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ABSTRACT

Spatial variation of in situ  available water content was studied

along with related parameters over three 16-ha irrigated fields. The

fields, two near Marana (Pima County, Arizona) and one near Casa Grande

(Pillai  County), range in texture from very fine loam to loamy sand. All

soil series present are mapped as Entisols or Aridisols. A 50-m grid

provided 56 sampling sites in each field. Each site was sampled at 30,

60, 90, 120 and 150 cm. Samples were collected from each field follow-

ing a heavy irrigation in March 1977. Bulk samples were collected two

days and four weeks after the application of approximately 300 mm of

water, to determine in situ  water content at field capacity and moisture

redistribution with time. Related parameters such as particle size

distribution and soil water characteristics were also studied. Bulk

density and saturated hydraulic conductivity were determined from

undisturbed, core samples.

The measured parameters showed different patterns of variation

within the same field as well as from one field to the other. Spatial

variability of saturated hydraulic conductivity was the highest for

which coefficient of variability (CV) ranged upward to 108%. Bulk

density, on the other hand, showed the lowest coefficient of variability,

as low as 5%.

The in situ available water content (AWC), estimated by sub-

tracting moisture content at 15 bars from the corresponding in situ

xi



xii
FC values, showed a general tendency to increase with depth corresponding

to the increase in percent silt plus sand with depth in all three

fields. The coefficient of correlation between the two parameters was

high (up to 0.70). The mean values of AWC as estimated using 0.1 bar

values for field capacity in the laboratory were consistently higher

than the in situ  values. The values were within 25 - 35% of each other

in Fields 1 and 2, while in the sandier soil of Field 3, the AWC was

overestimated by an average of 74% in the laboratory. The CV showed an

irregular tendency to increase with depth, but was consistently high

in the 150 cm layer in all three fields. Values estimated in the

laboratory showed lower CV and higher correlations with soil separates

than in situ  AWC in all three fields. These two observations can be

attributed to the elimination of in situ  factors such as texture

stratification, compaction, and/or amount of water applied.

Agricultural soil formed on water transported material at 0.1

bar were highly correlated with sand (r = -0.8) and the 15 bar values

were better correlated with clay (r = 0.5). Also, the coefficient of

variability increased consistently with decreases in moisture content.

The analysis of variance showed the three fields to be

heterogeneous. The variation for within and between the 5 depth

groups was significant. A two-way interaction between depths and sub-

areas within each field accounted for 44, 45 and 38% of the total

variability in Fields 1, 2, and 3 respectively.

Cumulative frequency distribution plots, full normal plots,

Kolmogorov-Smirnov tests of goodness-of-fit, tests of skewness and



tests of kurtosis were conducted to test the null hypothesis of

normal distribution for each parameter. The full normal plots, being

sensitive to deviations from normality, rejected the null hypothesis in

all cases with few exceptions. They showed the data tends to be skewed

to the right and/or kurtic. The alternative frequency distribution of

the parameters indicated the data to be asymmetric, short tailed with

the exception of percent sand which was symmetric, short tailed for all

three fields. A power transformation is suggested as a possibility for

transforming the data to get near normal distribution.



CHAPTER 1

INTRODUCTION

Spatial variation of soil parameters found over a field is a

widely recognized problem. The inherent variability of soil has a

multi-effect in every aspect dealing with soil. A knowledge of vari-

ability within the field is essential to the farmer in deciding the

adequacy of cultural practices, especially those dealing with water

and fertilizer applications. Similarly, agronomists and soil chemists

need to know the amount of soil variability within an area before

deciding on the number of samples necessary. Also, it is important

to soil survey in deciding class boundaries (Beckett and Webster,

1971). Warrick, Mullen and Nielsen (1977) considered soil variability

as a major dilemma facing hydrologists and soil physicists in studying

soil water characteristics and unsaturated hydraulic conductivity

functions to be able to describe water flow in soils over field-sized

units.

But information on just how much variation to expect is scat-

tered and difficult to find. Finding such information about soil

variability, requires a laborious collection and analysis of large

numbers of samples (Beckett and Webster, 1971). Variation in soil

properties from point to point in the landscape is a consequence of

many factors of different natures that interact closely with each

other (Varazashvili, Lytayev, and Petrova, 1976). Beckett and Webster

1
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listed factors that cause soil variability in their review. Some fac-

tors, such as burrowing worms, produce differences over short distances.

On the other hand, regional gradients in climate, introduce long-range

soil gradients. The amount of variability found in soil also depends

on the type of parent material (Kantey and Morse, 1965; Robinson and

Lloyd, 1915).

Soils formed on transported material tend to be more variable

than those weathered in situ from bedrock. Additional sources of vari-

ability in soils are the result of human management in the case of

cultivated land. Physical properties of soil could be affected by

plowing, subsoiling, ridge-and-furrow or drainage through effect on

moisture regime.

The list of sources of variability seems endless. Processes

that give rise to soil differences over very short distances introduce

variability within all sampling areas, almost regardless of their size.

Long gradations and many biological activities also, result in notice-

able changes to variability within all sampling areas. Environmental

factors thus seem to produce the overall variability of soil within

an area.

Soil variability is not the same at all depths, nor does it

change with depth in the same way at all seasons or for all properties

due to variation in nutrient and water uptake and differences in work-

ing procedures. Lumb (1966) concluded that soil parameters will not

be constant at all points in a soil mass but will depend on the loca-

tion of the point, i.e., soil properties are linearly dependent on the

depth Z below the soil surface.
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Evaluation of the variability of available water content (AWC)

over a field area has received the special attention of many researchers

(Cassel and Sweeney, 1974; Hagood, Miller and Larsen, 1970). According

to the Glossary of Soil Science Terms (1978), available water is the

portion of water in a soil that can be absorbed by plant roots. Con-

sidered by most workers as the amount of water released by the soil

when the equilibrium soil matrix potential is decreased from field

capacity to -15 bar. Field capacity is defined as the percentage of

water remaining in a soil 2 or 3 days after having been wetted and

after free drainage is negligible. Fifteen bar percentage (-15 bars)

is the percentage of water contained in a soil that has been saturated,

subjected to, and is in equilibrium with, an applied pressure of 15 bars.

FC and PWP and hence, AWC depend on the amount of water applied

as well as soil texture, structure, texture, stratification and salts

(Coleman, 1944; Cassel and Sweeney, 1974).

Accurate values of AWC of a soil or of soil textural classes

are necessary in planning irrigation systems and projects. Inaccurate

values of AWC may lead to excessive or inadequate water application,

poor delivery and improper capacities of delivery systems (Schulbach,

1971). Cassel and Sweeney (1974) added several beneficial usages of

AWC data. Soil survey interpretation, land use planning, making of

long term management decisions, are but a few examples. The accumula-

tion of accurate data would eventually allow the establishment of AWC

for various textural classes by correlating FC values to soil texture.

Several studies have already shown that AWC is highly correlated with
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silt content and organic matter, although soil strata can dominate over

texture in some cases. Accurate measurement of AWC in the field is not

an easy task since one takes into account the effect of so many differ-

ent factors. Varazashvili, Lytayev and Petrova (1976) stated that it

is difficult to study the dynamics of soil moisture under natural con-

ditions largely bacause soil moisture experiences considerable fluc-

tuations in space and time. Webster (1966) and Towner (1968) found that

soil moisture shows a considerable variation even over short distances,

particularly in strongly structured soils during periods of drying or

wetting. They also found that the coefficient of variability (CV) is

lowest in freely drained soils and higher in soils with a seasonally

high water table or in heavy textured soils.

Related soil physical parameters such as moisture retention

values, bulk density, and particle size distribution, have been included

in various studies to determine the amount of variability over a field

area. Several studies have shown values of soil parameters to be

normally distributed, but some are not (Hemingway, 1955; Raupch, 1951;

Webster, 1966). McIntyre and Tanner (1959) pointed out that even though

much of the biological data appear to be drawn from normally distributed

populations, several instances of a normal distribution for physical

measurements were found. Skewness is the most departure from normality.
-

They advised in such cases to either transform data to give near normal

distribution or use nonparametric methods.

Study of related soil parameters and their variability aids in

approximating water content, finding correlations between parameters,



5

and development of regression equations for estimating AWC of a soil.

Salter and Williams (1965) were able to estimate the AWC of 27 soils of

different texture from mechanical analysis data. They developed a re-

gression equation relating the AWC of a soil to its concentration of

coarse and fine sand which gives an estimate of the mean AWC with an

average of ±16% accuracy.

Analysis of 271 Missouri profiles showed that AWC decrease with

clay content and increase with silt. Coarse silt (.05-0.02mm) increases

with AWC more than fine silt (0.02-0.002 mm) (Jamison and Kroth, 1958).

In another study of available water content in California by Schulbach

(1971), AWC was poorly correlated with the clay fraction, but highly

correlated with silt and with silt plus very fine sand. However, 15

bar percentage, total water content and wilting point were better cor-

related to clay content. Field capacity is correlated to the silt

content and organic matter. Much of the AWC held in pore sizes associ-

ated with sand are held at tensions of less than 0.5 bar, in silt less

than 1 bar but in clays only a small percentage of available water is

held at tensions less than 1 bar. In heavy clays, most of the water

would be held at tensions approaching 15 bars.

Cassel and Bauer (1975) studied the spatial variability of 15

atmospheres and bulk density below the depth of tillage. Bulk density

values showed less variability (CV 6-9%), than 15 atmosphere percentages

(CV 14-45%). Aljibury and Evans (1961) reported that variation in water

retention and bulk density for two soil series was as great within 7 ha

tracts as between 7 ha tracts for the same soil series. Furthermore,
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variation among tracts was such that a mean for a soil group is a very

rough estimate for a single tract within a relatively uniform soil group.

Cassel and Bauer (1975) also added that surface layers (0-30 cm) is not

good for inclusion in statistical analysis of bulk density due to tre-

mendous variations. They also showed that bulk density values at each

depth resembled a normal distribution. Fifteen atmospheres percentage

on the other hand, differed significantly with depth at all sites and

is not normally distributed. Results suggested that soil physical

properties may be statistically different at two locations of a given

soil type in the same field, a factor that must be considered in samp-

ling during field research. Harris (1915), also stated that heterogen-

eity is perhaps more likely to occur as a spotting of the field than a

relatively uniform change from one side to the other. For this reason,

Hammond, Pritchett, and Chew (1958) suggested some form of simple ran-

dom sampling is usually recommended in chemical, physica, and biological

survey.

Varazashvili, Lytayev, and Petrova (1976), indicated that the

coefficient of variability of soil moisture content in space depends

very strongly on the degree of wetting, i.e., on the water content.

CV = f(W)

Coefficient of variability increases markedly with decreasing soil

water content, i.e., the relative variation is inversely dependent on

water content. To assess which soil characteristic for such a sharp

increase in moisture variation with decreasing degree of wetting, they

normalized the values of the equilibrium water content (W) over the
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specific surface area as a generalized index of primary soil dispersion.

Michurin and Lytayev (1967) showed that for the same soil moisture pres-

sure, the water holding capacity of the soil is the greater, the larger

the specific soil surface which results in reduced water film thickness.

They also suggested that variation in water content for pF > 4.2 is

produced mainly by the variation in specific surface. With pF < 4.2,

when capillary moisture appears, the role of specific surface becomes

much less significant for the water content in the soil.

Andrew and Stearns (1963), showed that mean values for clay

content, bulk density, and moisture retention measurements in 4 soil

series, are significantly different between series. Clay content was

shown to be a good measure of variation and well correlated with other

characteristics.

Warrick, Mullen and Nielsen (1977), found that soil water char-

acteristics and unsaturated hydraulic conductivity functions are basic

in describing water flow in soils, but each exhibit a large degree of

spatial variation. Unsaturated hydraulic conductivity was shown by

Carvallo et al. (1976) to vary significantly with depth at 1% level,

generally increasing due to the heterogeneous nature of soil in the

vertical direction. The variability of unsaturated hydraulic conduc-

tivity affects application of moisture flow equations to field condi-

tions. They also claim that infiltration and redistribution of water

within the soil influences efficiency of water use and possible ground

water examination. Stockton and Warrick (1971) evaluated the spatial

variability of unsaturated hydraulic conductivity in the University of

Arizona Branch Experiment Station at Marana on Pima clay loam using a
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modified Millington and Quirk equation and an average moisture release

curve for the entire farm. They found a variation of 20 to 30% in the

unsaturated hydraulic conductivity within ±1 standard deviation from

the average moisture release curve.

Nielsen, Biggar, and Erh (1973) studied the type and magnitude

of spatial variability and checked the suitability of soil water equa-

tions and relationships between physical parameters in 150-ha field of

Panoche clay loam in California. They found that the values of soil

water content in situ, bulk density, and clay content to be normally

distributed throughout the field. Soil-water diffusivity and hydraulic

conductivity were log normally distributed. The correlation between

soil-water characteristics and bulk density or particle size distribu-

tion was found to be nonsignificant. They concluded that the variation

for the individual parameters and consequently the accuracy of the

predictions over large areas from a single plot depends on the specific

parameter chosen. They also concluded that methods for calculating

hydraulic conductivity from soil-water characteristic curves are

adequate for predicting field values.

Coehlo (1974) studied soil variability on 87 hectare area within

a uniform mapping unit of Pima clay loam at the University of Arizona

Branch Experiment station at Marana. He collected 180 core samples at

30 cm interval to a 150 cm depth. In addition, he collected 500 bulk

samples at the 60 cm depth over a smaller area (96 x 76 meters).

Spatial variability of soil water parameters showed different patterns.

Most coefficients of variation were found to be between 10 and 50%,

bulk density showed the lowest CV and saturated hydraulic conductivity
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the highest. Values of 15 bar moisture retention corresponding to

500 bulk samples showed a frequency distribution close to normal with

a slight tendency toward skewness. A high correlation (significant at

the 0.01 level) between 15 bar water retention and clay content existed.

Schultze (1971) in his study about frequency distribution and

correlation of soil properties concluded that values of coefficient of

variability are greater in case of asymmetrical distribution than in

symmetrical one. He suggested that CV less than 20% indicates a reli-

able soil property. For CV greater than 30% soil properties tend to

have a large scatter. Such soil properties are thus only useful if

quite a lot of individual values are available from which a basic value

can be derived. Regression between soil properties is of interest in

practice for if a soil property is rather difficult to determine, it

can be described by another one easier to examine. Bascomb and Jarvis

(1976) also added that properties influenced by fertilizer practice or

other ameliorative or nutrient management are more variable.

In addition to the natural variability, there is also a measur-

ing error associated with the determination of any parameter value. In

practice, the effects of measurement is difficult to isolate from the

"true" value itself and results are biased by method, technique, season

or the experimenter himself. For the most part, we will speak of param-

eters as though measurement error is nil. The effects of errors on

determinations are discussed by Fritton (1974) and Flühler, Ardakani and

Stolzy (1976). Obsiously, in some cases measurement error can dominate

over the parameter variations themselves.
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Objectives 

The objectives of this study were:

1) To determine the spatial variability of in situ  available

soil water.

2) Study the variability of related soil parameters such as

soil moisture release curves, particle size distribution, saturated

hydraulic conductivity and bulk density.

3) Examine the type of distribution for the measured

parameters.

4) Examine correlations between measured parameters.

5) Quantify the relative variability of studied parameters

over a field area.

6) Study the effect of spatial variability on management

practices.



CHAPTER 2

STUDY AREAS

Three privately owned farms were chosen for the study. Two

fields (numbers 1 and 2) are located at Marana (Pima County) and the

third is near Casa Grande (Pinal County) of Arizona.

Marana (Pima County) 

Fields 1 and 2 at Marana, which is located in the Santa Cruz

Valley, lie approximately 25 miles northwest of Tucson on the west side

of Interstate Highway 10 near Tangerine Road (see Fig. 1). Field 1

lies in the SE 4 of NE 4 of Section 1, T 12S, R11E and Field 2 lies

in the SW 4 of NW 4 of Sec. 6, T 12S, R12E, according to SCS map

DHQ-2HH-100 (Gelderman, 1972).

Major crops are cotton, sorghum, and similar small grains.

Other crops grown are alfalfa, lettuce, pecans, safflower and melons.

Outside the culitvated areas, the vegetation consists mainly of mesquite,

palo verde, saguaro, creosote bush and annual and perennial grasses and

weeds.

The climate of the area is characterized by mild winters and

hot dry summers. The summer temperature (40 ° C) is especially good for

growing cotton and sorghum. Two periods of rainfall occur annually in

the area. The first occur in the last half of summer; and the second

period occurs late in the fall and winter. The total annual rainfall

amounts to approximately 250 mm. Water for irrigation and domestic

use is obtained almost entirely from underground water table by pumps.

11
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Fig. 1. Location Map of Fields 1 and 2 at Marana (Pima County)
and Soil Series.
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According to the USDA-SCS map of the Tucson-Avra Valley,

five different soil series are represented in Fields 1 and 2 (see

Fig. 2). They are Agua, very fine sandy barns  (Ag), Anthony loam (Ao),

Brazito, sandy loam (Bt), Brazito loamy sand (Br), and Vinton-Anthony

sandy loam (Vu). Ag and Ao are predominant in Field 1, while Vu is the

dominant soil type in Field 2 (See Fig. 2). All soil series, except

Brazito, represent the typic torrifluvents subgroup. Brazito series

represents typic torn i passaments (see Table 1).

Casa Grande (Pinal County) 

Casa Grande lies in Pinal County which is in the central part

of the Southern half of Arizona. The field chosen (Fig. 2) is on the

NE 1
-Section 19, T6S, R7E, according to SCS map DHR-4LL-215.4

Major crops are cotton, alfalfa, small grains, sugar beets,

and various truck crops. The dominant native vegetation are mesquite,

cat claw, creosote bush, arrow week and salt bush. A few herbacious

plants and grasses grow in open areas. Underground water is also the

main supply for irrigation (Adams, 1971).

The climate of the area is characterized by an annual rainfall

which ranges from 100 to 250 mm in the low desert areas, to from 350 to

625 mm in the higher mountains. Similarly, the mean annual air tempera-

ture ranges from 14 to 22 ° C at high and low elevations respectively.

The General Soil Map of Pinal County (USDA-SCS) gives five

soil types for the area studied. These are Mohall sandy loom (4M),

Mbhall loam (4J), Valencia sandy loam (305M), Trix clay loam (433E), and

Estrella loam (434J). Mohall sandy loam (4J), is the dominant soil type
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Table 1. Series, Family, Subgroup, and Order of Soils Studied.

Series Family Subgroup Order    

Agua	Coarse-loamy over sandy 	Typic torri- 	Enti  sols
or sandy skeletal, mixed, 	fluvents
calcareous, thermic.

Anthony

Brazito

Estrella

Mohall

Trix

Valencia

Vinton

Coarse-loamy, mixed, thermic

Mixed, thermic

Fine-loamy, mixed, cal-
careous, thermic

Fine-loamy, mixed, hyper-
thermic

Fine-loamy, mixed, cal-
careous, thermic

Coarse-loamy, mixed, cal-
careous, thermic

Sandy, mixed, thermic

Typic Torri-
fluvents

Typic Torri-
passaments

Typic Torri-
fluvents

Typic Haplar-
gids

Typic Torri-
fluvents

Typic Torri-
fluvents

Typic Torri-
fluvents

Entisols

Enti  sols

Entisols

Aridisols

Entisols

Entisols

Entisols
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Estrella loam (434J). Mohall sandy loam (4J), is the dominant soil type

in the area. All series, with exception of Mohall, belong to the typic

torrifluvents subgroup. The Mohall series belongs to typic Haplargids

subgroup (see Table 1).



CHAPTER 3

MEASUREMENTS AND RESULTS

Sampling Design 

A 16 ha area from each field was selected for conducting the

study. The sampling sites were chosen on a 50 m grid, resulting in

8 sampling rows/field and 8 sampling sites/each row in Fields 1 and 2;

and 11 sampling rows and 6 sampling sites/row in Field 3. The sampling

rows and sites were designated by numbers 1 through 8 for Fields 1 and

2 (Fig. 3). For Field 3, rows were numbered 1 through 11, and sites

1 through 6 (Fig. 4). Sampling sites (1) near the edge of the field were

rejected from all fields thus leaving only 56 sampling sites/field in

Field 1 and 2, and 55 sampling sites in Field 3.

Bulk samples were collected, using a 7.5 cm bucket auger, from

each site at 30, 60, 90, 120, and 150 cm. A total of 560 samples/field

were collected from Fields 1 and 2, and 275 samples from Field 3.

Core samples were collected from Field 1 and 2, at Marana, with

a core sampler, modified by extending the handle length to 160 cm. A

hole was dug by the bucket probe just short of the desired depth. The

core cylinder was then driven and removed with the core sampler. A

total of 64 core samples were colelcted from the Marana fields. Two

sampling sites from each row, 16 sampling sites, were selected at ran-

dom from each field. Eight of these sampling sites were sampled at

each depth, i.e., 30, 60, 90, 120, and 150 cm for a total of 40 samples.

17
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The other eight sites were sampled at 30, 60, and 90 cm for the remain-

ing 24 samples. The core samples were used for evaluation of bulk

density, and saturated hydraulic conductivity. A summary of measure-

ments and the number of samples for each field are outlined in Table 2.

Table 2. Summary of Data Collected for the Three Fields Studied.

Determination 

Moisture

Field 1	Field 2 

56 sites x 5 depths Same as 1
50 m grid,
2 days and 4 weeks
after heavy irri-
gation 

Field 3 

55 sites x 5
depths,
50 m grid,
2 days after
irrigation

Particle size

Bulk density

All depths, all
sites (280)

1 site, 5 depths
each row; 1 site,
3 depths each row

(64 cores)

Same as 1	Same as 1
(280)	 (275)

Same as 1	10

(64 cores)

Saturated, 	Same as bulk density Same as 1
	

None
hydraulic con- 	(64)

	
(64)

ductivity

(1/10-15 bars)
	

280
	

280 Same as 1
	

275 Same as 1

Number of Samples 

Soil data of Coelho (1974) were used to approximate sample

numbers needed to give estimates of the means for the different soil

parameters. The number of samples necessary to estimate the mean was

calculated (Peterson and Calvin, 1965):

N = t 2 a 2 /D 2a

where N is the number of samples, t e24 is the student's t with (n-1)
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degrees of freedom at the probability level a, 0-2  is the total variance

of the parameter within the field, and D is the specified limit.

The number of samples required to estimate the mean within 10%,

at 0.05 level of significance, for six measured parameters at 5 depths

were estimated using variance estimates of Coehlo (1974) from Pima clay

loam. Results are given in Table 3.

Table 3.	Approximate Number of Samples Required to Estimate Mean
Values Within 10% at 0.05 Significance Level.

Parameter 'S-
30 60

Soil Depth (cm)
90	120 150

15 bars 31 47 62 65 96

% sand 102 149 110 61 29

% silt 22 16 54 104 113

% clay 16 50 64 86 119

BD 5 6 5 3 2

Ksat 1011 649 296 903 1439

The estimates range from 2 to 6 samples required for bulk

density to over 1400 for the saturated conductivity of the 150 cm

depth. These sample numbers were used along with practical limitations

to arrive at the actual number of samples chosen (Table 2). The number

of samples used was expected to be reasonably reliable in estimating

all parameters other than saturated conductivity, for which precise

values would require an inordinate amount of effort.
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In Situ Field Capacity and Moisture Redistribution 

Moisture content at field capacity was determined in situ 

following a heavy March 1977 pre-irrigation for cotton. It was not

possible to get an accurate estimate of the amount of water_actually

applied, but the application was approximately 300 mm. At Fields 1

and 2 (Marana), 70 furrows were irrigated each day. Water was applied

on every other row, i.e., 35 rows at one time for 12 hours, then

switched to the other 35 rows for  another 12 hours. In Field 3 (Casa

Grande) 35 adjoining furrows were irrigated for 12 hours.

Bulk samples were collected 2 days following irrigation. Samples

were placed in 4 oz. aluminum cans, tightly sealed and properly desig-

nated for easy identification. Moisture content was then determined

gravimetrically at the laboratory. The oven dried samples were then

ground, sieved through a 2 mm mesh, and saved for mechanical analysis

and soil water characteristics.

An equal number (280) of samples were collected four weeks later

from Fields 1 and 2. No samples were collected from Field 3, since

they started to cultivate by that time. Gravimeteric moisture content

was determined. Data was used to study moisture redistribution with

time graphically, and determine the effect of moisture (degree of wet-

ness) in situ on the coefficient of variation.

The results of the in situ  moisture content obtained 2 days

(FC) and 4 weeks after irrigation for the three fields are presented

in Table 4. The mean values of moisture content (g/g) for each depth

are given along with standard deviation from the mean and coefficient

of variation.



0

^0

C.)
•H

0

1-

€

 4

1:1)

V)

23

^0

U)

•71-

(1)

C)

• f•

-0

	co ,or)	v) N H-1	co	 cv y)	Cd •1-	c") " CD
(NI	CN	NI	C)N	

€	

r)	00	t4")	t`r)	 tc) •t:t	 Ce) \
1-1	 CN	

•	

e-1 N	1--1	 CN	1n I	 (N

•	

CN

• 01 co	d- C) C)	I---- Cn \ D	‘1- 00 -71-•	Tzt cD cr)	•71- Ir) Hi.	.	.	.	.	.	 .	.	.N-	-•;:i•	oo	1-4	"7j.	(f)	t")	%.[)	CD	Ln	0)	te)	Cr)	cv	H-1	Ln	CO II)
e-.1	 N1	.--I	 tn	1-•1	 Li)	HI	%.0	1--1	•--1	N.0	e--I	 Ln

(7)	C)	CV	t•r)	0 tr) c0	c0 00 nC)	‘.0 00 te)	00 00 nC).	.	.
0) LI)	L.r)	L!) L!) -	\C) 0.) LI)	h-- CO 0')	01 NI	NI	 CO C7)

	Ni 	1-1	7")	 Lr)	 'Cr	 v--1

NN-C)0	Lf) \ 0 Lf)	Ln Hi ,—.1	cv co vo	cr) vo Cri	co 0 ‘..0
• •	 .	.	.	.	.

‘..0	te)	re)	u.)	‘C;	(N	-t-	CD	'.0	C)	C7	Hi	(7)	-71-	s.,C)	00 r.--
Hi	 Ni	1-1	 cf.	r--i	 et	1--1	 ‘.0	NI	d-	e--I	 cl-

Ni ro	 o-r)

€	

pr- V)	0 QC)	h- CO h	Lf)
•

Op 4 N	h-- h-	 0) \C Ln	0 0) 0)	V) 0) 1-1	0 CA 01

	

Cr)	 te')	N	 CV	 CV	t-r)

g g
cd	>	c	 f= Q 	>	cd	>	c C'>

E E ef)	E ef)	E	 E Ci)	 E

H-1
C)	o	 o	 o	 o	 H-1
t-r>	 \.c	 al	 (N	 in	 cd

H.-1	 —1	 ;--1
C)

0



24

Field I showed the highest values of mean moisture content for

individual depth and overall mean, and Field 3 gave the lowest correspond-

ing values. Field 2 experienced the largest amount of variability as

expressed by the high CV vàlues. The lowest amount of

variability is found in Field 3 where the soil texture tends to be

uniform down the profile. The 30 cm layer for the three fields is

homogeneous as indicated by the low CV of the moisture content values.

Field 3 showed a better uniformity in the 60 cm layer whose CV is

slightly lower than •that of the upper 30 cm layer.

Moisture content at (FC) increased or decreased consistently,

with increase or decrease in silt percentage data,will follow all depths

for all three fields. The highest values of in situ  moisture content

is always at the 150 cm layers, which consistently have the highest

silt percentage.

The mean moisture values for the 30, 60, 90, 120 cm layers are

somewhat comparable to the overall mean. The coefficient of variability

tends to be the highest when the mean value and its SD are close to the

overall mean and SD. The amount of variability,expressed by CV, tends

to increase as the moisture content decreases with time. Also, the CV

for the moisture content values is lower than those of the soil separ-

ates and tends to increase or decrease as those of percent silt (see

Table 3).

Particle Size Analysis 

Bulk samples collected from every depth at every site were

used for particle size analysis. A standard hydrometer (ASTM No. 152H
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with Bouyocous scale in g/liter) was used for the analysis (Day, 1965).

Sodium pyrophospate was used as a dispersing agent (55 g/1). Deter-

mination of the percentages of sand, silt, and clay conforming to the

USDA scheme of fractionation was based on readings at 0.5, 1, 3, 10,

30, 90 and 480 minutes. The results of the particle size analysis

of the three fields are in Table 5, expressed as means of percent clay,

silt and sand for each depth with values of standard deviation from the

mean and coefficients of variation. The mean values for each parameter

were obtained from 55 samples for each depth.

The results revealed no consistent trend for the soil separates,

i.e., increase or decrease with depth. Yet, clay showed the highest

percentage, and the lowest coefficients of variability at the 30 cm

depth in all three fields. However, in Field 3, the CV is slightly

higher than that experienced by the 60 cm layer. Percent silt, on the

other hand, showed the opposite trend, i.e., it showed the highest

percentage and lowest CV values at the 150 cm layer except in Field 3

where it showed a high CV. It is also important to note that Field 3 has

a relatively uniform texture down the profile, with a higher percent

sand and lower percent clay than Fields 1 and 2, which are somewhat

similar in texture. The scatter around the mean expressed by the standard

deviation (SD) showed a consistent trend, whereas, percent sand showed

the highest value of SD and clay percent the lowest. Eventually, the

CV is the lowest for the sand fraction for all three fields. The

coefficient of variability for the silt fraction tends to be higher than

that of clay percent. However, the trend is inconsistent. Moreover,
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the CV for the different parameters is the highest when the mean value

and its SD tend to be more or less equal to the corresponding values of

the overall population.

Soil Water Characteristics 

Moisture retention values at 0.1, 0.33, 1, 5, and 15 bars were

evaluated for each sample. Disturbed soil samples were placed in small

rings, soaked in water for several hours and then placed in the pressure

apparatus. Pressure cookers and pressure plates were used following

procedures outlined by Richards (1965).

Gravimetric moisture content obtained at applied pressures of

0.1, 0.33, 1, 5, and 15 bars is summarized in Table 6. The mean mois-

ture content obtained at 0.1 bar are consistently higher than the cor-

responding values obtained two days after irrigation.  Yet, the

corresponding values of coefficients of variation was less than those

obtained for in situ  FC which could be attributed to the elimination of

factors inducing variability in the field, such as texture stratifica-

tion as well as irrigation uniformity.

Other than these two differences, mean moisture values obtained

at the corresponding pressure values behaved in a similar manner to the

in situ  mean moisture values. The mean values increased or decreased

to a large extent with the increase or decrease of percent silt down

the profile. Again, Field 2 showed the highest amount of varia-

bility, as indicated by the coefficient of variability, and Field 3

showed the lowest values of CV. The homogeneity of the top 30 cm is
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again reflected by the low values of CV for the three fields despite

the variation in texture and geographical location.

It is also noted that the coefficients of variation showed

the general tendency to increase with decrease in moisture content with

a few exceptions. However, the increase in CV as the in situ  moisture

content decreases with time is less than the corresponding increase in

case of stepping up the applied pressure from 0.1 to 0.33 bars, which

more or less compares to the 2 days and 4 weeks after irrigation values

respectively. The tendency of CV to increase with applied pressure is

consistent throughout Field 3.- This trend is somewhat irregular for

the values obtained from Field 1 and 2. The irregularity is especially

noticed between 5 and 15 bars values, which could be attributed to the

fact that these fields have higher concentrations of clay and silt

than Field 3.

A graphical representation of the moisture release curves for

the 5 depths, for each field was given in Figures 5, 6, and 7. Mois-

ture release curves for the different depths in Fields 1 and 2 behaved

in a similar manner, while those of Field 3 showed a smaller amount of

water released between 0.1 and 15 bars at all 5 depths.

Bulk Density 

The values of mean, standard deviation, and coefficient of

variation for the bulk density, for each depth, and for the 64 core

samples obtained from Fields 1 and 2, are presented in Table 7. Values

corresponding to the top 30 cm layer in both fields tend to be high

due to the high content of clay particles, and possibly, machine
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Fig. 6. Soil Moisture Release Curves for the 5 Depths, Field 2.
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Table 7. Mean Values, Standard Deviation and Coefficient of
Variation for Bulk Density Values.
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Soil Depth
cm

Value Label Field No. 1 Field No. 2 Field No. 3

30 mean 1.36 1.40 1.73
SD 0.07 0.084 0.07
CV 4.89 5.99 4.05

60 mean 1.38 1.38 1.63
SD 0.09 0.10 0.04
CV 6.68 7.25 2.45

90 mean 1.31 1.33 1.54

SD 0.10 0.09 0.04

CV 7.46 6.67 2.60

120 mean 1.32 1.37 1.42

SD 0.07 0.08 0.08

CV 5.34 5.87 5.63

150 mean 1.24 1.22 1.51

SD 0.06 0.08 0.12

CV 4.81 6.35 7.95

Overall mean 1.33 1.36 1.56

SD 0.09 0.10 0.13

CV 6.95 7.40 8.15
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compaction. The bottom layers (150 cm), on the other hand, gave notice-

ably low values in both fields. The low values corresponding to the

bottom layers could be attributed to the high content of both silt

and clay. The middle three layers in both fields gave comparable values.

These layers contain more or less similar percentages of sand par-

ticles.

The low values of standard deviations, and low coefficient of

variability in both fields and for all depths, are indicative of little

or no variability associated with the bulk density, and is also an indi-

cation of the dependability of the mean values as good point estimates.

Available Moisture Content 

In situ available soil moisture content values obtained from

the three fields by subtracting moisture content at 15 bar pressure from

the corresponding values obtained 2 days after pre-irrigation are pre-

sented in Table 8. Also, AWC estimated by using 0.1 bar values as  PC  are

presented for comparison. The mean AWC values showed that Field 1

has the highest values and Field 3 the lowest. The in situ AWC

showed a general tendency to increase with depth which coincides to a

large extent with the tendency of percent silt plus sand to increase with

depth. The mean values of AWC as estimated on the laboratory showed a

consistent tendency to be higher than the in situ values. However, a

fairly good agreement, within an average 25 - 35%, between the two values

was detected in Fields 1 and 2, while the two values showed a very poor

agreement in Field 3, where the in situ values were lower by an

average of 74%. This proves the argument that retention values should
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Table 8.	Mean Values,
Variations of
15 Bar) 	and (0.1-15)

Standard
in situ

Deviations and Coefficients of
Available Water (2 Days Values -

Values.Bar

Soil Value Field No.	1 Field No.	2 Field No. 3
Depth Label AWC AWC AWC

cm in  situ (0.1-15) in  situ (0.1-15) in situ (0.1-15)

30 mean 9.7 17.8 7.0 13.9 5.7 11.3

SD 3.2 2.9 3.7 5.0 2.6 2.9

CV 33.3 16.3 52.6 35.7 46.5 25.9

60 mean 12.7 15.6 6.6 10.4 4.9 9.0

SD 5.9 6.7 2.9 4.2 1.5 2.8

CV 46.7 43.0 43.2 40.9 31.2 31.7

90 mean 12.6 14.2 9.7 12.3 5.9 9.9

SD 5.3 6.4 7.2 6.5 2.4 3.9

CV 42.0 44.8 74.8 53.0 40.5 39.7

120 mean 14.1 14.2 10.9 13.3 6.3 10.8

SD 7.5 8.0 6.9 6.5 2.5 3.7

CV 53.0 56.2 62.9 48.7 38.9 33.8

150 mean 16.2 16.8 12.0 14.2 7.5 11.2

SD 7.8 7.9 9.2 8.4 3.6 3.7

CV 48.2 47.1 77.2 59.0 47.6 33.5

Over-
all

mean

SD

13.0

6.5

15.7

6.7

9.2

6.9

12.8

6.4

6.1

2.7

10.4

3.5

CV 49.6 42.9 72.5 49.8 45.0 33.9
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not be used to estimate the AWC for sandy soils, or it could mean

that the in situ  samples should be taken sooner than the two days lag

period between water application and sampling.

The scatter around the mean (SD), showed a rather consistent

tendency to increase with depth for all three fields indicating that

more samples are needed for the bottom layers. This argument is re-

flected clearly in Field 1 where the CV increased with depth.

Fields 2 and 3 showed an irregular pattern of variation down the pro-

file, but the 150 cm layer showed the highest values of CV over the

three fields. The degree of variability was higher for the in situ

AWC than for the corresponding values obtained in the laboratory.

This is due to the elimination of the factors controlling this property

in the field, i.e., amount of water applied, texture stratification,

and structure (Coleman, 1944; Cassel and Sweeny, 1974). In comparison

with Fields 1 and 3, Field 2 showed the highest degree of variabil-

ity.

Irrigation Uniformity 

The depth of water stored in the top 150 cm of Fields 1 and 2

is shown in Figs. 8 and 9, respectively. Values are calculated by

D = (30/100)(1.5 p i e, + p 2 0 2 + p 3 0 3 + p 4 0 4 + 0.5 p 5 e 5 )

where D is the depth of water stored in the top 150 cm, p l , p 2 , p 3 , p 4

and p 5 are the average bulk densities for 30, 60, 90, 120 and 150 cm

and e	e
2 

e
3' 

e
4' 

and e
5 

are the corresponding AWC calculated as the

difference between in situ FC values and 15 bar values as a percentage
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Fig. 8. Sketch of Total Water (cm) Stored in Top 150 cm
of Field 1.
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Fig. 9. Sketch of Total Water (cm) Stored in Top 150 cm
of Field 2.
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on a mass basis. The total water stored in the profile is far from

being uniform in both fields.

The lack of uniformity can be attributed in part to the soil

texture variation and texture stratification, but mostly due to the

variation of the amount of water applied to both fields. Looking along

both fields, from north to south, we see that some parts of the fields

received more water than the other parts (see the mean values for each

row, R R). Also, more water tends to be stored in sites near the irri-

gation ditch. Another observation is that approximately 3/4 of the

water applied (= 300 mm) is stored in the top 150 cm of the soil.

The CV of the total water stored in Field 2 is about 30%

higher than that of Field 1, which is consistent in that the CV of

Field 2 is almost always higher for in situ FC and AWC than the

other two fields.

Saturated Hydraulic Conductivity 

The results for the saturated hydraulic conductivity obtained

from Fields 1 and 2 are presented in Table 9. The top layers and the

150 cm layers in both fields showed low values as indicated by the

mean values. Field 1 showed a tendency for the saturated hydraulic

conductivity to increase with depth between 60 and 120 cm, while Field

2 the mean values corresponding to these layers are almost similar.

Statistics are presented for both K and log K in view of previous

studies showing skewed distributions. In general, the logarithmic

transformation reduces the CV by 30 percent or more.
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Table 9. Mean Values, Standard Deviations, and Coefficients of
Variation of Saturated Hydraulic Conductivity and Log
Saturated Hydraulic Conductivity.

Soil Depth
cm

Value Label
Field 1 Field 2

Log K
cm/hour

K	Log K
cm/hour

30 mean 6.3 0.7 7.8 0.7

SD 4.7 0.3 6.0 0.5
CV 74.9 42.9 77.5 61.6

60 mean 9.9 0.9 17.6 1.2

SD 8.7 0.3 8.8 0.3

CV 88.1 32.6 50.0 22.9

90 mean 20.0 0.9 16.8 1.1

SD 27.2 0.6 14.9 0.4

CV 135.7 65.6 88.6 40.0

120 mean 33.9 1.0 16.8 1.0

SD 61.4 0.7 12.0 .5

CV 180.4 71.8 71.7 49.0

150 mean 6.1 0.6 10.5 0.6

SD 5.5 0.5 17.8 0.6

CV 89.0 83.1 169.0 90.6

Overall mean 13.7 0.8 14.0 1.0

SD 25.6 0.5 11.9 0.5

CV 187.8 57.3 84.9 47.5



CHAPTER 4

STATISTICAL ANALYSIS

Statistics offer the framework for the study of spatial  varia-

bility. Ideally, data analysis is incisive, laying bare indications

which we could not perceive by simple and direct examination of the

raw data (rukey, 1962). But he (Tukey, 1961) cautions elsewhere, not

to use formal data analytical procedures for sanctification, and for

the preservation of conclusions from all criticisms. In this conjunc-

tion, Yates (1955) also warns that it is very easy to devise different

tests which, on the average, have similar properties, i.e., they behave

satisfactorily when the null hypothesis is true and have approximately

the same power of detecting departures from that hypothesis. Two such

tests may, however, give very different results when applied to a given

set of data. For soil variability, we have seen different researchers

come to similar conclusions, while others come to different conclusions

using the same tests. Use of statistical tools will lead to compila-

tion of data and inferences, which eventually will enable us to draw

more reliable conclusions in the future.

The data obtained from the three fields (for the different

variables studied) were analyzed as possibly normal samples. Two types

of graphic plots, cumulative frequency distribution and full normal

plots (FUNOP) were made for each variable from each field to test for

agreement with or possible deviations from normal distribution. Also,

41
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numerical tests such as Kolmogorov-Smirnov test, and third and fourth

moments about the means were obtained to assess normality, skewness

and kurtosis respectively. Also, presented in this chapter are rela-

tionships between studied parameters, analysis of variance (ANOVA),

and the spectral analysis of selected parameters.

Cumulative Frequency Distribution 

The cumulative frequency distribution plot could be done as a

histogram, or as a cumulative plot on normal probability paper. Such

plots are sensitive to deviations from apparent normality (Anscombe

and Tukey, 1963). Graphical techniques based on standardized resi-

duals discussed by Tukey, 1962; Anscombe and Tukey, 1963, were followed

to detect deviations from normality and presence of outliers. The pro-

cedurefollowedcallsforthecalculationofthefittedvalues(Y.)as

the difference between the original observation (y i ) and the overall

mean (y), hence

Y	= Y i  - ) .7

and the  residuals, which  are the differences between the original

observations and the fitted values,

z.	= y. - Y.1	1	1

The i-th value from the bottom, z i , is then plotted against

the standard normal deviate a(i,n) chosen to be typical of the i-th

value from the bottom in a sample of n from a unit normal distribution.

The choices Gau -1  (i70.5)/n and Gau -1  i/(n+1) are common, but

a(i,n) = Gau -1  (3i-1)/(3n+1) is slightly better than either, so



43

claim the authors above, and is the one used for analysis. The inverse

Gaussian Gau -l x, is defined and tabulated in Abramowitz and Stegun (1964).
Diagnostic illustrations for cumulative frequency distributions

were provided by Prof. Robert O. Kuehl, Director of the Department of

Quantitative Studies, University of Arizona. A perfectly normal

distribution will give a straight line when z i  is plotted as a function of

a(i,n) as shown in Fig. 10A. Figures 10B and 10C are examples of skewed

distribution to the right (Ai> 0.3) and to the left(V5i< 0.3) respectively.

Whenb2 is<Othedistributionofz.tends to be platykurtic, light

tail (Fig. 10D), and for b 2 > 0 the distribution tends to be leptokurtic,

heavy tailed as shown in Fig. 10E. The 3/TD i  and b 2 are coefficients of skew-

ness and kurtosis, respectively, and are defined later (p. 47).

FUNOP 

A plot of (z i -z')/a(i,n) against i is a more revealing plot with

z' the median and one to which we should like to fit a horizontal line.

The procedure as outlined by Tukey (1962) is as follows:

1. Let a(i,n) be a typical value for the i-th ordered observa-

tion in a sample of n from a unit normal distribution.

2. Let y l	y2 ,	, y n , be the ordered values to be

examined. Let y' be their median.

3. For i < 1/3 n or > 1/3 (2n) only, let z i  =  (y.-y')/a(i,n).

4. Let z' be the median of z's thus obtained (about 1/3(24 in

number). The i's with 1/3 (n)< 	1/3 (2n) promote instability and

because z.'s for such i's seem unrevealing.,

The FUNOP plot of  (z.-z')/a(i,n) against i could reveal "wild

shots" by a large value for i = 1, or i = n according to the sign of
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Fig. 10. Diagnostic Illustrations for Cumulative Frequency
Distribution Plots.
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the outlier. A tendency to a number of "wild shots" of each sign, or

a symmetrical distribution with more extended tails than the normal

distribution will be revealed by the plot turning up near both ends.

Also, a tendency to skewness will be revealed by the plot being higher

at one end than at the other.

Diagnostic illustrations by Kuehl (1978), are given for FUNOP

plots in Figs. 11A - 11E. Figure 11A is an example of a perfectly

normal distribution. Figures 11B and 11C show when z i  is skewed to

the right and to the left respectively. For b 2 > 0, z i  will tend to

be platykurtic, light tailed as shown in Fig. 11D. When b 2 > 0, z i

will be leptokurtic, heavy tailed, Fig. 11E.

Numerical tests can also be performed and used along with the

graphical representation to assess normality and anormality, skewness

and kurtosis. Tests of normality can be done by many standard tech-

niques. Nine listed by Shapiro, Wilk, and Chen (1968) are Shapiro

and Wilk, the third moment (b 1 ), fourth moment (b 2 ), Kolmogorov-

Smirnov test along with the two-tailed probability at 0.05 level to

test for normality. Tests of skewness and Kurtosis were performed

using b l  and b 2 respectively.

Kolmogorov-Smirnov Test 

The Kolomogorov-Smirnov goodness-of-fit test which can be

applied if the y i 's are known to be continuous random variables. It

is probably not as well known as the chi-square test, but is generally

easier to apply. The statistic is

D = maximum IF (y) - 11(y)1
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Fig. 11. Diagnostic Illustrations for FUNOP Plots.
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Where D is the maximum difference, F(y) is the true distribution for

the y i 's,and H(j) the hypothesized distribution. The critical values

for a 0.05 test are tabulated on D. We reject the hypothesis that F(y)

is the true distribution for the y i 's if D > 1.36/4 -1 for n large.

Test of Skewness 

A measure of the amount of skewness in a population is given

bytheaveragevalueof 
(Yi

.-11) 3 , taken over the population. This

quantity is referred to as the third moment about the mean u. If low

values of y i  are bunched close to the mean u but high values extend

far above the mean, this measure will be positive, since the large

positive contributions  (y.-u) when y i  exceeds u will predominate over

thesmallernegativecontributionsobtainedwilen yi is less

than u. Populations with negative skewness, in which the lower tail

is the extended one are also encountered. The sample estimate (Vg
-1 )

of the coefficient of skewness is computed from

= m3/(m2)312

where the estimate of the third moment m 3 and second moment m 2 are

m3 =	(Y	3/r1
i )

m =	(Y. - 3-7 ) 2 /n2

Test of Kurtosis

A further type of departure from normailty is called kurtosis.

•
Kurtosis is the average of (y-u)

4 divided by c 4 . For the normal

distribution this ratio is 3. If the ratio exceeds 3, there is usually
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an excess of values near the mean and far from it, with a correspond-

ing depletion of the flanks of the distribution curve. A sample esti-

mate of the kurtosis is given by

g2 = b 2 - 3 = (114/mi) - 3

Where m4, the fourth moment of the sample about its mean is

given by

m4	(y.-u)4/n

The normal distribution value 3 has been subtracted resulting in a

positive kurtosis for peaked distribution and negative values for flat-

topped distributions. Critical values for 1/13 .1 and b 2 are given in

Tables 6 and 7 of Snedecor (1956).

Shapiro, Wilk, and Chen (1968), give a valuable critique of

the 1471 test of skewness and b2 test of kurtosis. They state the

statistic is a good measure of non-normality against highly skewed and

also long-tailed distributions. However, it has less sensitivity

against symmetric finite range distributions, often being biased.

The b2 statistics, on the other hand, was described as to have

a clear cut superiority over 1471 as a test for normality. It performs

well with finite range distributions, as well as with symmetric long-

tailed infinite range distributions. It is not effective, relatively,

against skewed distributions.

Alternative Frequency  Distributions 

Shapiro, Wilk, and Chen (1968) classified the continuous alter-

native distributions into five major groups, according to values of

V171 and b 2 as follows:
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Group 1:	>• 0.3 b 2 > 3.0 (Asymmetric, long-tailed)

Group 2: 1/17 1 >• 0.3 b 2 < 3.0 (Asymmetric, short-tailed)

Group 3: Vij i  5 0.3 b 2 > 4.5 (Symmetric, long-tailed)

Group 4: 40- 1. • 0.3 b 2 < 2.5 (Symmetric, short-tailed)

Group 5: 4. -1 <• 0.3 2.5 < b 2 < 4.5 (Near normal)

Examples of Group 1-5 are given by Shapiro, Wilk, and Chen (1968).

Measured Freauency Distributions 

The cumulative frequency distributions and the FUNOP plots

differed considerably from one variable to the other in the same field

as well as from one field to the other. The plots were evaluated by

drawing a straight line through the data to examine deviations from

normality and dectect outliers. A perfectly straight line through the

cumulative frequency distribution plots is indicative of a normal dis-

tribution (Fig. 8A); a perfectly horizontal line through the FUNOP plots

is indicative of a normal distribution also (Fig. 9A). To avoid bias,

the plots were studied with the aid of the Kolmogorov-Smirnov (K-S)

test of goodness-of-fit along with the test of skewness (b 1 ), and test

of kurtosis ( b 2 ) statistics. The actual and tabulated values for these

statistics are presented in Table 10. In all cages,  plots were also

compared to the diagnostic illustrations.

The in situ  field capacity cumulative frequency distribution

corresponding to Field 1 is presented in Fig. 12. The 278 points

fall in a straight line fitted through the results indicating a normal

distribution. The null hypothesis of normal distribution was accepted

based on the plot and the K-S test by comparing the actual value of

ID max=0.04241 to the calculated value ID max=1.36/1/E = 0.08201 for
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Table 10. Actual and Critical Values of Dmax (K-S) Test of Goodness-of-
Fit Ap-l' Test of Skewness, and b 2 Test of Kurtosis.

Variable 	Field 	n	K-S Test	Test of Skew-	Test of
D ax	ness 1/1 -3	 Kurtosis

A. Actual Values

In situ Field 	1	275	0.0424*	0.135	 -0.348
capacity 	 2	280	-0.0982 	 0.756*	 0.458

3	275	-0.0809* 	1.018*	 1.599**

Moisture Content 1	278	-0.0759*
4 weeks after 	2	271	-0.1071
irrigation 	3

0.596*
1.000*

0.197
1.636**

0.1 Bai*

1/3 Bar

1 Bar

5 Bars

15 Bars

1	280	0.0446*	-0.183	 -0.344
2	275	-0.0781* 	 0.561*	 0.328
3	275	-0.0443* 	 0.456*	 0.149

1	279	-0.0787* 	 0.535*	 0.348
2	275	-0.1032 	 0.663*	-0.226
3	275	-0.0901 	 0.720*	 0.604*

1	280	-0.0897 	 0.991*	 1.969*
2	275	-0.1224 	 0.945*	 0.415
3	275	-0.0779* 	 0.825*	 0.912*

1	280	-0.0981 	 1.083*	 1.800*

2	275	-0.1173 	 1.141*	 1.012*
3	275	-0.0556* 	 0.527*	 0.287

1	280	-0.1014 	 0.764*	 0.167

2	275	-0.1398 	 1.245*	 1.472**

3	275	-0.0846 	 0.375*	-0.310

% Clay 1	280	-0.1092 	 1.176*

2	275	-0.1452 	 1.310*
3	275	-0.1064 	 0.732*

3.696**
2.391**
1.237**

% Silt
	

1	280	-0.0403*
	

0.261*
	 -0.374

2	275	-0.1058
	

0.636*
	

0.030

3	275	-0.1176
	

1.236*
	

2.428**

% Sand
	

1	280	0•0379*	-0.225	 -0.245

2	275	0.1130	 -0.525* 	 -0.629*

3	275	-0.0876 	 -0.1019	 1.535**
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Table 10. Continued

KS D max	Test of Skew-	 Test of Kurtosis b 2
1.36/I 	

ness -1E	 Upper	Lower

B. Critical Value

271 0.0826 0.2422 0.499 -0.434

275 0.0820 0.2405 0.495 -0.430

278 0.0816 0.2390 0.492 -0.428

279 0.0814 0.2388 0.491 -0.427

280 0.0813 0.2381 0.490 -0.426
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n = 275. The actual value is less than the calculated one at the 0.05

significance level, hence we accept the null hypothesis. The
-1 and

b 2 statistics are 0.135 and -0.348 respectively, indicating no

significant skewness or kurtosis; since the two values are less than the

corresponding tabulated values of (0.241) for 1471 and (0.495 to -0.430)
as the upper and lower levels of b 2 at the 0.05 significance level.

The FUNOP plot, described in the literature as a more sensitive

plot than the cumulative frequency distribution plot, revealed a slight

tendency to be skewed to the right (Fig. 13). Deviation from normality

appeared to be more noticeable as i approached 1/3(2n) (i.e., the right-

hand, one-third of the plot). No outliers were detected by either plot.

The FUNOP plot is much more sensitive to deviations from

normality than the corresponding cumulative frequency distribution plot.

(This fact is illustrated in Table 11, which contains a summary of the

results obtained by examining the different plots for the different

parameters being considered. The results indicate that visual examina-

tion of the cumulative frequency plots might be misleading and non-

conclusive in most of the cases studied; while the FUNOP plots tend to

be more reliable. The FUNOP plots also tend to be more consistent with

the 471 and b2 statistics.)

Cumulative frequency distribution plots of the in situ field

capacity of Fields 2 and 3 are depicted in Figs. 14 and 15. The two

plots behaved in a different manner than the corresponding one of

Field 1. The results obtained from Field 2 showed some deviations

from normality. The K-S test, being more precise, rejected the
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null hypothesis of normality, since the actual value of 1Dmax.-0•09821

is greater than the calculated value of 1Dmax= 0.08131 for n = 279

(see Table 10A). Also, the test of skewness, estimated by il iT1(0.756)

is positive and is significantly higher than the corresponding tabu-

lated value of 0.238 and 0.341 at the 0.05 and 0.01 level of signifi-

cance. The actual value of b2 (0.458) is within the tolerable range

(0.490 to - 0.426) at the 0.05 significance level and thus kurtosis

appears to be minimal. The FUNOP plot of the Field 2 data, Fig. 16,

picked up the deviations from normality clearly. The plot showed that

the data is skewed to the right and kurtic. Based on these different

criteria, the data is judged to be non-normal.

Similarly, plots of in situ field capacity of Field 3,

(Fig. 15) indicated an apparent deviation from normality. The devia-

tion is indicated by a cluster of wild shots at both the upper and

lower ends of the plot. Examination of the plot alone will lead one

to believe that the data is skewed to the right, nevertheless, the

K-S test accepted the null hypothesis of normality. In this case the

actual value of ID	= - 0.08091 is slightly less than the calculatedmax

value ID max= 0.08201 and is in the critical range. However, the 1/1171

(1.018) and the b2 (1.599) are significantly higher than their cor-

responding tabulated values for n = 275, thus indicating both skewness

and kurtosis as possible deviations from normality. Deviation from

normality is shown more clearly on the FUNOP plot, Fig. 17, of the

same data and is skewed to the right, while the upper end approaches

normality. The wild shots are picked up more clearly as i approaches

n, causing the deviation from normality.
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The 0.1 bar moisture retention value is the only parameter

that gave normal cumulative frequency distribution plots in all three

fields (Figs. 18, 19, and 20). Also, the 0.1 bar value is the only

parameter that tended to be normally distributed in any of the data

corresponding to Field 2. The K-S test also accepted the null hypoth-

esis. The1/1 -Di -1 estimate of skewness is non-significant for Field 1, but

is higher than the tabulated values in case of Fields 2 and 3. The b 2

test of kurtosis is within the tolerable range for all three fields.

The corresponding FUNOP plots shown in Appendix B as Figs.

B(1), B(2), and B(3) gave different kinds of distribution fclr each set

of data. Fig. B(1) of Field I showed the values to be slightly skewed

to the left, while Fig. B(2) of Field 2 indicated skewness to the right.

Figure B(3) corresponding to Field 3, behaved in a different manner.

While the lower 1/3 seemed to be kurtic; the upper 1/3 seemed to

approach normality with increasing deviation from normality as i

approaches n. The results are summarized in Table 11.

Cumulative frequency distribution and FUNOP plots of the per-

cent clay data showed a consistent deviation from normality in all

three fields. The cumulative frequency distribution plots showed a

great deal of similarity tending to be leptokurtic (b 2 >0) with sig-

nificant positive skewness in all three plots shown in Figs. B(4)

B(5), and B(6). The FUNOP plots Figs. B(7), B(8), and B(9) of Fields

1, 2, and 3 respectively, on the other hand, differed from one field
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to the other, but all indicated skewness and kurtosis as serious

deviations from normality.

Percent sand showed normal distributions in both frequency

distribution and FUNOP plots for the data obtained in Field 1, as

shown in Figs. 21 and 22, respectively. The FUNOP plot showed a

straight deviation for normality, however, both A - 1 and b 2 were non-

significant. The cumulative frequency distribution plots of Fields 2

and 3, Figs. B(10) and B(11) Appendix B, both showed skewness to the

left;1/116 n 1 values are significantly higher from their tabulated values.

The b 2 test of kurtosis is also significant for both fields. The b 2
value of Field 2 is >0, thus indicating a distribution that tends to be

both platykurtic and skewed to the left.

The equivalent FUNOP plots of both fields, Figs. B(12) and

B(13) Appendix B, indicated skewness and kurtosis as definite deviation

from normality. Also, the FUNOP plot of Field 2 is proved the distri-

bution to be platykurtic (b 2 < 0) .

Fitting the data into the 5 different groups provided by

Shapiro et al. (1968), was easier and less confusing. Also, it

enabled us to identify the alternative frequency distributions better.

The )/1";
-1 and b 2 statistics were used to fit the distribution of the

different variables in any of the 5 groups. The results obtained

showed that all variables, with the exception of percent silt, fall

in Group 2, which is asymmetric, short-tailed, also described as con-

tinuous, skew, with low b 2 alternatives. The percent sand data from

66
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all three fields corresponded to Group 4 (4 -D 1 0.3, b 2 <2.5) Symmetric

short tailed. Moisture content obtained 2 days after irrigation and per-

cent of Field 1 also showed a symmetric, short tail tendency, while 5 bar

moisture retention values and percent clay from the same field fell

into Group 1 (117 1 >0.3,b 2 >3.0) described as  asymmetric, long tailed.

Classifying the distribution of the parameters as such, will

further demonstrate the tendency to deviate from normality, and that

further diagnosis of the kind of distribution that will fit these soil

parameters properly is needed.

Tukey (1962) provided some facts about the sample tests. For

symmetric distributions near normality the mean offers good point esti-

mates. Symmetrical distribution with slightly longer tails, a (trimmed)

mean omitting a prechosen number of the smallest and an equal number of

the largest observations is best suited. Symmetric distributions with

really long tails, on the other hand, the median is used as a good point

estimate.

Relationships Between Measured Parameters 

The relationship of soil texture i.e., precent clay, silt, and

sand, to the in  situ  AWC, (0.1 - 15) bar AWC, moisture content obtained

2 days after irrigation, 0.1 bar and 15 bars retention values, was

evaluated using the Pearson correlation coefficients. Correlation is

the appropriate measure of the relation between two variables (Snedecor,

1956). It is a measure of covariation, i.e., correlation is a measure

of the extent to which the variations of two related characters are
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associated. The correlation coefficient, r, of y l  on y 2 is given

by

r = Vb21 b 12

where b 21 b 12 are the two regression coefficients of y l  on y 2 ; and y 2
on y l , which is given by

b 21 b 12 = (Y 1Y2 )2  =r
2	2

Y1 Y2
The statistic, r, is an appropriate estimate of the bivariate population

correlation, P. The null hypothesis, p = 0, may be tested by use of the

student's t-test whose sample value is

t = r V(n-2)/(1-r 2 ), d.f = n-2

critical values of correlation coefficients at the 0.05 and 0.01 levels

of significance can be found in Table 7.6.1 of Snedecor. Relationships

between in situ AWC and AWC as (0.1 - 15) bars, moisture values obtained

2 days after irrigation and 0.1 bar value was also evaluated in order to

evaluate the accuracy of laboratory procedures in estimating field

parameters. The coefficients of correlation for the different variable

paris obtained from the three fields, are illustrated in Tables 12 through

16. The correlation coefficients were calculated for each of the three

fields (280-275 samples).

Correlation coefficients between in situ AWC and percent clay,

percent silt, percent sand and (0.1 - 15) bars AWC were given in Table 12.

Table 13 contains the equivalent values for the (0.1 - 15) bar AWC. The

results showed a poor correlation between in situ AWC and percent clay,
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Table 12. Correlation Coefficients between in situ  AWC and Percent
Clay, Percent Silt, Percent Sand and (0.1 - 15) Bars AWC.

Field
	

Clay	Silt 	Sand	AWC (0.1 - 15)

1	 0.174	0.692	-0.616
	

0.717

2	 0.007 NS	0.572	-0.420
	

0.621

3	 0.208	0.300	-0.300
	

0.603

NS: Non-significant at the 0.05 significance level

Table 13. Correlation Coefficients between (0.1 - 15) Bars AWC and
Percent Clay, Percent Silt, Percent Sand and in situ AWC.

Field
	

Clay	Silt 	Sand	In Situ  AWC

1	 0.548	0.830	-0.843	0,717

2	 0.396	0.813	-0.754	0.621

3	 0.536	0.574	-0.698	0.603

while a high correlation exists between percent silt and percent sand

for all three fields. Correlation coefficients for in situ  AWC and

percent silt are the highest for Fields 1 and 2, while it is the same as

that of percent in Field 3. In situ  AWC and (0.1-15) bar available

water content values seem to be highly correlated. Yet,the association

between (0.1 - 15) bar AWC values and texture is indicated by the higher

coefficients of correlation with clay, silt and sand. The influence

of percent clay is especially high since the r values increased by 210,

5500, 110% for Fields 1, 2, and 3 respectively.
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Similar relationships were also obtained between moisture content

2 days after irrigation and 0.1 bar moisture values. The results are

summarized on Tables 14 and 15. The results show the two parameters

behave in a similar manner to the in situ  AWC and (0.1 - 15) AWC. The

in situ  values seem to be more associated with percent silt and percent

sand. The 2 days moisture values for Fields 1 and 2 showed the highest

correlation with percent silt, while in Field 3 sand percentage seems

to influence the values more. The 0.1 bar values also showed a higher

overall correlation. Although the correlation with percent clay did not

increase as much as in the case of AWC, the percent sand seems to

influence 0.1 bar values the most in all samples.

The correlation coefficients between 15 bar values and percent

clay, percent silt, and percent sand, shown in Table 16, indicated a

highly negative correlation with percent sand. Relatively higher

correlation coefficients between the 15 bar moisture values and percent

clay were obtained in Fields 1 and 2, indicating a greater influence of

percent clay on the 15 bar values. The combined effect of percent clay

and percent silt is clearly indicated by their high coefficients of

correlation of 0.74, 0.81, 0.63 for Fields 1, 2, and 3 respectively.

Percent clay seems to influence the variability of the different param-

eters in Field 2. It produced a significantly low correlation

coefficient with in situ  AWC and relatively high values of r for 2 days

moisture values, 0.1 bar, and 15 bar values.
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Table 14. Correlation Coefficients between Moisture Content 2 Days
After Irrigation and Percent Clay, Percent Silt, Percent Sand,
and 0.1 Bar Moisture Content.

Field Clay Silt Sand 0.1 Bar

1 0.459 0.863 -0.842 0.842

2 0.516 0.831 -0.809 0.814

3 0.469 0.685 -0.744 0.807

Table 15. Correlation Coefficients between 0.1 Bar Moisture Content
and Percent Clay, Percent Silt, Percent Sand, and 2 Days
After Irrigation Moisture Values.

Field
	

Clay	Silt 	 Sand	2 Days Mois-
ture Values

1 0.685 0.883 -0.927 0.842

2 0.729 0.901 -0.947 0.814

3 0.596 0.718 -0.831 0.807

Table 16. Correlation Coefficients between 15 Bar Moisture Values
and Percent Clay, Percent Silt, and Percent Sand.

Field Clay Silt Sand

1 0.678 0.659 -0.742

2 0.836 0.651 -0.804

3 0.398 0.586 -0.629
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Analysis of Variance (ANOVA) 

Two types of analysis of variance (ANOVA), i.e., one-way and two-

way, were performed for all parameters studied. The purpose was to

examine the possibility of homogeniety of variance, both by depth and

sub-areas within the fields. For the one-way classification, the data

was analyzed utilizing the linear model:

Yik = u a i	c ik

where i = 1, ....t, k = 1, 11111, s, y ii  is the value of an individual

observation, us is a constant (the true mean), a i  is the depth effect and

c.. is the random component. Table 17 shows the average values of mean

squares and their estimates, when we assume the a i 's are random samples

from a population of a's for which the mean is zero.

Table 17. Average Values of Mean Squares and Their Estimates for One-
Way ANOVA.

Source of Variation 	 DF	 Parameters Estimated

Between depths 	 (t-1) 	 a 2 +SG
a

2

Within depths 	 t(k-1) 	 02

Total	 tk-1

For the two-way ANOVA we added a term for area (B i ) and a term

for the depth-area interaction (aB)..:

= u + a. + B. + (aB).. + c..Yi)k	 1)	ijk

where j = 1, 	r. The parameter estimates are shown in Table 18.
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Table 18. Average Values of Mean Squares and Their Estimates for
Two-Way ANOVA.

Source of Variation 	DF	 Parameters Estimated

Main effects 	 (t+r-2)

Depth (D)	(t-1)

Area (A)	 (r-1)

Two-way Interactions 	(t-1) (r-1)

Residuals 	 (trk-tr-1)

Total	 trk-2

a 2 4110
 DA

2 +nto  2
 D
22a2+na DA +nsa A

a 4 no. 2
DA

The one-way ANOVA provided a look at the homogeneity of variances

when grouping the data by depth (5 groups). Sources of variability were

between and within depths. The F-test provided the criteria for accept-

ing or rejecting the null hypothesis of homogeniety of the variances.

The testing is by the error mean square being the denominator for every

F. Samples of the one-way ANOVA are presented in Tables 19, 20, and 21

for the in situ  FC values of Fields 1, 2, and 3 respectively. The F-ratio

showed a significant difference for the between and within groups of

depth. The F-ratio and its significance are about the same for Fields

1 and 2, while that of Field 3 is highly significant. The F-test for the

rest of the parameters is also highly significant thus indicating the

fields to be heterogeneous with depths. Due to this heterogeneity the

standardizedresiduals(z.)were computed by using the depth means

rather than the overall mean for a given parameter, when studying the

frequency distributions.
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Table 19. One-Way ANOVA of in situ FC, Field 1.

Source of
Variation DF Sum of	Mean

Squares	Squares F-Ratio F-Signif-
icance

Between Depths 	4	 800	199.8	3.12* 8.016

Within Depths 	270	17,300	64.0

Total	274	18,100

Table 20. One-Way ANOVA of in situ  PC,  Field 2.

Source of
Variation DF Sum of	Mean

Squares	Squares F-Ratio F-Signif-
icance

Between Depths 	4	886	221.5	2.92*	0.022

Within Depths 	275	20,870	75.9

Total	279	21,756

Table 21. One-Way ANOVA of in situ  PC,  Field 3.

Source of
Variation

DF
Sum of	Mean
Squares	Squares

F-Ratio F-Signif-
icance

Between Depths 	4	440	110.0	12.23**	<0.0001

Within Depths 	270	2,420	9.0

Total	274	2,860

* Significant at 0.05 level
**Significant at 0.01 level
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For further diagnosis of the homogeneity and/or heterogeneity of

the fields investigated, the fields were divided into small areas (100

by 100 m each). This gave 12 areas for Fields 1 and 2, and 10 areas for

Field 3. Values from each depth at two adjoining sites along one row

were pooled with their equivalents in the neighboring row to represent

the area. Table 22 summarizes the points used for each plot. A two-

way ANOVA was then performed to study the main effects of depth and areas

and the two-way interaction between the two sources of variability.

Results obtained from the three fields corresponding to the in situ 

FC are shown in Tables 23, 24, and 25.

The results show the main effects of depth and area to be highly

significant at the 0.01 level, as indicated by the significance of the

F-ratio. The two way interaction is non-significant at the 0.05 level

in Fields 1 and 3; however, it is highly significant at the 0.01 level

in Field 2. The two-way interaction of depth and area as sources of

variability explained 44, 45, and 38 percent of the total variability in

Fields 1, 2, and 3 respectively. The two-way interaction is non-

significant for the rest of the parameters studied in Fields 1 and 3,

while it is highly significant for all the data, with the exception of

moisture content 4 weeks after irrigation and percent silt, obtained

from Field 2. The main effects of depth and area are highly significant

for all the data obtained from all three fields, thus indicating all

three fields to be heterogeneous.



Table 22. Summary of Points Used for Each Area in Each Field

Area
Fields 1 and 2

(Row-Site) Area
Field 3

(Row-Site)

1 1-2, 1-3, 2-2, 2-3 1 1-2, 1-3, 2-2, 2-3

2 1-4, 1-5, 2-4, 2-5 2 1-4, 1-5, 2-4, 2-5

3 1-6, 1-7, 2-6, 2-7 3 3-2, 3-3, 4-2, 4-3

4 3-2, 3-3, 4-2, 4-3 4 3-4, 3-5, 4-4, 4-5

5 3-4, 3-5, 4-4, 4-5 5 5-2, 5-3, 6-2, 6-3

6 3-6, 3-7, 4-6, 4-7 6 5-4, 5-5, 6-4, 6-5

7 5-2, 5-3, 6-2, 6-3 7 7-2, 7-3, 8-2, 8-3

8 5-4, 5-5, 6-4, 6-5 8 7-4, 7-5, 8-4, 8-5

9 5-6, 5-7, 6-6, 6-7 9 9-2, 9-3, 10-2, 10-3

10 7-2, 7-3, 8-2, 8-3 10 9-4, 9-5, 10-4, 10-5

11 7-4, 7-5, 8-4, 8-5

12 7-6, 7-7, 8-6, 8-7

78
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Table 23. 	Two-Way ANOVA of in situ FC, Field 1.

Source of
Variation DF Sum of

Squares
Mean
Squares F-Ratio F-Signif-

icance

Main Effects 15 4340 290 5.85 0.001

Depths 4 960 240 4.84 0.001

Areas 11 3,360 300 6.18 0.001

2-Way Inter- 60 1.22 0.181
actions 44 2,060

120 2.40 0.001
Explained 59 7,000

50
Residual 179 8,850

60
Total 238 15,850

Table 24. 	Two-Way ANOVA of in situ FC, Field 2.

Source of
Variation DF Sum of

Squares
Mean
Squares F-Ratio F-Signif-

icance

Main Effects 15 4,080 270 4.59 0.001

Depths 4 840 210 3.56 0.008

Areas 11 3,240 295 9.97 0.001

2-Way Inter-
actions 44 4,620 105 1.78 0.005

Explained 59 8,700 148 2.49 0.001

Residual 180 10,660 60

Total 239 19,360 80
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Table 25. Two-Way ANOVA of in situ FC, Field 3.

Source of
Variation DF Sum of	Mean

Squares	Squares F-Ratio F-Signif-
icance

Main Effects 13 465 35 4.63 0.001

Depths 4 274 70 8.87 0.001

Areas 9 191 20 2.74 0.005

2-Way Inter-
actions 36 237 7 0.84 0.712

Explained 49 702 15 1.85 0.003

Residual 150 1,160 8

Total 199 1,862 9
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Autocorrelation and Spectral Analysis 

Webster (1977) used autocorrelation and spectral analysis to

study the spatial series along a transect of gilgai soils. He took

samples at 4 m intervals over a distance of 1.5 km. Soil properties

such as pH, electrical conductivity and chloride content at 0-10, 30-40,

and 80-90 cm showed a recurrent short range variation, associated with

gilgai pattern. The technique, he reports, is sufficiently sensitive

to analyze records made directly by data logger. Although our study is

not designed for this kind of analysis, the mean values of in situ FC

and percent clay obtained from the top 30 cm layer of Field 1 are analyzed

for rank serial correlation test and serial correlation.

The rank serial correlation test is the serial correlation

coefficient (Kendall and Stuart, 1966). If the ranks of the set of n

observationsmeasuredaboutthell= 1 , 2 , 	 ,n,

the coefficient of order k is defined by

n-k1	d. dr k  =	V	1 i+k/ [ (1/12) (n -1)1
n-k i—

1=1

Or simply

n-k
Wk = E d i d i+k

1=1

Where Wk is the covariance (multiplied by n-k) of the terms in the rank

series distance k units apart. If a series is random, the value of W k

is zero.
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For series which are not random, there will be dependencies of

one kind or another between successive terms. To measure this effect,

we calculate the product-moment correlation between successive observa-

	tions. Given n values u 	u 2' 	 , u n , the so-called serial

correlation of lag k is the correlation between pairs of terms k units

apart

1	v-k	1 - ti:, k	1	" 7,kE (u i - 	ui)(Uf+k
	n - k 1-1	n - k 1=1	 n - - - P i--1r -k	r 1 n-k	1 "....-,k 1 2	1 {"N; k	 1 ti - k + 2

	 1...J 11 •	-------	.(.. I 11 • +I. -- -- E ui kLn-k ,:E 1 
114.- 

iz-k i- i '	n - h i- i 	i =1

A simplified version of r k is given by

n - k	(11	ID) ( 11 k-

-

TR, -
1

(u-ù) 212) 2
n

This form is used only for series of moderate length (at least 50) while

the first form is used for short series for exact estimates and to

avoid values of r k greater than unity.

The array of coefficients r o ( =1), r 	r 2' 	 , tells

the nature of the internal dependence of the series. Their totality

is called the correlogram, a term which is also used to denote the

graph of r k as ordinate against k as abscissa. In a random series

they are all excluding r o equal to zero within sampling limits.

The correlogram of the in situ FC and percent clay are shown in

Figs. 23 and 24 for along and across Field 1. Since only 8 values were
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Fig. 23. Correlogram of in situ 
FC and Percent Clay at
the 30 cm Depth Along
Field 1.

Fig. 24. Correlogram of in situ
FC and Percent Clay at
the 30 cm Depth Across
Field 1.
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used to calculate the serial correlation coefficients r k' no attempt

will be made to draw conclusions from the figures presented. However,

when we looked to the totals of r k , excluding r o , none gave a total of

zero. In order to gain more reliable information on covariance

structure, many more data points should be taken on a line at least 50,

preferably several hundred. The meaningful spacing also needs to be

determined. In addition, real relationships are somewhat different

than one-dimensional series (Cliff and Ord, 1973), so eventually the

two- or three-dimensional nature needs to be considered.



CHAPTER 5

SUMMARY AND CONCLUSIONS

Study of in situ available water content showed varying degrees

of variability between the three fields studied. Field 2 exhibited the

largest degree of variability. The overall CV of Field 2 was 70%

compared to 50 and 45% for Fields 1 and 3. Field 3 also showed the

lowest amount of variability for almost all of the other parameters

studied, probably due to the uniformity of soil texture in comparison to

the other two fields.

Table 26 shows the number of samples needed to estimate the

means of the different parameters within 10% of the mean. Large values

reflect large variations and small numbers correspond to small variations.

The largest values are for saturated hydraulic conductivity, with the CV

up to 180%, while the bulk density values gave the lowest CV values, as

low as 5%. This indicates a reliable bulk density value can be found

with only one sample, whereas, much larger numbers of samples, up to

650, are needed to estimate the saturated hydraulic conductivity. The

top 30 cm layer showed a consistent trend of uniformity reflected by

the low CV values corresponding to all parameters studied in all three

fields.

Moisture content at field capacity, FC, increased or decreased

consistently with the increase or decrease in the silt percentage at
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Table 26. Summary of Approximate Number of Samples Required to
Estimate Mean Values Within 10% at 0.05 Significance
Level

Parameters Field
	

Soil Depth - cm

30	60	90	120	150

In situ  FC	1	10	28	24	47	2
2	12	23	61	49	75
3	10	9	15	10	24

In situ  AWC	1	21	43	35	55	45
2	55	36	110	78	116
3	47	31	33	30	45

15 bars	1	20	 47

	

55	33	57
2	25	 125

	

78	68	57
3	23	 30

	

19	31	35

% Clay	1	25	49	33	51	47
2	28	91	104	36	110
3	20	18	24	36	36

% Silt 	1	20	57	66	122	71
2	16	61	88	83	104
3	8	20	47	28	40

% Sand	1	15	28	13	27	43
2	19	16	21	23	47
3	1	1	3	2	3

Bulk	 1	1	1	1	1	1
Density	2	1	1	1	1	1

3	1	1	1	1	1

Ksat	
1	110	150	362	635	155
2	119	49	155	102	560
3
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all depths for all three fields. The high degree of association was

confirmed in that the r values ranged up to 0.70. Also, AWC showed a

general tendency to increase with depth which coincided with the tendency

of percent silt plus percent sand to increase with depth. The variability

of AWC is influenced partly by the variability in texture and texture

stratification, and partly due to the lack of uniformity in irrigation,

especially in Field 2, where the CV of the total water stored in the

profile is about 30% higher than that of Field 1. In order to reduce

the amount of variability of the depth of water stored in the profile,

irrigation practices such as land leveling, run length or method might

be altered. Part of the soil variability can be influenced by manage-

ment practices, such as compaction, formation of plow pans or incorpora-

tion of organic materials. On the other hand, differences in soil

texture and its direct effects cannot be changed and can be dealt with

only by changing the management unit size.

The 0.1 bar estimated the FC moisture content within 25-35% in

Fields 1 and 2, while it consistently overestimated the equivalent

values for Field 3 by an average of 75%. This provides evidence that

retention values should not be used to estimate the AWC for sandy soils.

Retention values at 0.1 bar gave lower CV values than the corresponding

in situ  measurements due to elimination of the factors controlling FC in

the field, such as the amount of water applied, texture stratification

and structure. The retention values seem to be more dependent on the

texture as indicated by the high r values between the two. Sand

percentage seems to influence low retention valùes, while 15 bar values
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are highly correlated with percent clay. The soil water characteristics

showed that Fields 1 and 2 retain more water than Field 3, due to the

higher amount of sand and low clay content in the latter.

The significance of the correlation coefficients also indicated

the strong association between the in situ  AWC, percent silt and percent

sand. Although in situ  AWC is poorly correlated to clay particles;

the equivalent AWC values obtained in the laboratory are highly corre-

lated with clay particles.

The analysis of variance confirmed the fields to be heterogeneous.

The main effects of depth groups and subareas as sources of variation;

plus the interaction between the two accounted for 44, 45, and 38%

of the total variability in Fields 1, 2, and 3 respectively. The

remaining unexplained variability could be attributed to climate, micro-

environment, agricultural practices and, lastly, to the random

variation.

The cumulative frequency distribution plots showed that most of

the data corresponding to the different parameters tend to be normally

distributed. However, the FUNOP plots rejected the null hypothesis of

normal distribution in all cases, with the exception of in situ  FC,

percent silt and percent sand of Field 1. The FUNOP plots also showed

most of the data tend to be skewed to the right and/or kurtic. The

tests of skewness and kurtosis are in agreement with the FUNOP plots

and are consistent, which was helpful in drawing reliable conclusions

pertaining to the type of distribution.
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Based on the statistical tests performed, one can say that the

soil characteristics studied here tend to be anormally distributed. The

alternative frequency distribution of the parameters, as indicated by the

Ai; 1 and b 2 statistics, is shown to be asymmetric, short tailed with the

exception of percent sand which is shown to be symmetric, short tailed

for all three fields. These findings also suggest that further

investigation of the exact type of distribution is needed, perhaps by

transforming the data. A power transformation is one such possibility.

In a recent study of the use of goodness-of-fit tests for

characterizing the spatial variability of soil properties, Rao et al.

(1978), concluded that most of the results reached by visual study of

cumulative frequency distribution plots result in an error ranging from

6 to 20%, when accepting the null hypothesis  of normality. Whether the

distribution is normal or anormal may not be of important implications

as to the characteristics of the soil properties in some cases. For a

set of measurements with CV less than 0.4, both normal and log-normal

distributions may be equally adequate.

The results of this study led to the following conclusions:

1. The degree of variation as measured by the coefficients of

variability, varied from one field to the other, and between the differ-

ent parameters studied.

2. The CV are so high in some cases (up to 180%), that a

larger number of samples is needed to better estimate the means within

acceptable limits.

3. The CV for moisture content measurements consistently

increased as the moisture content decreased.
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4. The significantly high coefficients of correlation between

the different parameters are indicative of the interrelation between

these parameters.

5. FUNOP plots, aided by tests of skewness and kurtosis are

more reliable than the frequency distribution plots in studying the

type of distribution of the different parameters.

6. The parameters are shown to be anormally distributed, and

are asymmetric, short tailed, and symmetric, short tailed in all three

fields studied.

Of the original 6 objectives of this study, the first 5 were

reasonably satisfied in that the spatial distributions were found and

examined. Obviously, this is not to say that all questions are answered

in terms of the basic descriptions of variability. A logical extension

would be to examine the autocorrelation structure of the various param-

eters. Also, the limit of extrapolations to other locations and other

soil series are desirable.

Variability in soils affects all levels of soil researchers,

planners and growers. Also, all soil properties, whether chemical,

physical or biological need examination. Ramification with respect to

sampling, is common to all types of investigations dealing with soil;

whether for modeling an abstract irrigation plan for an entire state,

or characterizing practical fertility level and method( s) of its appli-

cation, or deciding when and how much to irrigate. In each case, a

sampling scheme has to be practical and efficient in terms of labor and

effort for expected benefits.
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Soil management practices can be changed in order to compensate

for variability. However, the grower must balance possible gains against

cost and practicability. Thus, objective 6 was not elucidated in terms

of specific recommendations and consequent gains to be realized.

Logical extensions to this study are believed to be: (1) optimum

sampling schemes (2) spectral analyses of soil properties (3) ram-

ifications of variability on soil water modeling and (4) optimizing

management practices to account for variability.
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