,, Which may be calculated by:

RN

ms

. (18)
., 'mzmé/z

The fourth moment about the mean, or kurtosis, is:

nMs

' ' 1 : ’ : , .
‘) my = — (x,=-x)* _ : (19) .
fromehich the dimensionless quantity b, may be calculated.

/7

o

—~

1
bz = mamiz. Y . . ' ) X (20) ‘

For a normal'distribution'thié ;atio is equal to 3. The
guantity X, is defiﬁed-equai to b, - 3 giving Az-é 0 for a
normal distribuﬁioh. Distributioﬁs'more peaked thah ~normal
distribﬁtiops have positive values of A ahd distributions
flétté; than normal have negafive values. For further
discussion of these parameters refer to Webster (1977) and
,Snedecéf and Cochran‘(1980). ‘ |

| A"test_fér departure ffom normality based upon the vb,
and b, parameters is'given by7Bowmaﬁ and-Sheﬁton (1975). The
 calculated parameters .afe used to gs;imate'the‘probability
that thevdafa satisfies a .hormai' frequency distribution

using isopleth'pnobability figures.
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" Another test for ﬁormalit& is the W statistic éest'by
Shépiro a&nd Wilk (1965). This test wuses an analysis of
variance to- compare the Squared slgpe of the probability.
plot regression line of the ofdered ob§9r§étions against the

\

expected values from _ an hYpothesized\Pormal\distribution.
The fo wing summary of the computatioﬁ?l methédology is
fromqgijSiro and W'iik'(%’965)..:3 L
The objectvdf~the W, test is to provide an index or test
‘ jstatistié to evaluate the normality ‘“of a. seti of
SObservations. The statistic is an effeétive measure of
normaiity even fof’small séﬁples (n<20). .- |
THe Eollowing summary of the computational methodology
" is from Shapiro and Wilk (1965). “
1. " Order the obsefvations from small to large.
2. Compute the sum of squares, Sz. | “
3. Subtraét&”the ~smallest observation from the largest and
multiply the résuit by a coefficient (provided in Table
5 1in Shapiro "and wilk,- 1965). Repeat for the second
smaliest and second largest: Repeat this procedure until
all differences have been found and then sum the results
to calculate b.

4, Compr*e W = b*/S2,

Small “ues of W are significant, "i.e. indicate
non;por%ﬁlit culated .values of W are provided for 1, 2,
5, 10, 50, 95, * 99% points of the distribution. For

- example & calc:. =~2 7 of 0.98¢ for n;ZZ would fall between

the 90 and ¢:. »'e ‘ndicating that there is at least a



101

90% probability.that the sampled population is normal.
:

4. 2‘. 2 REG‘IONA‘LI ZED YVARVIABLES

-4.2.2.1 Theoretical |

A coﬁtinuously distributéd property displays continuity
from point té'_point in space. The valueimeasured atydne~
point is related to the values at adjacent points. The
greater. the distance between the sample points,‘the weaker
the relationship. I1f a variable.changes from one point to
another with apparent continuity, but in a. manner too
cgmple; to be represénted by an ordinary workabie function;
it 1is terméd~ a ‘PéQVOhalized vaﬁiéble (DaQis, 1973). The
theory of regidnalizedlvariables was developed by a French
geostatician, Mathefén (1965; cited in "Jourhel and
Huijbrégts, H978). Several other geostétistical .reséarchers
have develdbed it further with‘practicai-applications (Blais
and Carlier, j1968; Olea, <1977; Journel and Huijbregts,
1978ﬁﬂ$ It has beeﬁ extensivelf applied in soil science by
Burgess and Webster (J98061b), Vieira et al. (1981, 1983)
;na others. : |
A re§iohalized’ variable - has - the following

characteristics (Olea, i977i:‘ g
1} .an observation which is a value from a functioﬁ whose

argument contains geographical coorainates,'specifyiﬁg

the location where‘the'observatioﬁ wés made;

2. an average continuity in a mathematical sense. The

spatial variation can be great or small but continulty -
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must exist from point to point; and |

3. a random or stochastic component which has no

. >
continuity.

A regionaliggd"yariable may show different kiﬁds .of
aniéotrbpy in which variation méy not be as great along one
diféction as along another (Matheron, 1965; cited in Journel
and Huijbregts, 1878).

The main assumption used with régiphalized variables 1is

that of "stationarity". A series of measurements is

stationary or homogeneous if measurements from any of its

.

parts are representative for the entire domain (Agterberg,

1974). Thus all the random variables within the domain - have
the same mean and variance. If. the .mean chahges with

distance, it is referred to as non-sta-ionary.

.

Weak stationarity occurs when all variables of a set of

observations (series) have the same mean, variance, and

—_—1

autocorrelation ngftion. In most practical applications it

is sufficient to assume weak stationarity or second order

. stationarity. The éeries is considered "strictly stationary" .

if allﬁhighe;—order moments remain equal (Agterberg, 1974;
Jourﬁel and'Huijbregts,:1978)t_

A method used to describe the degree of hsimilarity
between points separated by a measured kdistance is the
semivariogram. This 'method uses an approach similar to
moving éverages to represeﬁt changes in wvariation with

changes in distance.

[ S—
i
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- 4.2.2.2 Semivaribgrams
The semivar%ance describes the average rate of change

\ . Q
of variation over Qistance by calculating the variance for
¥ , .

all samples the same distance Sbart. By definition the

. t
semivariance 1S:

Covix,d) =E{[Z(x.) - Z(x,+d)]1*} . ©(21)
which in turn can be estimated by
1 N '

vx(d) = — N(d).z [z(R)-z(j+d)]>? : (22)
; 2 =

in which £ is the expected valugf x;>id¢ntifiés a cbordihate
position either in space or time; and N(d) is the number of
pairs of observations [z(j), z(i+d)] separated‘by ayd&stance
or lag vector d (Journel and Huijbregts, 1978). |
The semivarianée, 7*(x,d),.is a fundtidn _of both thé

point x .and the vector d. The estimated semivariance is the

2

arithmetic mean of the squared differences between the t o
expefimental measuresf [z(f), z(i+d)]. A plot of 7(d) versus
the éorresponding values of d is called a semivariogram. By
definitioh vy(d) = 0, when d, = b, and as d increases the
sémivariogram ihqreases to ; maximum and, ideally, maintains
this level at larger distances (Figure419). \

The semivariogrém of a spatially dependent 'vériable
(suéh as that displayed in Figure 19) provides several
‘valhes which can be of use in quantification .of Véhe

dependence. The si]] value (C) is the value of 7(d) which

remains constant with increasing d; the zone - of . influéhce
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FIGURE
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\
‘ 7 .
(a), at which the value C occurs, is the distance at which

sample; bgcome indepéqdent of one another; and when 7yx(d)
does ~ not ”app:oach zero ,ag a ngproaches zero, the
corresponding v*(d) value 1is the nuggét value  (Co)
(Matheroh;‘ 1963). The C-value offers an estimate of minimdﬁ

vdistance for spacing Oﬁr independent .samples (Campbeli,:
_ . y '

¢

1978);"If a Co valueb greater than zerd occurs, then the
sample interval is larger than phe’zone of influende and all
variation is ngt accounted for, - - _ﬁ o
In practice y*(d) is rarely calculated pagt about half.
“the total distance sampled (Qlark; 1979). |
Generaily there are four characteris:ic ~ shapes of
.,éemivérioérams (Davis, f973): |
a) Spherical or ekponentdal .(Figure 20a). %ﬁis type is
chgrécteristic.ofv a regionalized' variable with "high
.coﬁtinuity and of which the zone ©of i;fiuence is withié
. the sampling dis;ance. . s
b) 'Linea? (Figure 20b). }his type ES characterized by a
_iinearv relationship between\7¥(d)'and d,'and'is typical
of variables yith weak continuity..The laék of a sill
indicates that ,perh;ps the total sampling disténce,ié’
too small to define the zone of influence. ‘
¢5 Disqonfinuity'at origin (Figufe 20c). 7(5) does not tend
toi zéro and repreéents a variable that exhibits a
"nugget effect". The nugget effect is due ;6 both
aiscontinuoﬁs variables and to mic;ovqriabilities as the
distanCe bé;Weeh samplé points is tpo4great' to measure

L e—
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 SEMIVARIOGRAMS | {

'FIGURE 20a .
- 81. Spherical, high continuity

FIGURE 20b
S2. Linear, low continuity

FIGURE 20c =«

S§3. Discontinuity at origin

FIGURE 20d
S4. Pure nugget effect

1

—~

RAMS ) i

FIGURE ZOe

A1, High cont1nu1ty

FIGURE 20f
A2. Discontinuity at or1gln

\

)

FIGURE 209 /

'A3. Low cont1nu1ty o —
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®

the total wvariability. Discontinuity at zero may occur

f?r both of the previous types of semivariograms.

d) Pure nugget effect (Figure 20d). This tfbe ‘cotresponds
to a totally random variable. The sample interval, d, is
larger than the zone of influence.

‘A mathematical function fitted to the line to describe
the relationgaip of variance and distance may be wused to
stgﬁisﬁically interpolate other points through "kriging".
'"Kriéing is the. process of. estimating the valué. of
a spépially distributed - va;iable from adjacent values

2

whjlé considering the interdegendehce ~expressed in the
variogram." ' With ﬁhis method a more efficient estimate of
the mean and variance .may be obfainéd,&ith fewgr 'samples
(Webstér and"ﬁu;gess, 1984) and the property ,méy be more
accuragely mébped _than with cher inférpo;ation‘techniques

(Vieria et al., 1981). h

4 2,2.3 Autocorrelation .

Another method of graphically depicting ;patial.

dependence is with the use of Nautocorrélograms. Basically

this method measures how the correlation between pairs of

terms, d units apart, varies with distance. Given n values, .

X1, X2, eoooes , Xn, the so-called seriaIJcorrelation of lag d

is calculated by:

-

-
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d

1 -
—_— z (Xi")—()(xi,d_)‘()
n-k '=! ‘
Ng = ' v (23)

n

This form is ﬁéed only for series of mbderate‘ length
(at least 50) while a longer form ‘'is used for short series
for’exact estimates and to avoid values Qf rs« greater than
unity (Davis, 1973){ | ;

The array of coefficients ro, r,, Przy ... , tells the
nature of .the internal’ dependenée of the series. Their

totality is called the correlogram (Davis, 1973). Typical

correlograms are displayed in Figure 20.

4.3 LITERATURE REVIEW
4.3.1 SOIL PROPERTY VARIATION ~
4.3.1.1 Introduction

The amount of “wvariability that oécurs in any
measurement is due to several sources: location,
measurement, and temporal (Caﬁaron et al., 1971). Although
~temporal conditions can causelchanges in soil moisture, the
main = source of variability remains that. of locational.
Measurement variability is generally viewea as minor (Reed
and :Rigney, 1947} Hewlett et al.,;1964; Cémeron et al.,

1971; Sinclair and Williams, 1979).

4.3.1.2 General Variability of Soil Water Properties

Typical ranges of soil prOpert§ CV's are presented 1in
)



109

~

Table 10. The data within this table have been obtained from
a variety of sources and grouped with no attempt to Separate
sourcés of variability due to different sdils, vegetation,
climate or sizes of sample "area. The ;;oupings‘of low,
medium, high, and extreme correspond with the typical ' range
of CV'S encountered for'these properties, For example high
CV's of 20 to 30% for moisture cohtent ha&e beeh reported
(Towner, 1968; Bell.et4al., 1980; Hawley et al., 3983) but
these are due to;large sampling areas encbmpassing .geveral
soil map units or cracking clays. Low.CV's of 20 t6i3OV for
unséturated‘hydrauliclcondwctivity were(feported by'Stockton
and Warrick (1971) for a'LO ha field from 36 core samglesn
Thislcould be due to their ﬁse of moisture release curvés,
with a CV of- 16% at 10 kPa, with "the Millington—Qui;k method
(Millington- and Quirk, 1959) to calculate hydrauiié
conductivities. |

’Changes'in soil moisture content have relatively \high
cv vélues. CVv's of 24 to 39% for changes in soil ‘moisture
conten£ due to drainage ‘from 4 neutron monitoring sites
within é 50 m® area were réported bx van Bavél and Stirk
(1967). Nielsen et al. (1973) reported C&'s of 69°to © v for
drainage fluxes immediately after cessation of pondiug for
20 sites scattered on a 150 ha field. These values dropped
té6 20 to 50% after vseveral days when the drainage rates

slowed. McGowan and Williams (1980a) obtained Cv's of 60 to

over 200% for changes in soil moisture due to
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evapotranspiration and drainage from eight closely spaced’
access tubes in a field ofhbarley.2§inclair Williams (1979)
reported CV values for changes in soil mboisture coﬁten;, as
&easured by the neutron probé,;ranging from 6.3 to 16.7% for
three fields ranging in éize from 0.1 to 0.5 ha.

" The general grouping of these soil properties in Table
8 is also confirmed by similar groupings by Beckett and

Webster (1971), Warrick and Nielsen (1980), and Wilding and

Drees (1983). ( |

The -type of parent material affects the rélative degree
of variability. Mausbach et al. (1980;. ggted in Wilding and
Drees, 19835, in a wvariability study 'of morphologically
matched pedons; observed the following generalized order of
spatial véfiability: ' v |

—

Joess < glacial drift < alluvium = residium

Drees and’ Wilding (1973; cited in Wilding'and‘Drees;u1983)

'suggested the following generalized array of spatial

variability for physical, chemical and,elemental pfopefties

of parent material:

~ o,

Loess < glacial till < glaesal outwash = | -f{
glacial lacustrine = alluvium :

Several trends in soil variability have been noted:
1. variab&lity increases with depth (Cameron et al ., 1971;
Beckett and Webster, 1971} Wilding and Drees, 1983);

2. 'variability 1increases with "distance’ (Petersen and



TABLE 10. Summary of coefficients of variation for
select soil water properties

PROPERTY " RANGE MEAN COMMENTS

-LOW VARIABILITY \

Bulk density 3 -17. 8

Moisture content 4 - 42 12

MEDIUM VARIABILITY

Field capacity 4 - 30 16 cores

4 - 52 - 20 pressure plate

1500 kPa 8 - 54 25 S
Available water 9 - 56 20

Sand 2°=- 73 < 431

Silt . 10 = 79 32

Clay 8 - 53 32

HIGH VARIABILITY ' )

Tensiometers . . - 69 Webster (1977)
Infiltration rates 12 -.130 62 S

K saturated . 24 - 561, 94

K uqsaturated‘f” 106 - 459, 272 Nielsen et al.
N\ » | 1979 .
: Diffu%ibn__' , _ - 6.5x10°¢ Hlllgl, 1980b .-
Pore water velocity 1.1x10° Hillel, 1980b

here not indicated, coefficient of variation values
are obtained from numerous llterature sources.
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Calvin, 1965; Beckett and Webster, 1971; Wilding and

Dfees,“1983); and
3. variabilty changes with time due to the effects of
climate, vegetation and other factors (Cameron et al.,

| ,
1971; Gifford, 1979; Hawley et al., 1983).

”

4.3.1.3 Effect of'Deptﬁ

Beckett and Webster (19?f) reported‘slight increases in
variability with depth for mésfibroperties. Cameron et él;
(1971) confirmed this fer soil nutrients but postulated that
£his could‘be due to small quantities‘near the resolution of
the instnumeht. CoelhO’(i974) found,thét therariability of
'silt,and‘cléy content, and the amouﬁf‘of water retained #n

~soil samples at, specific pressures, -increased with depth.

- Gumma'a (1978) reportéd-incréaseé'in variabilty with depth

" for soil water retentions but texture had only slight

. increase$§ in CV with depth. Increases in wvariability with

~depth has been” also reported for moisture retentions by

. Nielsen et al.'(1973); Parkes and Waters (1980); Cassel and :

Bauer (1975), for moisture contents by Nielsén;\et al.
(1973); Guma'a ({978), for textufé”by Mader (1963); Wébster
(1975), and for hydraulic conductivity by Guma (1978); Russo
and Bresler (1981). Ekceptions, however, occur.

Towner (1968) reported that the variability of moisture

content and available water capacity decreased with depth.

This was due to extreme cracking of the surface soils from
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drying."Moistu:e Conﬁents have been reported to decrease in
variability in the depths 0 to 15'cm (Bell et al., 1980;
Hawley et al., 1983). This could be related to extreme
dryness (-1500 kPa) ofifhe'imméaiate:surﬁace (0. £o 5 4ém),
coupled yith.increasing7moisture confentvwith depth.

Less weathering of tﬁe'aeeper. horizons could be< the

-

cause of the_gfeater'Variabilifieéi Harradine (1949) found

that many so%l prOpeftieé‘were more (ariagble in "younger"
soiis ~than ”ol@er", more weathered Spils. Schafer (1979)
fo;nd_that‘mihe goﬁls wgre much'mbré‘variablevthan adjacené'
: Undisturbéd soiis. Thebeffects pf climate, relief, turbation‘
by biologiCaljactivity; and éﬁpmical and physidal'weatheriqg-
likely  qct as hompgenizjng influences uﬁ%n the inherenf

5 : : .
variability of the parent material. Agricultural activities

by 'man tend to create smalder va;iatiogé in texture and
.moisture ¢§Qtent. Reyﬁolds. (1970b) - found that 'recéhtly
cultivatéd'sod and young cfops had lower variability in'soil
moisture than péfmanent pasture and forest.', u

'4.3.1.4 Effect of S%ze-of Aréa Samﬁledv-

In general the variability of any soil properﬁy will
increase as the area s}mpied increasgs. Table 11 lisﬁs_field '
moisture content CV's for éfeas ranging iq;si?elﬁrom‘d.oi,m’
to over 900 ha. v‘ » A o '

Eof,véry. small Sampie areas"(£4  m*) variation ‘is
related to the sample“voiume.vHawie§.et al. (1983) collected

10 graVimeﬁric samples for each of eight soil volumes (7 to
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824 cm’) from two.m? plots. For volumes greager than 50 cm?,
no further decrease in‘variation occurred. Smailer volumes
showéd relatively high variation. Sisson and Wierenga (1981)
studied infiltration rates of five 5 cm diameter rings
nesfed within each of five 25 cm diameter rings nested in .
turn within each of thirty—six 127 cm rings ’arranged ”in. a
six by six m grid. Approximate CV's obtained along 1 large
ring trénsect we:e:‘five 127 cm rings'— 43%; twenty five 25
cm rings - 82%} ahd one hundred ahd twenty five 5 cm rings -
91%. Beckett .and Webster (1971), from an  extensive

literature review, found. that up to half of the variability.
for most soil properties that occurs in a field may bé found

in any O.S‘mz of it. ,
’ i

Variation on a small scale defined here'reféfs'toJ plot
A

sizes ranging from 4 fé’tOOO,m2 that are;usddlly lbca’ed on
uniform soils and topography. CV values of 12 to 23%> for 4
neutron tubes 1 m apart (McGowan and Williams (1986a) are
ﬁigher' than other ‘Eepor;ed ‘ values. ‘Unfortdnately - no
backgfoﬁnd of ekplanatioh was prqvided.

| Soil hydraulic propertiés exhibit large *variébiiity
over short distanceé. Babalola‘(1978).6bserved that CV's for
hydraulic_conddctiv%ty were-only.slightly smaller for a 0.3
ha plot than a 92 ha field. Byers and Stephens (1983)
‘obtéined CV's for saturated hydraﬁlic conductivity of 39 and
62% qu'92 samples from each of two t;ansects.14.8 m long. &

Cv of 130% was reported for 48 infiltration rings. arranged

in a 6 by 6.m plot on subsoil matefial (Luxmoore et al.,
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1981)-. | :

Hills and Reynolds (1969) in a studf of ‘sgil moisture
':variability-in_fhe upper 5-8 cm, for-plot sizgs ranging fFom
1 .m? to~a catchment basin 100 to 1000 ha, found"that/.{p
‘terms of. variability, two size ranges emerged: small plots
up to 961 m?; and the larger "drainage classes". Réauction.
of sample area within these bounds did not necessarily
Yesult in a reduction of the CV. | . o

Large scale effects upon soil variability are dgfined
as those invofving changing soil typeé, iveéetgtidn, parent
material,. relief, and Slimate.>Reynolds (1970b) found that
vegetafion affected the amount of variability of ‘moisture
content. Cultivated soils had lower wvariabilities thaﬁ
ﬁermanent pastures or forests; which were lower than clumped
yeﬁetab&on. Topogréphy ‘éffects soil moisture dug;to slope,';~
aspect aﬁd locétion.on slope. Slope influences infiltration,
runoff, watér redisfribution (Hawléy et al., 1983;»§Eils and
Reynolds, 1969). |

Wilding and Drees (1983),hffom a“réQiew”bf variabil{ty
éﬁd s0il classifiéation,. found that the magnitude  of
variabilify generally incréased from pedons to polypedons to
mapping.units of a givgh serié% ~to. all soils within ‘the
survey area. ‘Mbst-:properties _(téxture, color, depth to
carbonates,v horizon 'thickness, pH; organic maﬁter”
exchangeable ;ations, and CEC) f£n mapping units had CV's.
between 25 and 40%, while polypedéns commonly had valﬁes 1/2

to 2/3 of these, and pedons exhibited CV's of 5 to WO%.
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4.3.1.5 Temporal effects upon variation
Soil moisture content' changes with Eime due to
drainage, - évapotranspiratién; and precipitation. Some
~studies reborted_that-moisﬁure‘cbntent variability increases
with /gryness' (Towher,/ 1968; Gumé'a, 1978;' Sinclair and
vWilliams,'1979); others that it decreased with d:ynéss
(Reynolds, 1970a; Nielsen et al., 1973; Bell et al., 1980;
Hawiey et al., 1982). McGowan and | W?liiams (1980a) list
three reasons why CV's.can be high'fof mbisture conterits: , .
1. nonuniform wetting dué’either tO-hydrophébic surfaces or
soilrcrécks. Measured changes ‘following ,a storm 'are
often highly va;iable; v
2. point variation in 'gvaporation rates are particdlarly
Boticeable-Where égilgiqare approaching their maximum
. soil water 'deficit,' especially where germination is

'poor;vand |

occur, especially where there

/

3. wvariation in drainége.can
‘aré abrupt ,téxﬁu;élvfchanges or recession - in water
tables. _ T o Ty

Hawley et alf (1983) suggested that after a heavy
réinfall mosf'of thé water is.’initial y taken ‘up in’ the

‘larger pores which usually constitute\a small peréentagé of

the total pore volume.. These larger porZS,‘dué to strucﬁurél

properties, and possiblf turbation by meso- and macro-fauna
accouﬁt for/xhe greater variability~" of Amoistufe ‘content.

With time .the soil moisture in these large pores

equilibrates wiﬁh'that in the smaller pores and the s0il

|
r
|
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/
‘:méiifure variability reduces. o
The. increase in \CV ~reported by Towner (1968) as the
soil dried was due to cracki;§. Varazashika et al. (1976;
o

cited by Guga'ah"1978) indicated that the CV increased
markedly for degreasingvmoisture content andEthet this was
due to the role ‘of - clay 'surface' aree at potentials of
,‘approximarely ~1500 kPa. At 'thoée :potentials meisture
conrent is" related vmore\‘tov surfece area of.the>elays,
‘'whereas at higher potentlals m01sture,fcohtentl isE’held by

S

capillary forces. Webster 1966) reported that the CV was
M
lowest in freely dralned 501ls and higher in soils with a

seasonably hlgh daber table or w1th a flne texture.
<

g
4.3. 2 ‘SPATIAL DEPENDENCE OF. SOIL PROPERTIES
4,3.271 Introductlon

Application_of regionaliZed variable Ftheory.Ein soil
ecienqe' héé ‘served twb mein purboseé} to aid in the
deﬂéneation‘of_soil'mep boundaries '(Webeter and Cuanalo,
1975; Lanyon and Hall, 1981; McBratney and Webster, 1981)}
and to obtain a better understanding of the causes of soil
varlablllty in. small study 51tes (Gajem et al. 198?5 Vieria
et.a]. 1981) Of particular concern to many researchers and
to “the ijectives of this study 1is the description and
understanding of variability of soil water properties that
oeéurs within a Jemall area (less than -1 ha) (Luxmoore ef

al., 1981; Vieria et al., 1981; Byers and Stephens, 1983;

McBratney and Webster, 1983). As discussed in the ‘previous
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section, the variability of some of the soil water

{ : .
properties can be quite high,.even within small plots with

the same soil type, relief, vegetation and management

~practice. The effort of many researchers has been directed

towards ‘obtaining a mathematical description of the spatial
structure and an explanatlon of the causes of the

var1ab111ty in an effort to obtain more prec1se estlmates of

'de51red parameters with fewer samples.

4.3.2.2 Scale and Spatial Dependence

The design of a proper sample plan must - fulfil two

<)

‘'sampling criteria; how large an area needs to be sampled

" and what the intensity and the spacing of samples Should‘be.

Burrough (1981,‘;k§§§a,\1983b) considered the separation of

-

systematic variation and random variation ('noise') to “be

.entirely séale depend\nt\‘because altering the scale of .

observationﬂalmost alwa?s\\evealed systematlc structure in

.
the noise. He stated that the "whlte noise concept of a

ndrmally d1str1buted random functlon must be replaced to

-

take 1nto' account the nested, - autocorrelated. . and

2

scale dependent nature of unresolved varlatlons . e

The significance of nested scales is revealed in the\

semivariances and ‘autocorrelation data for 'certain soil

Apropertles presented in Tablexﬂz Gajem et al (198 found

different 5111 values for -10 and -1500 kPa m01sture releasev
values for three different sampling 1nﬁervals_(d): 20, 200;'

2Burrough,.1983b p 582
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D SOIL PROPERTIES

" 120

Commants

Ref .

;

<2

Nl

TABLE 12, SPATIAL DEPENDENCE FOR
Property Co Mode d t
. (m) (m) (m)
Bu1k 3.4 A1 0.2 20
dens ity 2.0 A2 2.0 200
Moisture 2.4 A1 0.2 20
>46 A3 2.0 200
40 S3 1.0 100
6 A1
3 At
6 A2 3.0
<50 A2 50.0
\ 5
<9 S4 9.0
39,23,25,21 A1 random
Moisture,
saturated 76,73,45,28 A1 random
Moisture,
10 kPa 3.5 At 0.2 20
1.0 A2 0.2 20
0.6 - A2 0.2 20
40,>46,>40 A3 2.0 .200
160 A1 20:0 2000,
1500 kPa 1.7 A1 0.2 20
o} A2 0.2 20
40,>40 A3 2.0 200
36, 14 At 2.0 200
150 At 20.0 2000
40 S2 10.0
. Water -table >2 km $2 250.0
‘Texture
C. si, S’ >5 A3 0.2 20
C . <50 A2 50.0
.c 36 S1 10.0
St 50 S2
S 36 ST &
S 30 - 10.0
E <40 - 10.0
Si >100 S2a 10.0
Si >100 S285 10.0
Infiltration 50 s1 1.0
s4 2.0

depth 50 cm :
typic torrifluevent

depth OS5 .cm, frrigated

east-wast transect

nor th-south transect
6x6 neutron probe grid

deciduous forest.

approximate grid in

rangeland watershed, 0-15

'‘8x8 gravimetric grid.
2 days after irrigation

depths; O 30 60 80 cm;

30 random samplies

120x60m area, Rhodoxeralf

as ‘above

in

one of three transects

in 85 ha field

as above 85 ha field

as desctibed above

7x4 grid

grid, 2.25x3 km
Q

8x8 'grid ¥

- 7x4 grid

grid 80x200 m
Aquic argiudoll
same grid but on
Pachic Arguistolls

topsoil grid, 10.6 ha

subsot]

grid 160x80 m, with

|

rows 1,5,15, and 19 m

Typic Xeroorthents
6x8 m grid, subsoil
Typic Hapludutt

Model-type:'j refers to autocorrelogram and S to semivariograhf
Refer to text in Statistical

model’ type. o -
a.refers to distance of spatial dependence; d is sample interval

L is length of transect
-References: '
1-Gajem et al.,

4-Gumaa,

1978; S5-Hawley et al.,
7-vauclin et al., 1983; 8-Dahiya,
10-McBratney and Webster,

Methods- for explanation of

1981; 2-Vauclin et al., 1982; 3-Clarke, 1976&;

~12-Luxmoore et al., 1S

1983; 8-Russo and Bresler,
1979; 9-Campbell, 1978

1983;_11-Vieria et al., 1981;

v

1981b;

,/:;‘\\



\ 121

and 2000 cm. MéBratney and Webster‘(1981) found a Change in
" slope of the semivariogram for soil color, pH, and depth of
topsoil'at intervals of 8 and 160 m, suggesting a change ‘in
_variafion _yof scale. Bfers and Stephens (1983), from
saturated hYdraulic'conductivity rates obtained évery 15 cm
along two 14.85 m transects, found sill values at 0.15 and
0,60 m: for Qétural‘ log valueg‘ of ghe ‘hydraulic
conductivities. Russo (and Bresler (1983), from 30 random

samples in an 80 by 120 ;»field, obtained spatial dependence
for hydraulic cbnducfivity ranging from 14 to.39hm dependent
uboﬁ the dﬁﬁtﬁ. Reynoldg .(1970ac) noted that variabilit} of
soil moiﬁture appe#?;d to be‘consﬁgnt for the sméll pigt
sizev(gnder 450 m*) and changed for\\'drainage, classes’

o

indicating severalv levels‘ of vaqiabil}ty, Soil moisture
variability was reported by Gajem et al.. (1981) as having
two ‘ranges of dependence, 2.4 m'and.greateg thg; 46 m. Large
nugget - values for . the infiltration rates répoéted .by
Luxmoore et al. (1981) and for.moisture‘éontents reported by
:Hawlef et al.-‘(1983).>indacated that :samples'vshduld ‘be

located closer together in order to discern structure®

4.3.2.3 Anisotropy iﬁ Spatial Variaﬁiiity

Anisotropy in the variability of soil pererties‘ﬁave
been reported by By;rs and 'Stephehs (1983) for hydraulic
;onductivitxt.and\b§ Vauclin etval.h(1983) forssoil<m‘isture
' and soil temperature. The aﬂisot;op§c effect on  soil

moiSture and itemperature were attribufed to wind effects

N

: ‘ B ' . Q
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during irrigation.

4.3.2.4 Sampling Precision

Several studies héve used. régionali;ed variables to
obtain better estimates of variability and to reduce
sampling intensity. Vieira et al. (1981) measured
infiltration rates at 1280 locations in a field 160 by 55 m.
Using the spatial dependence revealed by semivariograms,

they -concluded that 128 samples would be enough to obtaip

_the same information. McBratney and Webster (1983a) and

Vauclin et al. (1983) used cross semivariograms to express
the spatial relations among two intérdependent propeg;ies.
The precisiQﬁ of a less iéténsely sampled or more wvariable
property can be improved through co-kriging it'with a more
precise interdependent property. MéBratney and Websteg
(1983a) found strong co~;ngonalization to exist between
topsoil silt, and.'subsoil silt and subsoil sand. This
enabled topsoil 'silt to be* estimated more precisely by
do%kriging than by kriging from data on topsoil silt alone.
They qugesg that when the auto and cross semi-=variograms
for a Setuof variables are known in advance they can be used
té‘ plén an optimal sampliﬁg? plan by sampling the‘qgin
variable on a Harger grid than that for ‘sufsidiary
variables.

McBratney and  Webster ) (1983b), using known
semivariograms for geveral soil properties coupled with

8 3
kriging, reduced sample sizes required for a desired
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precision to 11 50,28% (i.e. increased efficiéncy) of that
calculated by classical theory for 'simple random sampling.

‘ Webster ana Burgess (1984) discussed impro;ed sampling
schemes for smcil parcels of land‘using the semivariogram.
Depending upon the shape of the semivariogram, the actual
_sampling“ design within each block will change to ma;imize
. precision. Composife sahpling was shown to increase
preciéion of the estimate of the semivariogram.

Regionalized variable tﬁeory has been shown to increase
4pfecision and decrease sampling effort, 'provided that a
spatial structure éxists within the scéie, sampled. Even
without the use of these geostatisfical techniques, sampling:
on a grid will yield a more accurate estimate of the . true
mean with a greater precision than that .achieved by simpié

random sampling for most soil conditions (Webster and

Burgess, 1984).
4,4 MATERIALS AND METHODS

4.4.1 SAMPLE SIZE ESTIMATION
/

The following equation was used to estimate sample size

for soil properties meaiyéed in this study:

e
t'z(sz ) . .
n = — (24)
D?

Only one level of probability, K, for the t distribution was
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chosen; 0.95 for two-tailed tests. Two levels of precision,
D, were used: 5 and 10% of the mean. The variance, s?, value
) !

‘used was that estimated from the actual'mgasurementé.

4.4.2 TESTS OF NORMALITY

Skewness , (yb,) and ku}tosis (b,) parameters were
éalculated for most soil properties in this study. They were
tested for departure from | normaliﬁy using isopleth
probability. figures by-‘Bowman and Shenton (19755. The

calculated parameters were used to estimate the probability

" that the data satisfy a normal freguency "distributibn.‘ The

isopleth figuresl present the 90, 95, and 99% probabilities'

that the‘tested‘ data are anormal. The contours on the
figures are. for samples sizes ranging from 20 to_1000; For

the purposes Qf‘teSting sample sizes in the isopleth, values

of 20 and 40 were u§ed“fo; actual sample sizes of. 21 and 42.

The data was tested for'anormaiity’at‘a probability of}ZQS%.

The W statistic (Shapiro and Wilk, .1965) was calculated

~

and compared agaihst tabulated values at the 1, 2, 5,' 10,

50, 90, 95, and 99% probabilities of "non-normality". The

1

data were tested for non-normality at the probability levels

-of <£5% and 295%.

4.4.3 DETERMINATION OF SPATIAL DEPENDENCE

The semivariogram was used for the determination of

spatial dependence other than the autocorrelogram. The

semivariogram- offers the advantages of smaller sample size

PN
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requirements, less stringent assumptions .regar@ing
stationérity (more robust), and it'provides the basis fof
statistical spatial interpolation.
- Semivariances were calculated for four vectors across
the grid: Vnorth—south, east—west,_northeast~southwest, and
northwest—séutheast.. A114 éemiQariances, ‘-i*(d), -for a
specific samplé~ interval, d, for a speqific veétorvwére
summed and averaged. 1f anisotropic conditions were not
obvious. (one vector at least twice the other vector) the
vectérs' with similar d were summed and ‘averaged. The
resdlting‘:y*(d) values were used to plét a semivariogram.
(Table 13). | | |
For -bulk density, paftic%f size - aﬁalféis,;moisturé
. contents at ;33 and -1500'kPa; semi?ariahces'wereAcalculated
for the iéntiré‘ site for 42 sample locations. Fbr»mdisture
contents, anafchange_in moiStufe‘s£ored;- sem}variances for
the entire.sité'ﬁere only.cal;ulated before any significant
differences in moisture occurfed from the barley growth.
After barley establishmeht, semivariahces were'calcUlatea
for only half the site; the £hree‘fallow plots alternating
with the three ,bafley plots. Semivariances were for these

'

conditions were calculated only for the N-S§ vectors.



TABLE 13.

Site semivariogram vectors and

sampling intervals
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VECTOR PARAMETER

N number

of sample intervals at specific d

N-S d (m) 6.1 12.2 18.3 24.4 30.5 36.6
o n 36 30 24 18 12 6
E-W d (m) 6.1 12.2 18.3 24.4 30.
n 35 28 21 14 7
NE-SW d (m) B.6 17.3 25.9 34.5 43.
n 30, 20 12 6 2
NW-SE - d (m) 8.6 17.3 25.9 34.5 43.
n 30 20 12 6 2
d sample interval for calculation of semivariance

o
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4.5 RESULTS AND DISCUSSION .
‘4 .5.1 PHYSICAL PROPERTIES
4.5.1.1 Precision
The mean, CV, énd the reqUi;ed number ‘of saﬁples for a

desired precision for the soil properties; bulk density,

.texture, and moisture contents at -33 and -1500 kPa are

listed in Table 14 by depth; The CV -for bulk density was the

‘highest (9.3%) at the 40 to 60.cm depth,‘whereaﬁ sand,. silt

and clay, had the highest CVs' at the 60-100 cm depths.
Bulk density was the least variable, requiring only one
to three samples to aéhievejprecisign within #10%, - whereas

clay and moisture. content at -33 kPa.fbr the 80 to 100 cm

depth had the greatest variability, requiring 16 samples to
_achieve a precision within +10%. If the precision‘is-halqu
to-+5%, the_numberlof'sémples incfeaseS'tc approximately‘64.

There is. a slight tendency for the variability to

increase with dépth from 0 to 60 cm- for bulk " density and

_moisture content &t -33 kPa, and from 20 to 100 cm for sand,

silt, and clay. A slight decrease ' in the variability for -

texture occurred from“the 0-20 cm to the 20-40 cm depths.-
The depth of the Ah horizon showed'a.'high variability
with a CV of 35.3% and sample sizes for desired precisions

at 5 and 10% of the mean (D05 and D10) of 203 and 51.

4.5.1.2 Distribution

Distribiticn parameters describting population normalisy
. =) ) o4 2

 for bulk density, sand, silt, clay, and moisture contents at
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TABLE 14. MEAN, COEFFICENT OF VARIATION, AND SAMPLE SIZES FOR SELECTED
SOIL PHYSICAL PROPERTIES

DEPTH  STATISTIC BULK . TEXTURE MOISTURE CONTENT AT
‘ Lo DENSITY JSAND SILT  CLAY . -33 kPa -1500 kPa
) (cm) Mg m-? % - % % Mg Mg-lL Mg Mg-!
Mean 1.1 33.6 33.6 26. 1 . 30.2 18. 1
0-20 cv 6.1 1.4  15.1 14.9 6.1 8.9
D05 8 21 37 36 6 13
D10 . 2 5 9 9 2 3
20-40 Mean 1.3 34.8° 33.6 30.9 24.9 14.6
cv 8.7 103 14.5 12.8 -~ 9.1 10.3
DO5 12 17 21 27 13 17
D10 3 4 5 7 3 4
40-60 Mean 1.6 39.0 27.0 32.8 22.3 13
cv 9.3 12.4 13.5  14.7 10.0 18.1
DOS 14 27 30 35, 16 53
e 7 D10 4 7 7 9 4 13
..... 2 T2 S A P
GO-Bé\ Mean 1.7 40.2 27.2  31.6 23.3 13.4
cv 5.9 19.2 15.6  15.7 11.9 15.0
N\_ Dog 6 60 40 41 23 37
D10 1 15 10" 10 6 g
80-100 Mean 1.7 39.6 27.2 32.0° 25.6 14.1
cv ’ 5.9 19.3 14.3. 19.9 12.7 16.1 .
. DOS 6 61 . 34 64 26 63
~ " D10 1 15 8 16 7 16

DO5, D10 = Levels of precision at 5 and 10% of mean
Student’s t value (2.021) for 40 degrees.of'freeQOm at
0.05 level of significance for two-tailed test.
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-33 and —1506 kPa are lisﬁéd in féble 15. The &est  for
departure from normality by' Bowman and Shenton (1976) is
sli@htiy‘more,sensitive than the W tést by Shapiro and Wilk
(1965).  Most of the anormality occurs below 40 .cm,
especially for sang, silt, and clay. The moisture. contents
at -33 ‘and -1500 kPa éhow the ieast anormality-excépt at. the
60 to 80 cm depth for the moisture content at -33 kPa.

- For bulk density at the 40-60 and the 60-80 c¢m depths,
thélanormality‘is the result of .a large negative skew. The
céuge'of these'skewed values was the yariatfon of the depths
the Ah hofizon. In two locapions the Ah extended to ‘54’l§nd
94 cm resulting i; bulk densities much lower, 1.15 and 1.16
Mg m-?, for the 40 to 60.cm.depth; whe:eas the mean for this
depth was 1.60 Mg m"°. The’ same Erend'occurred;for the 60 to
80 cm dépth. This Qariation iﬁ Ah depths was likely due to
tree throw as . noted by_féaWIuagandvDudas (1982) in other
iocatioﬁs of the local landscape. |

The large negative S%e& for clay content in the 0-20 cm
depth is the result'of one very low value; 7g9%, wheréas ﬁhe
mean clay content for this depth is 26.1%. The significant
anormalities for sand, silt, and clay at the deeper .depths
(below 40 cm) is the result of sand lenses and -layers.
Generally, however, énly a few valués pronced- large skéw
values. A very low silt value, 9.1%, in the 60-80 cm depth,
at oge site was r;sponsiblé for the large negative skew. The
mean silt content at this depth was 27.7%.7A high sand

value, 73.0% (mean 40.2%), at the same lbcation':esulted in

-5



AND W VALUE OF SELECTED SOIL

TABLE 15.. SKEWNESS, KURTOSIS,
PHYSICAL PROPERTIES
DEPTH STATISTIC BULK TEXTURE MOISTURE CONTENTS AT
‘ DENSITY SAND SILT CLAY -33 kPa -1500 kPa
(cm) Mg m-? % % % Mg Mg-! Mg Mg-!
0-20 Mean 1.1 33.6 39.6 26. 1 0.30 0.18
Skew 0.062 -.3 1.17 -1.8 0.34 .14
, Kurtosis 2.53 2.7 5.60 14.19 2.83 4.58
normality / / . asaa ‘282 / :
w - 0.964 0.96 0.91 0.76. 0.98 0.96
normality / / aaa asa /
20-40 Skew 0.72 0.08 0.05 0.81 -.17 o
Kurtosis 3.177 4.15  2.32 4.67 1.94 2.14
* Normality /- a / /
w . 0.945 0.94 0.98 0.95 0.95 0.97
Normality aaa / / / /' /
40-60 Skew -1.78 0.93 0.24 -1.13 0.23 -0
Kurtosis 5.58 5.61 5.63 6.13 2.93 3.:
Normality aaa 2z a aaa / /
w 0.78 0.95 0.95 0.90 0.98 0.96
Normality aaa’ / / 2aa / /
e e e e e e e
60-80 Skew -2.18 1.76 -1.47 -0.28 -1.48 -0.29
Kurtosis 10.45 g.21 8.95 3.40 8.44 3.68
Normality - aaa asa aaa /: aaa /
w 0.83 0.85 0.9S5 0.90 0.88 0.98
Normality aaa / / aaa aaa /
80-100 Skew -0.21 :.40 1.20 -0.75 -0.91 -0.41
Kurtosis 3.37 .59 5.83 4.33 4.96 3.37
Normatlity /- ‘pa aa a - aa /
w 0.98 0.95 0.93 0.95 0.96 _.0.98
Normality n / aa /

Normality: a
aa anormal

aaa anormal at <0.99
n normal at 0.90 to-0.95
/ not significantly normal nor anormal at >0.80

anormal at 0.90 to 0.95
at 0.95 to 0.99

level

level of significance
level

level of significance
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a large positive skew. Even without these anormal values at
this site, the textufe still varied from a clay to a sandy
loam at the 60-80 cm depth.

Despite the anormalities of the teﬁture values, the
moisture contents af -33 ’and -1500 kPa displéyed fewer
anormal values (Table 15). The large negative skew for the
60-80 cm depth wae due to a low moisture value at the same

b
location of the high sand value. T

4.5.1.3 Semivariances

Any propertles that dlsplayed significant anormallty ae
av 51gn1f1cance level of 10% or less are- assumed not to meet.
the requirements | of stationarity and consequently
semiva?iances for these conditions are invalid. Although it
has been stated that tére semivariogram is more“robust' than
the autocorrelogram (Davis, 1973), no quantification or
example has yet-been found in the literature ﬁhatv defines
the - limit of 'robuFﬁness'. Coneequently semivariogramé
within this study are interpreted carefully and spatial
dependence only recognized if it is definitely 1nd1cated ‘

Semivariances for the nugget value (Co), and the sill.
value (C), elong with the zone of influence (a) aﬁa\lhe type
of semivariogram are listed in Table 16 for bulk . density,
sand, silt, clay, and the moisture contents at ;33 and -1500.
kPa. Except for the moisture contents et -33 and -1500 kPa:

for 0-20 cm, the semivariances displayed large nugget values

indicating that there was no spatial dependence at the
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TABLE 16.

R

PR

OPERTIES

SEMIVARIOGRAM VALUES FOR SELECTED SOIL PHYSICAL

DEPTH VALUE

BULK °  SAND  SILT

CLAY . FC ' PWP

(cm) DENSITY
0-20 - Co 0.010 16 .3 . hd 2.6 3.7

Type D * * [ C

o - - - - 5.3 8.3

a (m) - . - - 18 24
20-40 Co 23.6 32.0 - 8.7 S.1

Type D D * [of D

Cc - - - - 14.5 |-

‘a (m) - - - - 24 -
40-60 Co _* * 9.3 11.8

Type * * . D - D

C - - [ - - - -

a (m) - 30 30 30 - -
60-80 (o » i * * * * 7.7

Type * . * * * » D

C - - - - - -

a (m) - N - - - - -
.................... e e e e e e e e e e e
80-100 " Co 0.018 - * h d 12.5

Type D * hd - * D

C - - - - - -

a (m) - - - - - -
Symbols: Co Semivariance at sample interval (d) of 6 m
. Type Semivariogram; A-spherical, B-linear,

C-linear with large Co, D-pure nugget effect.
c Sill value
a Sample interval at which si11 value reached.

Semivariance cannot be properly estimated due to

nonstationarity.
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ineervals sampled. - g o : .

The semivariances for the moisture contents at -33 and
-1500 kPa indicate linea: semivariograms; however, this is
just for east—wesf transects. The north-south transects show
lack of sill values “‘indicative of spatial independence
conditions.
Generelly yhere'some spatial dependence eaisfed it was
between 18 to 30 m; however; th siil values occurred where -
there were too few peirs to-caledlate reliable semivariances
and some indicated that the sill was 'located at distances
greater than that .of tne grid. The ;arée nugget values and-
‘tne'lack ef spatial dependence'for most of the properties-at
nmosf dep;hs suggested that the sample interval (6.1m) is~tdo
lafge to properly infer £he sill value, ‘Slighf diffetences
_in semivariances »occurred depending upon 'the vector,
north-south versus east-west: however) the dgfferenees were

not large enough to result in anisotropic conditions.

4.5.2 SOIL MOISTURE
4.5.2.1 Precisien

‘Fieldvmoisfure contents_ehowed a tendenc& td inefease
in variability (as indicated by the sample eize fof a
required precisiqn)~for drier conditions that occnrredv‘both
before the heevy rain;all period (June 16 to July ;) and
later during times of high Et rates (Figure 21). During. ‘wet -

conditions the number of samples required for a precision of

+5% was between '4 and 8.
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« and 45 cm depths aléo.displayed this trend but to a lesser

V’
-135

v

‘The moisture content at 60 cm for the fallow plots had

the greatest variability before the wet conditions requiring'

20 to 25 samples for a precision of #5%. Generally

variability increased with deptﬁ for both :he \fallow and

barley plots before June 16. After July 7, during drying dué

to high Et, the barley plots displayed a reverse trend, with.

"the 30 cm depth having the 'greatest variability (>25.

samples) .

For both fallow and barley plots, the number of samples

required foriqdprecisén of £10% was consistenﬁlyb Below 5

n

except for the barley 30 cm depth on August ‘18 when it was 7

. )

" samples.

Coeff1c1ents ef variation for fallow _ranged from a high °

of-12. 3% at 60 cm on May 26 to a low of 3.1% for the 15 cm

_depth on June 16. The 60 cm depth CV was: lowest on July 4,

at 4.4%, whereas the 15 cm depth CV was highest on August'

11, at 8.0%. The highest and lowest CV vglﬁés for the barley
plots were 13.0% at 15 cm on August 11 and. 3.3% at 15 cm . on
June 15. These valUgs are not ekceptipnally high compared to

sites of similar size as reported in the, :literature ~ (Table

11)

4,5.2.2 Dlstrlbutlon

Dlstrlbutlon of fleld m01sture contents was negatlvely

skewed, especially for the 60 - cm depth before the heavy

rains during June 16 to July 7 (Figures 23 and 24) . The 30
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30, 60, AND 90 CM
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degree. During the near saturated conditions of late June to
early July the skewness tended to zero and slighﬁly
bositive, except for the barley plots a; 90 cm which became
significantly.positive. During the drying trend of the third
period (July to September), the distributioﬁ_of the moisture
content for £he fallow plots exhibited a negative skew
(Figure 23)- and thé moisture content distribution in the
barley’plots remained near 0 skew with the moisture content
at 60 cm depth exhibiting a slight negative trend.

The large skew values (-2) for the fallow plot§ \weré
due to the one site which had a lower moisture coﬁtent

during dry conditions than the average moisture. During wet

conditions that site had moisture contents equivalent.to the

average, resulting in normal distributions. Sand content at

this site was anormal;y high, 73% at 60 cm as compargd to

the site average of 40%.

W statistic values (Figures- 25 and 26) confirm the
é&qgmal:distributions for fallow dry conditions and the

normal distributions duriné wet conditions.’

4,5,.2.3 Semivariance
Three dimensional semivariograms for the 30, 60, and S0

cm depths are illustrated in Figure 27 for the fallow plots

7

o4 in' Figure 28 for the barley plots. The plots show.

ample - ~1 on the right hand (x) axis and against time

on the . - 1 (y) axis. The semivariograms are plotted

137

¢~ .variance on the vertical’ (z) axis plotted against the .
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only from semivariances calculated for the north-south
vectors  (Table 13). . Nonstétionérity resulting from
significant anormality is marked with a stipﬁled area.

In generathhe semivaﬁiograms for stationary conditions
are ,indicativeg of spatial independence, that’is,;moisture
_contents meaSufed at neighbouring-sifés were not any more
‘“gﬁmilar ‘than those further away.‘Although;the semivafianée
does slightly increase with distance the increase 1is not’
sufficiently Strbﬁg to befindicative of spatial dependence;
Assuming that spétial dgpeﬁdehce does exist. but it is a
mattef of scale ﬁhen the present sahp}e‘interval of.6.1 m ié
“too iarge,or/and~it is too sméll.

Other trends of note from the moisture contenf
semivariograms displayed in Figures 27 to 29 are: |
1. smaller semivariances for stationary tonditions at the

30 and 60 cm _de;ﬁ;hg ‘than the 90 cm depth;
2. -a‘decreaéé'in semi&ariancg.and iﬁfslpbe'of1semivariogram
for wet cénditi%ps during early July, e#cept for tbe
fallow plots at 30 cm;.and
L 3. inaications of spatgai debéndence.occurring-forlmoisture'
coﬁtents at 90.cm aufing August, but Qith discontinuity
at :thel dfigin and no ‘- apparent sill values (Type 53,
Figure 20c,'?agevnq. 106)
 Interpfetations of the effects of barley ;s compared to
'falyow‘coﬁditiqns ﬁpon the moisture content semivariances
couid not be evaluated due to nonstationarity and textural

~variability within the site.

-~e -
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4.5.3 SOIL WATER POTENTIAL
4.5.3.1 Pfecisibn and.Distribuﬁion

' Tﬂevmean, coefficient of variation, and sahple_ siies
for precisions of 10%, for tensiometers at 30 and Gd cm
depfh are listéd in Table 17. The variability of the 30 and
60  cm tensiometer readings were dgreater than the Cst-fbr
other soil'propepties. Generally more than 30 :samples were
.required . to achieve a prééision of +10%. The feédings for
Ehé 60 cm tensiometers were more variable than the 30 cm
readings. Bérley plot readings were more variable than' those
fér,fallqw. There does not appear to bé any apparént trend
of increaéing variability witﬁ decreasinglpotential.

Although the sampie ;izes were not large eHouéh for any

valid statistical comparisons wusing the skew and'kurtOSES
parameters, the skew values, with'the exception of‘tﬁe‘so cﬁ
depth for”barley plots, were generally low (below L.O). None
of the W values were significantly anormal nor normal at a
probabilty level of <0.05. |
| Logarithmic transformations of the "absolute’ potential
values, expressed in cm of water (pF), resulted in decreased
variability as indicated by the CV values and  the sample
size reéuirementé, but . did nopAalwajs result in decreased

skew.or W values.
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TABLE 17. Statistics for the 30 and 60 cm
‘ Tensiometers

DATE - ‘ N MEAN CV D10  SKEW W
: - (-kPa) '

30 cm depth

July 14 17 8.5 18.6 15 0.00 0.966
log : 1.91 5.1 1 -0.56 0.940
July 21
Barley 7 11.3  36.1 67 -0.01 0.920
log 1.97 8.0 4 0.12  0.902
Fallow , 9 9.3 23.5 26 -0.56 0.963
log 1.96 5.8 2 -0.79 0.910
July 28 . ' :
Barley ‘ 7. =22.7 25.7 32 -0.45 0.914
log 2.34 5.2 2 -0.53 ° 0.889
Fallow .9 L,15.1 11.7 7 -0.37 0.933
. log | : 2.17 2.4 1 0.29 0.916
August 11
Barley . 9 79.5 8.9 4. 0.61 0.904
‘log - 2.90 1.3 1. 0.09 0.916
Fallow 9 44.3 22.2 22 -0.19 = 0.956
log _ 2.64 3.9 1 -0.48 0.931
60 cm depth
July 14 18 3.2 38.6 63 0.34 0.956
log -1.48 12.0 6 -0.23 0.963
July 21 -
Barley S 4.8 41.5 81 0.96 0.902
“log 1.65 - 10.2 5 0.31 0.972 -
Fallow - 9 4.6 36.9 64 -0.13 0.870
: - log 1.63 10.8 5* -0.29 0.876
July 28
Barley - 9 6. "48.8 112 1.36 0.8B46
log’ I V- Y 5 0.50 0.961
-—+ Fallow" 9 4.6 31.5 47 0.24 0.976
. log ' 1.64 8.3 4 -0.17 0.980
- August 11 o ' . , : ,
Barley 8 41.5 46.5 106 -0.17 0.942
log - . 2.56 10.3 6 -0.87 0.875 -
- Fallow 9 6.7 58.8 163 . 0.80 0.897
log 1.76 14.7 11 -0.27  0.954

Log values are derived from log,, cm H,O
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4.5.4 CHANGES IN SéIL MOISTURE.
4.5.4.1 Precision
The CV for total changes 1in soil moistufe, AS,
within the top t m of the soii profile, is graphed’
agéinst time in Figure 29. Generallly the variability of
changes in soil moisture were greater th;; any other
'soil property especially during May to late June and
;vlate August when the CV vaiues were Qvef 80%. CV wvalues
ranged from a low of 18% for‘the barley plots in August
to valués greater than 1000% inv Septémber.' Genérally
év?; W¢fe very large (>100%) when AS Qas veryvshall
v(late‘May to late June and September), large (40 ;o 80%)
when Aé was increasing due to precipitation, and lowr
(<40%) during conditions of high Et.
Réqﬁiréd samplé sizes varied proportionally with

the CV's between 20 and 2000 for a precision of *10%.

4.5.4.2 Distribution
Skew values and W values for total change in soil
‘moisture lwithin the top 1 m of~the»soii profile are
:plotted agéinst time in Figures 30 and 31. Significantly
anormal' distributions ‘occurred in June with.ainegative
skew and i# early Jhly; during.large increases in AS due

to rainfall, with a positive skew. During late July and

August when FEt was large, the AS distributions as

2

indicated by the skew and W yalues were rormal, - .U
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FOR FALLOW AND BARLEY PLOTS

1.00—1 | } } PROBABILITY
O.F NORMALITY
Tl T e 0.99
T T e e 0.95
- - -t -0.90
“
-- -t o0.80
- - - 0.10
- - - "0.05
values calculated from
a sample size of 21
T
e 0.01
e —-e  FALLOW
. 864 o—o0 BARLEY T
0.84 } | 4 }
JUNE JULY AUGUST SEPT
- FIGURE 31. W VALUES FOR CHANGES IN SOIL PROFILE MOISTURE
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4.5.4.3 Semivariance

The semivariances vqgféd greatly depending upon the-
vector and also among differént time ‘periods. The
semivariograms were . characterized by large nugget .
values, fanging froﬁ 10‘.tQ ovef A4OO. No . épatial
.dependence within these §ampling distances are indicated

* v

with any consistency. ik



”‘7_’5. SUMMARY AND concr.qsxoﬁs'
Thgfwater balance”was-determined for fallow and barley
lmoisture regimes from ~soil moisture measurements in
conjunct1on ~with precipitation measurements and
evapotransplratlon calculgrlons Soil moisture was measured

with a neutron probe and evapotransplratlon was calculated

using Penman's egquation. 'Systematic location of sample

polnts enabled assessment- of .the spatial variability of soil

moisture
\*J

Dralnage and evapotransplratlon were quantlfled u51ng a

comblnatlon'_of calculated £t by .the Penman equatlon for:

:

conditions of positive AS and by the field capacity. (fallow

and barley) and - the gradient methods (barley only) during

2.

\condltlons of negat1ve AS. Dralnage from May 26 to September:

l,83 ‘calculated using the field capacity method as 94 mm

R,—,

.48m
for both the fallow and the barley plots. Evapotransplratlon

was estimated tobe 207 and 254 mm for the fallow and barley

Il

.. Plots. Results using the gradient method differed little

from - 'the | field ‘capacity method' drainage and
,~;g ,.‘l r L
evapotransplratlon for the barley plots were respectgvely 88

and 260 mm. The slight dlfference between the two methods 1s

partially maSked by the -occurrence of about 90% of the

I

drainage durlng theA wvet conditions. The'Penman method was

'

ok
used between June 16 and July 7 when 224:mm or. 80% of the

&

season»s“ prec1p1tat1on‘ occurred Dra1nage calculated u51ng

the field capac1ty and the;wgradlent,'methods (July 7 to

Septemberl 8)xhas.estimaté§,for the barley,plots_at 12 and 6

-

149 B
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mm‘respectivel§7’;he largest potential source of error lies
py /' : . .
timMation of actual evaporation by the application

in the-

/4§of a coefficient (_0.8;I to PET - calculated by _the Penman

3
b

#

hod. Although no ‘measurement of the actual evaporation

s available, an error as much as #10% might be expected.

Th moisture deficit.for the entire study period<was 17 and

N

64 mm for the fallow..and the barley plots respectlvely
”'Dueb to th probable occurrence of upward flow from a

shallow waten:table to the root zone, a precise estlmatloh

of .evapotranspfration - was not-: possible. The

evapotransplratlon calculated here is undoubtedly l)& " to

upward flow of water. The literature indicates that™a water

‘table at a depth of 1 to 2 - i1 ine presence of an actiiely

growing crop will result in upwano flow :and could contrlbute_m{f

30% or-greater of evapotranzpiration. A contr]butlon of 30%

' : E . .
would account for all the water that was attrlbuted to

‘be entirely atgglbutable to upward flow.”

':,QQSLQpe was steeper,.(3%};¥}i1nterflbw could \\also have

drainage and consequently the drop in the water table”xwpuld

!
LY

N 'The only moisture inputfgo the site from Maj 26" to
‘Septembe; 8 was"precipitation._The water table did not exist

before June 23, the onset of heavy rains. Runoff and °

‘/-!.

1nterflow onto the site was llkely nil &ue to the presen e

LY )a-’
/ > 3

of a gentle slope (about 1%)at the hlgh port1on of the 51te

and he surroundlng grass StrlpSe'Wlthln 51te, runeff was

: o .
probably greater, as 1nd1cated by mlcro rllls, and could

. haye accumulated in the lower,portxon of the 51te where the

@
B - 3 0
L : * S

va
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contributed to moisture acéumulation and wpossibly‘ outflow

. from the northwest corner of the site due to the steeper

topography and the slope in the water table. A slight
increase in .soil moisture. was evident in the northwest

corner, but: was confounded by the water table being  much

13

closer to the surface.
The spat1a1 varlablllty of soil moisture and other soil

propertles was - ”aetefmlned by caitulétlng the prec151on o’

< Ihm- .

thg meagurements, the normallty of the dlstrlbutlon, and the

\’;
spath% dependence of the sample 1ntervals.

. ""7,, v

%he number of samples‘gequ1red to measure 5011 m01sture

)
.;w1th 8 prec151on of +5% for a probablllty of 95% varied from

' moisture content in‘ the. barley piots require

;higheet to lowest: |

g 3

28 for the .barley plots at 30 cm«in the beginning of August

‘to two samples at 90 cm in mid- July for the barley plots.

Dnring vet conditions in - the first week of July the 50 cm

only four

N

samples. Generally 5011 m01sture prec151on incre

m01sture content 1ncreased Soil properties measured at this™ .

e /
slte are ranked below71n térms of relative precision from

i
/

/

g
i) soil mOASture (nebr saturatlon)
~ii).” bulk den51ty
".1ii) soil moisture (dry)
iv) mdisture -33 kPa
v) . ‘mpisture -1500 kPa

vi) sand,silt,clay R
vii) soil suction o
viii) AS °

Most of these“properties, including soil moisture, had the
_ 3 3

BQ . R ":"‘,'!ﬁ .

LY . . . . 5 PN
. . v @

k=4
i
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l0west precision at depths below-do cm. This was due to the
presence of discontinuous: sand ,lenses; To determine AS
wlthin +5% of the mean required between 20 and 2000 samples
dependlng upon the value of AS. Generall§ the precision df

AS 1ncreased as *ne assolute value of AS became lafger,

o 5\9&3‘4« |

R

Soil moisture became more anormally dlstrlﬁﬁmeax(hlgher

skew values) as soil moisture ‘decreased Dur1ng ‘near
32

‘saturated conditions, . skew values near zero 1nd1cated normal

N e .
Pl
. 7 -

distributions, whereas for drier condltlons the m01sture 'fﬂé

’ / -

content, éspecially for the deeper depths was 51gn1f1cantly

negatively skewed. Soil-texture; and m01sture contents at 33

and 1500 kPa were often 51gn1f1cantly anormal at the\ deeper»

¢

depths %Aso Changes 1n 5011 moisture were more normal for

conditions of hlgh evapotransplratlon than for condlt1dns o?

‘hlgh precipitation and dralnage

Semlvarlograms of all soil properties ‘indicated that

ne}ghbour1ngsamples were -genegglly spatially independent.

There was a lack of spatial dependence _af7 the " sampling

.~<'
“ t

interval- used (651 m) over the d;stance sampled (43.1 m).

K\)'

The large nugget values relat;ve' to the semivariances at

greater sample intervals indicated that most of the yariance,

¥

occurred at distancesless than 6

The_ lack of" any spatlal dependence at the measured

.dlstances Eould be in part due to. the high variabilities

/ .
encountered. These high variabilities likely resulted in the

assumption of stationarity nct being met.
j Y
J .
L

. /‘ | : v‘ ’.

v o4
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Proper statistical_evaluation ef_seil moisturelubetweeﬁ
two different vegetative regimes requires a certain number
‘of 'samples spaced a certaia ‘distance "~ apart. The first
reqUiremeht to accomplish this is to establish the desired
preeision. ﬁeseareh work may require . ‘a greater - precision,
(+5%) tﬁan applications or survey studiea (£+10%). Site
x‘conditions for this study dictate that.upwards’of 28 neutron
moisture measurements for one depth are required ;o achieve
a prec151on of #5% within an IO.T’ ha site. Durlng Nnear‘
saturated condltlons- this"aample size for the same depth
reduced to_4 The spatial independence of tpe‘ stﬁég‘ 51te
. indicated that the samples may be spaced 6 to. 32 m apart and
that a random spacing would offer the ~same eff1c1ency fih
ptecision ~as_ would a systematic épacing.* If  spatmal‘
dependence does occur at distanees smaller than 6 m"ot
larger than 37 m, then systematlc spac1ng would result 1n

I

increased prec151on over random spac1ng

e
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PROFILE DESCRIPTION OF SOIL PROFILE AT ELLERSLIE
RESEARCH STATION. (Crown and Greenlee, 1978)
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Soii::f‘Eluviated @ladk Chernozem (Typic Argialboili

Locatlon- Ellerslle Research Statlon, Edmonton, Alberta,
NE 1/4 Sec 24, Tp 51, R 25,"W 4, (Figure 1).

_Parent Materlal Lacustrine wlth interbedded till:
Landform and Site P051t10n' Undulating, uppér‘slope ‘ g‘:% 
position, very gently sloplng to the East. | oL

Soil Dra1nage' Well dralned ]
Present ‘Landuse: Recently abandoned cropland, bounded
by act1ve cropland. : . .

_Vege ﬁ;on. Grasses and some common weeds,
W

I . R
-

_DEPTH ° DESCRIPTION o DR
(cm)_ . . o S S -

Ah - " 0-30  ®Black (10YR 2.5/1’m) silt loam; weak to..

: ST moderate, medium subangular blocky 5. .

~ . .breaking to moderate to strong, fine N

. o - granular.:, friable; abundant, fine random

g , N ‘roots; many, fine, random pores; no clay = . .

’ : Y films; no carbonates~ no coarse fragments,& G
abrupt, wavy boundary, 23 't67'34 :cm thick; i F
sllghtly aC1d to neutral qeactlon

Y

3 . H DTN
Ae - 7. 30-37 @ Bréwn (10¥R S/P m) szlt loam; weak to . -
' - moderate, fine platy} frlable° ‘plentifiul,, .
- . fine, vertical roots; many; fine random -
pores no clay 'films; no carbonates, no- .
. coarse fragments; clear, broken boundary,- ST
¥.1 to 10 cm thlck sllghtl ac1d’reactlon.

- Bt 1 '37-87 | Brown (JOYR 4/3 m)xloam~/moderate, medlum
-4 * to'coarse prismatic; 'firm; plentiful, -
i . fine vertical roots; .com on,. very| flne, i
o et verolcal pores; many, deerately hick, .
o m - .dark grayish brown ("TO¥R. 4/2) clay £ilms”
‘ ® . in many voids and on many-ped surfaces;
‘estimated: 10% gravelly coarse fragments; ,

%b ' gradual, wavy boundary; 43 to 61 cm th1ck L
L ‘ sllghtly acid! reaction. o / . ‘
"Bt2‘° '87—1Lg Dark graylsh brown (1OYR 4/2 m) clay loam,’

~moderate, coarse: prlsmatlc,‘very firm; - .,
2 S ‘ . ; S
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few, very fine, vertical roots; common,
very fine, vertical pores; many,
moderately thin, dark grayish brown

(10YR 4/2) clay films in many voids and on
many vertical ped surfaces; no carbonates;
estimated 10% gravelly and 2% cobbly '
coarse fragments; abrupt, wavy boundary;
22 to 33 cm thick; neutral reaction.

vellowish brown,(10YR 5/3.5 m) silt loam;
few, medium, pfominent, dark reddish

brown (2.5YR 3/4) and strong brown

(7.5YR 5/6) mottles; massive; very firm;
no roots; few, very fine, random pores;

no clay films; mod rately calcareous;
secondary carbonates common; medium

light gray (10YR 7/2) vertical streaks and

irreqular spots, very friable; estimated

5% gravelly coarse fragments; moderately
alkaline reaction. CL



