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ABSTRACT 

Not very many studies measuring the effects of soil 

spatial variability in irrigation management and design have 

been conducted, and those who have tested this concept in 

the field have obtained mixed results. More research is 

necessary especially due to the potential of saving water 

and to the high water cost in certains areas of the world. 

In this study, the effects of the soil spatial 

variability upon the management and design of a micro

sprinkler irrigation system has been addressed. An 

irrigation system designed to take advantage of the soil 

spatial structure was installed in a small field (60 ft by 

90 ft), and water was applied according to the local soil 

properties. 

Bulk density values as well as the soil-water retention 

curve parameters (field capacity and wilting point) were 

determined in order to ascertain the irrigation system 

management. Measurements of the volumetric water content "in 

situ" were recorded on a daily basis with the help of a 

T.D.R. probe, and those values were used to indicate the 

irrigation timing and the water amount to be applied in each 

plot in the field. 

Crop yield values were obtained throughout the season, 

and an analysis of variance was performed in each of the 
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field sub-units. Production was compared within all the sub

units comprising the entire agricultural field, as well as a 

comparative study between the plots where the soil spatial 

variability was considered against those previously assumed 

to be homogeneous. 

Statistically, no differences in crop yield were 

observed when the soil was treated as homogeneous or 

heterogeneous for perennial ryegrass (Lolium perenne L.) 

turf. However, a decrease in 20% of the seasonal water was 

observed when the soil spatial structure was taken into 

account. For this particular study, the economy associated 

with the lower water consumption was not sufficient to 

overcome the higher installation costs for the spatially 

variable irrigation system. 
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The design and management of irrigation systems require 

a large number of agronomic, hydraulic, and atmospheric 

parameters. Hydraulic parameters can be considered invariant 

with time, and are generally assumed constant in the design. 

Atmospheric parameters change daily, and their extreme 

values (maximum evapotranspiration) are incorporated in the 

hydraulic design. Agronomic parameters can be sub-divided 

into two main kinds, crop and soil. Crop parameters change 

from time to time, in order to take into account different 

growth periods. Basic soil parameters are generally assumed 

to be constant throughout the field. 

The determination of relevant soil properties to be 

used in the design of irrigation systems is not only 

expensive but also time consuming. Soil parameters like 

Field Capacity (F.C.), Wilting Point (W.P.), and Total 

Available Water (T.A.W.) require the retention curve for 

that point to be known, a procedure that can take up to two 

months for each soil sample. Soil texture, soil hydraulic 

conductivity, and so forth are other properties that also 

interest the designer, and also require extensive laboratory 

and/or work. 
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Soil properties are generally known for several kinds 

of soils, and some of these values are tabulated and easily 

found in the literature. The irrigation engineer takes full 

advantage of this information, and in most cases designs the 

irrigation systems based on them. In rare instances soil 

samples are collected and soil properties determined "in 

situ" . 

In a field scale, soil characteristics show substantial 

change from place to place. Within a specific area, several 

kinds of different soils may be present, with different 

textures, structure, and properties. When designing an 

irrigation system, regardless of the field size, it is 

generally assumed that the soil properties are the same 

everywhere, i.e., only one kind of soil is present. In other 

words, the soil is considered to be "homogeneous". 

In the case of a field with homogeneous soil, the 

amount of water to be applied to the plot is the same 

everywhere, and the designer should be concerned primarily 

with irrigation parameters such as overlapping patterns, 

coefficients of uniformity, application efficiencies, 

hydraulic constraints, and so forth. In this case the 

differences between the amount of water applied at every 

point in the field can be minimized. The hydraulic layout is 

generally symmetric and the same everywhere. However, if 

different kinds of soils are present, and are to be 



considered in the design, those premises are no longer 

valid, and design and management of an appropriate 

irrigation system turns out to be much more complex. 

Economics should playa major role when deciding 

whether a more detailed soil analysis is necessary, and 

whether the costs associated with a "proper~ irrigation 

system will overcome its benefits. 

The purposes of this research were to: 

1. Design and manage a micro-sprinkler irrigation system 

that incorporates the soil spatial variability. 

17 

2. Evaluate the effectiveness of such a system to meet crop 

water requirements and to reach a maximum crop yield (Rye 

grass) . 

3. Analyze the water consumption for both systems, and its 

influence on crop yield. 

4. Perform a comparative economical analysis between both 

systems. 

5. Evaluate the feasability of expanding the concept of a 

spatially variable system to a large agricultural field. 
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The amount of water applied to a field has a direct 

impact on yields. Traditionally, it is assumed that if the 

net depth of application equals the amount required to 

fullfill the plant necessities (evapotranspiration), this 

particular irrigation is adequate. If it exceeds the plant 

requirements, the field is overirrigated and some of 

benefits of the irrigation may be lost due to an increase in 

costs of energy, waste of water, and potential drainage 

problems. On the other hand, if the requirements are not 

met, underirrigation occurs, and yield is reduced. 

The distribution of water in the subsurface depends on 

how water is applied and the soil characteristics in the 

field. It is generally assumed that the uniformity of 

moisture within the root zone is accurately reflected by the 

uniformity with which water is applied to the soil surface 

(Solomon, 1983) . Furthermore, it is also usually assumed the 

field is homogeneous, i.e., soil properties are the same 

everywhere. 

The non-uniformity of the distribution in the sub-
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surface is interpreted as a result of the non-uniformity of 

application for the particular irrigation system. Even for a 

well designed sprinkler system, overlapping is never 

perfect, and the distribution is uneven. For surface 

systems, a perfect distribution is practically impossible to 

obtain. Although the effects of the non-uniformity of water 

application have been studied, its effects in a non

homogeneous field are basically unknown. 

The spatial variability of soil parameters in a field 

has been recognized as an important aspect of problems 

related to flow and solute transport in the soil, water 

retention for plant consumption, etc. This phenomenon has 

been dealt traditionally by soil scientists and 

hydrologists, and not much has been done in applying this 

concept to irrigation engineering problems. 

Considering water as the only limiting factor, if the 

same amount is applied to the whole area, it is likely that 

for a non-homogeneous field, the soil-water available to the 

plants will vary from place to place. As yield is dependent 

upon the water availability, it will vary as well as a 

function of the field spatial variability. 

Intuitively, one can predict that the larger the 

variation in the soil, the larger the variation in the 

available water to the plants, and vice versa. It may be 

that, for a mean (deterministic) depth of water applied, 
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certain areas of the field will be underirrigated. The 

effect of this variation is likely to produce a reduction in 

yield, waste of water, energy, fertilizers, etc. 

Spatial variability of soil properties in the field 

The variability of the soil properties is hardly ever 

directly addressed by irrigation engineers. It is common 

practice to assume mean values of soil parameters as inputs 

for irrigation system design and management, or design to 

some controlling extreme. Some of these parameters, e.g., 

bulk density, infiltration rate, hydraulic conductivity, 

etc, are tabulated for different kinds of soils, and use of 

this information is widespread. 

In some situations the soil characteristics of a field 

are not known and cannot be estimated by tables. In this 

case, soil samples are taken and its properties are 

described in statistical terms, each sample considered 

independent from the other. The values associated with each 

individual property are then used to estimate the 

probability density function for that particular property 

(Nielsen et al.,1973). 

The assumption of independence of the several soil 

samples has proven to be false. In nature, one can observe a 



21 

structured arrangement of "blocks" of bodies of different 

soil types which may exhibit specific sizes, i.e., the 

variation of any soil property is not completely disordered 

(Russo et aI, 1981). In this sense, a more complete 

characterization of the heterogeneity of the medium is 

necessary, and must include statistical descriptions which 

incorporate the spatial structure of the properties. 

Over the last 20 years or so, a new branch of 

mathematics known as geostatistics has been developed for 

the estimation on reserves in ore bodies. It was shown that 

the variance of a measured parameter (in that case the 

concentration of gold in ore) was often dependent on the 

distance between the measurement points. The closer the 

sample points, the better their correlation and vice-versa. 

More recently, hydrologists and soil scientists are 

exploring this technique for different purposes, and 

geostatistics is becoming increasingly popular. The 

methodology used in geostatistics allows us to estimate a 

value of a soil parameter at a chosen location in a 

nonuniform field. 

The concept of "available water" is very useful for 

irrigation system management, since it is an estimate of the 

amount of water a crop can use from a soil (Jensen, 1983). 

The net depth of application for a sprinkler system should 
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be at least the amount necessary to bring the soil to Field 

Capacity (FC), and to restore the water consumed by the 

plants. 

where 

It is generally accepted that 

AW = FC-WP Pb K RD 
100 

AW ... available water to plants (%) 

FC ... field capacity (%) 

WP ... wilting point (%) 

Pb' •• bulk density (M/L3
) 

K ... maximum allowable depletion fraction 

RD ... root depth (L) 

. (2.1) 

The amount of water to be applied to the field for each 

irrigation is then dependent upon three soil parameters, FC, 

WP, and Pb' and two crop parameters, K, and RD. 

The spatial variation of these parameters in the field 

will reflect upon the availability of water to the plants. 

If the variation is high, it is likely that the "available 

water" variability will be great, and vice versa. 
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For a "deterministic" net depth of application the 

amount of water stored and available to the plants will 

change from place to place. Although bulk density generally 

presents a low variation within the field, and water content 

at Fe and WP reflect a medium variation (Warrick & Nielsen, 

1980), the variability of the "available water content" has 

been found to be significant (Guma'a, 1978). 

The variability of the "available water" may be 

reflected in the variability of the crop yield. Reduction in 

yield due to the heterogeneity of the soil parameters has 

been discussed in the literature (Russo, 1984, and Warrick, 

1983). Although none of the work was based upon the "direct" 

availability of water to the plants, but rather based on 

indirect measurements (e.g., soil water tension at midway 

between emitters in trickle systems) . 

Crop yield, irrigation unifor.mity, and spatial variability 

A comprehensive review of the influence of several 

factors upon yields is presented by Bresler and Dagan, 1988. 

Out of 19 different parameters (including soil, crop, and 

irrigation parameters), six were determined to have the 

largest impact of all. They include two plant parameters 

(with a contribution up to 23% on yields), three soil 
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hydraulic parameters (contribution up to 47%), and one 

irrigation boundary condition, represented by the 

nonuniformity of water application (contribution up to 30%) . 

1) Crop yield response to water 

In agriculture, growth functions relate the results 

obtained for a certain parameter with the input level of 

different factors applied during the growth period. In 

irrigated agriculture, this function is known as "water 

yield function", i.e., expresses the relationship between 

yields and the amount of water applied throughout the 

season. 

Many researchers have related yields with different 

water variables: transpiration (Hanks, 1974) I applied 

irrigation (Hexem and Heady, 1978) , and total seasonal 

application, including rainfall, moisture stored in the soil 

at the time of planting, and so forth (Barret and Skogerboe, 

1980) . 

Most of the yield functions are obtained from empirical 

measurements, although mathematical models have also been 

used to characterize the relationship (Hanks, 1976) . Several 

crops have already been studied and the yield relationship 

may vary from constant (Seginer,1978) up to a quartic 



function (Howell, 1964b) , with several different types of 

functions in between. 

Although each of these models can predict yields 

satisfactory, the relationship between yields and applied 

irrigation is of particular interest, since the input 

(variables) can be controlled by farmers. 

Yields are predicted based on considerations of two 

factors; the yield response to water, and the distribution 

of the amount of water applied to various portions of the 

irrigated area (Solomon, 1983) . The better the irrigation 

system delivers water to the field (larger uniformity of 

application) the smaller the yield variation from point to 

point in the area. 

Given an yield function y(w), and an irrigation 

distribution function f(w), the relative yield y for the 

irrigated area may be calculated as 

25 

Y= J y ( w) f ( w) dw (2.2) 

Many water distribution functions have been used, from 

linear (Seginer,1978) to normal and log normal (Warrick and 

Gardner, 1983) . When coupled with the yield functions, the 

mean value of yields Ym for this area can be determined by 
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ym=fy{W) f{w) dw 
o 

(2.3 ) 

2} Crop yield and irrigation unifor.mity 

Assuming that for any irrigation scheme timing is 

perfect, and cultural practices and other factors are not 

limiting, crop yield will be a direct function of the total 

water applied as well as the uniformity of the specific 

application. 

If the field is considered homogeneous, the response of 

the soil water content and in turn crop yield, results 

mainly from the non-uniformity of the water application 

(Stern and Bresler,1983). Warrick and Yates (1987) observed 

a decrease in the fully irrigated area, from 95% to 80%, 

when the coefficient of variation of the applied water 

increased from 0.1 to 0.2. In this case, a normal 

distribution of the water was considered. For a Mitscherlich 

kind of response (yield function), a decrease in yield from 

0.93 to 0.8 (20%) was obtained when the applied water CV 

changed from 0.25 to 1.0. A more dramatic response occured 

for a quadratic yield function, with yield reductions 

varying in the range of 0.9 to 0.6 for the same range of 

variation of the CV (from 0.25 to 1.0) . 
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3) Crop yield and spatial variability 

When a deterministic irrigation regime is applied to a 

heterogeneous field, soil water content and crop yield will 

vary in space because of the inherent spatial variability in 

the soil properties (Russo,1986). 

In some cases, it has been noticed that although an 

average response of the field (in terms of its relative 

yield) is similar to that of a ficticious equivalent 

homogeneous field, the response of different regions can be 

quite different. Russo (1986) reported that when considering 

the appropriate irrigation amount for each site, the total 

volume of water decreased up to 34% for a prescribed yield. 

The net benefit obtained using an irrigation design based on 

optimal amounts of water and engineering constraints 

increased up to 42%, compared to that in which no spatial 

structure of the field was considered. 

For a constant (deterministic) amount of water applied 

to the entire field, soil spatial variability is responsible 

for a decrease of 10% on yields, due to an increase of the 

soil CV from 0.3 to 0.5 (Warrick and Gardner, 1983) . 

On the other hand, Russo (1983) did not notice any 

advantage in considering the soil spatial structure in a 

trickle irrigation experiment, In fact, an increase on 

yields of only 2% was obtained, probably not enough to 



28 

justify the effort involved in sampling and re-designing the 

irrigation system. 

Economics 

The selection, spacing, and orientation of sprinklers 

are based on trade-offs between equipment costs and yield 

benefits associated with high application uniformity. 

Systems with closely spaced sprinklers generally apply water 

more uniformly, resulting in higher yields, but costs and 

application rates are higher (Chen and Wallender, 1983). 

The cost of irrigation as a function of the uniformity 

increases more rapidly at higher uniformity levels. On the 

other hand, the productivity of the crop is likely to 

respond more vigorously to improved uniformity at the low 

uniformity level (Seginer,1987). 

Feinerman et al. (1985) suggested that the impact of the 

spatial variability and uncertainty of yields upon optimal 

level of water application might be substantial. Economic 

prescription for optimal use of water based on the 

assumption that soils are perfectly homogeneous have the 

potential to be biased. 
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The experimental site was located at the University of 

Arizona Research Campus Agricultural Center, at Campbell 

Av., Tucson, Arizona. 

The chosen site, Field #4, is located at the corner 

between Roger Rd. and the access road to the greenhouses, 

located just west from the road (Fig.3.1). 

The plot was chosen based on initial soil information, 

since it was known to present a rather large soil texture 

variability, ranging from a clayey to a sandy texture when 

moving Northward (Park, 1992). 

There was a recycled water outlet at the spot, with 

pressure ranging from 80 psi to 90 psi, as well as a power 

supply. 

The experimental area was 60 ft wide and 90 ft long, 

sub-divided into 6 fields of equal size, each one measuring 

30 ft by 30 ft, and numbered from I to VI (Fig.3.2). 

In the experimental area, soil samples were collected 

according to the scheme presented in Fig.3.3. 
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For fields IV, V, and VI, the site where the soil 

samples were taken was determined according to the pattern 

shown in Fig.3.4. 

For plots I, II, and III, the soil samples were taken 

exactly at the mid-point, 15 ft away from the corners. 
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A total of 39 samples were collected with a Soil 

Moisture Ring Sampler, measuring 55 mm of internal diameter 

and 30 mm in length. The sampler was inserted into the soil 

down to a depth of 15 cm, and the samples were put into 

aluminum cans, and taken to the laboratory. 

The undisturbed samples were used for bulk density 

analysis whereas the disturbed samples were used for 

determining the retention properties (retention curve). The 

observed values for each sample are presented in Table 3.1. 

The bulk density measurements appeared to be high, 

ranging from 1.58 g/cm3 to 2.05 g/cm3. Some of these values 

may be unrealistic, and can only be explained by the large 

amount of gravel that existed originally in the fields. 

The results obtained for the soil parameters (F.e. and 

W.P.) seemed to be much lower than the expected values for 

that kind of soil, a Brazito sandy loam (Killen, 1988). 

There are numerous reasons that may explain these 

discrepancies, especially experimental mistakes made when 
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SAMPLE BULK D. THETA(1/3 THETA(1) THETA(15) THETA(11 THETA(1) THETA(15) 
g/cm %MASS %MASS %MASS %VOL. %VOL. %VOL. 

1 1.90 0.08 0.04 0.04 0.16 0.08 0.08 
2 1.68 0.08 0.05 0.03 0.14 0.08 0.06 

3 1.86 0.06 0.03 0.02 0.11 0.06 0.04 

4 1.83 0.08 0.04 0.05 0.15 0.08 0.08 

5 1.88 0.08 0.04 0.04 0.15 0.08 0.08 

6 1.82 0.07 0.04 0.03 0.12 0.07 0.06 

7 1.70 0.08 0.05 0.04 0.13 0.08 0.06 

8 1.92 0.08 0.05 0.03 0.14 0.09 0.06 

9 1.85 0.06 0.04 0.03 0.11 0.07 0.05 
10 1.76 0.08 0.05 0.03 0.14 0.08 0.06 

11 1.75 0.07 0.05 0.04 0.13 0.08 0.08 

12 1.87 0.08 0.04 0.03 0.14 0.07 0.06 
13 1.81 0.08 0.04 0.03 0.14 0.08 0.05 
14 1.78 0.05 0.05 0.09 0.08 
15 1.88 0.05 0.05 0.04 0.09 0.10 0.07 

16 1.81 0.04 0.05 0.03 0.08 0.09 0.06 
17 1.78 0.06 0.06 0.04 0.11 0.10 0.07 
18 1.66 0.06 0.05 0.04 0.10 0.08 0.07 

19 1.81 0.06 0.05 0.03 0.10 0.08 0.05 

20 1.75 0.07 0.05 0.04 0.12 0.09 0.07 

21 1.79 0.06 0.05 0.03 0.10 0.10 0.05 

22 1.82 0.06 0.05 0.03 0.10 0.10 0.06 

23 1.64 0.05 0.04 0.03 0.09 0.07 0.06 
24 1.69 0.06 0.05 0.04 0.10 0.09 0.07 

25 1.85 0.06 0.06 0.04 0.12 0.10 0.07 

26 1.55 0.06 0.05 0.09 0.08 
27 1.68 0.09 0.05 0.15 0.09 
28 1.69 0.08 0.05 0.08 0.13 0.09 0.13 

29 1.73 0.07 0.05 0.10 0.12 0.08 0.16 

30 1.61 0.07 0.05 0.10 0.12 0.08 0.15 

31 1.84 0.08 0.05 0.10 0.15 0.09 0.19 

32 1.61 0.07 0.05 0.09 0.12 0.08 0.14 

33 1.61 0.08 0.06 0.09 0.13 0.10 0.15 

34 1.79 0.08 0.06 0.10 0.14 0.10 0.18 

35 1.75 0.08 0.05 0.10 0.15 0.09 0.17 

36 1.69 0.07 0.05 0.09 0.11 0.09 0.15 

37 2.05 0.07 0.05 0.06 0.14 0.10 0.12 
38 1.63 0.09 0.05 0.06 0.15 0.08 0.09 

39 1.58 0.09 0.06 0.10 0.14 0.10 0.16 

Table 3.1. Soil parameter values for individual samples 
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the retention curve was being determined. Reading errors, a 

non-calibrated manometer, problems in the porous plate, and 

so forth, may have produced these low volumetric water 

content values. The fact that the top soil surface had been 

previously removed when this area was being leveled may 

also explain the differences in magnitude (Post, 1993). 

Due to these problems, a new model to estimate these 

parameters was introduced, and it will be discussed "a 

posteriori". 

The initial trial 

The experiment began in May,1992. The initial ground 

cover selection was Bermuda grass (Cynodon dactylon L.). It 

was to be irrigated through a temporary sprinkler 

irrigation system so it could be rapidly established. After 

the initial step, the permanent (micro sprinkler) 

irrigation system was going to be implemented, and the 

research be initiated. 

This was assumed to be a good idea because it would 

allow the research to begin immediately, since timing was 

perfect to seed the field. 

After the soil spatial variability investigation was 

conducted, the field was plowed and Bermuda grass was 



planted. With the help of a seeding machine, seeds were 

spread allover the field, and fertilizer was applied. 
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A fixed sprinkler irrigation system was installed, and 

water was applied three times a day for 15-20 min each 

time, such that the upper region of the soil profile (3/4") 

was always well watered. For emergence the irrigation 

system consisted of four laterals running parallel to each 

other, two located in the central region of the field, and 

the two others along its edges. Each lateral consisted of a 

4" diameter aluminum pipe, fed by a 4" diameter main line. 

Four sprinklers were located along each lateral, with an 

operating radius of approximately 30 ft each, and operating 

pressure in the range of 60-70 psi. 

The system was assembled based on the availability of 

equipment that existed in the farm. Sprinklers had to be 

tested for operability, and gaskets were changed in most 

pipes. No pressure regulator was installed in the main 

line, and flow was regulated manually in the main globe 

valve, located right at the recycled water outlet. Three 

times a day the main valve had to be opened and closed, and 

this was done at 9:30 a.m., 12:00, and 2:30 p.m. (Fig.3.5). 

Overlapping was not as good as it should had the 

system been designed to be used in a permanent basis. 

However, since the main goal at that point was to have the 

crop established, it was assumed that for that purpose 
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solely, the system was deemed adequate. In two weeks grass 

began to emerge evenly distributed all along the field, and 

it seemed that this step had been successfully reached. The 

irrigation management continued for one more month, until 

the lawn seemed to be in conditions to be mowed and 

maintained thereafter, so that the permanent system could 

be installed. 

As soon as the grass emerged, one could also notice in 

some parts of the field the presence of other kinds of 

plants, mostly weeds. For controlling purposes, they were 

removed manually since no herbicides could be applied 

without inhibiting the emergence of bermudagrass. Although 

this required a lot of work, it seemed to be showing good 

results in the initial weeks of the experiment. However, 

despite all the effort, weeds became a real problem since 

there was a vast reservoir emerging constantly. In mid

July, when the IImonsoon ll season began, this situation 

became critical, due to hlgh temperatures associated with 

irrigation plus rains. The weed growth turned out to be 

unmanageable, and in a matter of 4 to 5 days, after a week 

of heavy rains, weeds literally outcompeted the desirable 

turf. Their growth was very rapid, and in some areas of the 

field grass could not be seen. 

The experiment was stopped, and considered a failure. 

The crop was let to die, and later removed. It was decided 



that the research should begin again later in the year, 

with a winter crop. Due to low temperatures and shorter 

daylengths, it was unlikely that weed related problems 

would happen again (Kopec,1993). 

The second trial 

For the second trial, a change in the procedure was 

followed. The steps were inverted, and the irrigation 

system was installed before planting the winter crop, 

chosen to be perennial ryegrass (Lolium perenne L.) . 

The micro-sprinkler irrigation system installation 
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began in September, and it was over at the end of October 

(design and detail in the next section). Rye grass was 

seeded in mid-November, and emerged about ten days later. 

As predicted, no weeds came out, and the overall appearance 

of the crop was good and evenly distributed. 

With minor adjustments still to be done in the 

equipment (mower, oven, and so forth), and in the 

irrigation system (evaluation, sprinkler adjustment), the 

research was ready to begin. 

When all the work for this phase was finished, a final 

evaluation of the overall procedure performed up to that 

point was conducted. The main conclusion was that had the 



first trial succeeded, and no weed problems had occurred, 

the research would not have gone well in the second phase. 

Implementing the irrigation system after the crop had been 

established would have been a major mistake in this case, 

since the field man~pulation (soil movement due to 

trenching) necessary to bury all pipes and valves would 

have destroyed most, if not all the bermuda grass. 

In other words, due to a strange combination of 

factors, the research was ready to a good start, despite 

what was thought "a priori". 

The irrigation design 
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In order to take into account the spatial variability 

of the soil Droperties and to be able to deliver water with 

different amounts for each different area on the field, and 

for the purpose of this research, a unique irrigation 

system had to be envisioned. As a result of that, before 

proceeding into the irrigation system design, the entire 

area was sub-divided into smaller plots, according to the 

purpose of the research. 

Three of the sub-plots, I, II, and III (Fig.3.2) were 

assumed to have homogeneous properties throughout the 

entire area, according to the values observed in samples 
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#37, #38, and #39 (Fig.3.3). The other three sub-plots, IV, 

V, and VI were further sub-divided into four smaller sub

plots, each one measuring 15 ft by 15 ft, and its 

properties to be represented by the samples taken "a 

priori". 

The final field configuration had 15 sub-plots, 12 of 

them measuring 15 ft by 15 ft, and the other three 

measuring 30 ft by 30 ft, and numbered as indicated in 

Fig 3.6. 

The irrigation design concept behind this experiment 

was to be able to control as much as possible not only the 

amount of water applied for each of the 15 sub-plots, but 

also the timing, i.e., when to apply it. Water was to be 

applied according to the parameters calculated based on the 

soil properties for each sub-plot, therefore the field 

spatial variability was to be taken into account. 

A micro-sprinkler irrigation system was designed such 

that at the corner of each plot there is one sprayer, 

regulated to water in a 90 degree angle. Each plot has, 

therefore, four sprayers overlapping each other at the 

center of the plot. Naturally, the sprinklers located at 

the corner of the larger plots (Hunter G-Type Rotor 

Adjustable, model PGP-ADJ) spray at larger distances and 

operate at higher pressure than those located at the 
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smaller plots (Hunter 2" Pop-Up 15', model PS-02-15A). 

Since it was desired that every plot operated individually, 

each group of four sprinklers associated with a specific 

sub-area had an individual hydraulic supply line, connected 

to an automatic solenoid valve (Hardie Electric Valve w/ 

FC, model 700-1, for the large plots, and Hardie 3/4" 

Electric Valve, model 700-.75, for the small sub-plots). 

The experimental area had, therefore, 15 individual 

hydraulic units, each connected to its own valve. 

The automatic valves were all connected to three 

digital timers, one accountable for 6 out of the 15 sub

plots, and the others covering 5 and 4 sub-plots 

respectively. These timers turned each of the valves on and 

off according to the information given a priori, i.e., how 

long each of the units should remain operating, and when to 

begin the irrigation. The determination of these parameters 

(irrigation amount and operating time) is discussed in 

details in the following sections. 

A detailed representation of the entire irrigation 

system is shown in Fig. 3.7. 

The piping network was composed of PVC pipes, with 

diameters of 1/2", 3/4", and 2". The 1/2" pipes were used 

to deliver water to the small units (15 ft x 15 ft), the 

3/4" pipes to deliver water to the large plots (30 ft x 30 
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ft), and the 2" pipes represent the main line. A pressure 

regulator was installed at the main line in order to 

decrease the inlet pressure from 90 psi to 50 psi, since 

this value is within the sprinklers operating pressure 

range. 
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The entire hydraulic network was buried (with the 

exception of the main line), in order not to disturb future 

agronomic practices. A trenching machine was used to open 

up the trenches, down to a depth of around 50 cm. The 

sprinklers (pop-up type) were also placed below ground, 

rising above ground only when irrigating. The valves were 

distributed along the main line in three main groups, 

according to the field layout. Installing the irrigation 

system was extremely time consuming due to the system's 

particularities, and the whole process took around 45 days, 

including opening up the trenches, wiring the clocks, and 

system testing. The entire work was done by two people, 

during the months of September and October, 1992. 

The system's evaluation 

In order to insure that the amount of water being 

applied was exactly the one expected, a complete evaluation 

of the entire field, i.e., each of the 15 units, was 
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performed. 

The manufacturer states that for a certain operating 

pressure, the sprinklers deliver a corresponding amount of 

water and, for a square spacing arrangement used in this 

work, the application rate (in mm/h) can be immediately 

known. Since the operating pressure used was hardly the one 

suggested by the manufacturer, it was decided that the only 

way to know the precise precipitation rate for each plot 

was to evaluate each test plot individually. 

The procedure was basically to distribute a series of 

catch cans in each of the plots, and allow system operation 

for a pre-specified period of time. After the irrigation 

was complete, the amount of water collected in each of the 

cans was measured, and uniformity parameters could then be 

calculated. 

The catch cans were 20 cm high, with an internal 

diameter of 8.18 cm (3.22 in), and a corresponding cross 

section area of 48.88 cm2
• The cans were made out of PVC, 

with a sharp edge at the opening. Before conducting the 

test, a small amount of oil was sprayed into the cans to 

ensure that a thin film was formed and evaporation from the 

cans after the test was performed was minimal. 
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Table 3.2. Sprinkler application rate values for each plot 

FIELD # MEAN (ml) APP.RATE APP.RATE 

(em/min) (mm/h) 

1 14.11 0.014 8.66 

2 14.20 J.014 8.71 

3 13.23 0.013 8.11 

4 37.22 0.066 39.73 

5 42.50 0.075 45.36 

6 38.50 0.068 41.09 

7 21. 78 0.074 44.55 

8 19.44 0.066 39.78 

9 14.39 0.049 29.43 

10 23.78 0.081 48.64 

11 13.44 0.045 27.50 

12 30.61 0.104 62.62 

13 16.44 0.056 33.64 

14 32.61 0.111 66.71 

15 15.56 0.053 31.82 



The evaluation was performed on Feb/04, and wind was not 

considered to be a problem. 

For each individual plot, the results obtained are 

listed in Table 3.2. 

More than a month later, it was noticed that some of 

the plots were not receiving the amount of water it was 

expected, since an uneven grass growth could be noticed in 

some areas. It was decided that a re-evaluation of the 

system had to be done, and indeed some changes in 

application rates had occurred in some plots. Although in 

most of the plots application rates remained the same, 

differences were observed in two of them (Table 3.3). 

Table 3.3. Adjusted values of sprinkler application 
rates after a second evaluation 

FIELD # OLD APP.RATE NEW APP.RATE 

(mm/h) (mm/h) 

8 29.79 39.78 

10 30.68 48.64 
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The most probable reason for this occurrence (changes 

in application rates) is the fact that mowing the grass 

introduced variations in the sprinkler position or foliage 

contact. This could therefore change precipitation 

patterns, and consequently the overlapping profile. In 

order to avoid this problem from happening again, the areas 

in the immediate vicinity of the sprinklers were mowed with 

extreme care such that no contact between the mower and' the 

sprinklers occurred. 

Fertilization scheme 

Throughout the season, fertilizer was applied three 

times. 

On November, 29, 1992, 30 lb of fertilizer (18-4-10) 

was applied, corresponding to an amount of 1.26 lb N/1000 

ft2. 

On December, 9, 1992, 19 Kg of fertilizer (18-4-10) 

was applied, corresponding again to 1.26 Kg N/1000 ft2. 

The last application was done on February, 3, 1993, 

and 1.0 lb of N, 0.13 lb of P, and 0.33 lb of K was applied 

for every 1000 ft2. 
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Irrigation management 

The decision as to when to irrigate and how much water 

to apply each time was based on a combination of the soil 

parameters obtained "a priori" and the soil moisture 

conditions read on a daily basis. 

With the use of a T.D.R. apparatus (Time Domain 

Reflectometry), the volumetric moisture content at a 

specific site in the field could be read instantaneously. 

In each sub-plot, a series of volumetric water content 

readings were obtained each day and the amount of water to 

be applied back to the soil was calculated. 

The management was based on the following sequence: 

TAW=(FC-WP)*RD (3.1) 

where 

TAW ... total available water (cm) 

Fe .... field capacity (cm3 water/ cm3 soil) 

WP .... wilting point (cm3 water/ cm3 soil) 

RD .... root depth (crn) 



Since the soil-water is not allowed to deplete 

beyond a pre-determined level, the amount of water 

necessary to bring the field back to field capacity is 
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AW = (FC-WP) *RD*K (3.2) 

where 

AW ... available water (cm) 

K .... allowable depletion 

The soil parameters, Fe and WP were already known 

(from the retention curve). The root depth was assumed to 

be 15 cm for the entire experiment since data began to be 

collected only after the crop was established. Allowable 

depletion was assumed to be 0.75 in the early stages of the 

experiment (Brown, 1993). 

The initial protocal was to measure the volumetric 

soil moisture content on a daily basis (for every plot) , 

and to compare its value with a minimum moisture content 

beyond which soil water should not be allowed to drop (a 
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threshold value) . 

The threshold value for each plot was determined by 

TV = FC _ AW 
RD 

(3.3) 

where 

TV ... moisture content threshold value 

AW .... amount of water needed to bring the soil 

back to F.C. (cm) 

The idea of a threshold value is useful in order to 

indicate the irrigation timing, i.e., every time the soil 

moisture content measured by the T.D.R. drops below this 

value, water should be applied back to the field. The 

amount of water to apply each time can then be estimated by 

W = (FC-SMC) *RD 

w ..... water depth to be applied back (cm) 

SMC ... soil. moist. content indicated by the 

T. D. R. (cm3 water / cm3 soil) 

(3.4) 
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Therefore, based on the T.D.R. output, the depth of 

water to be applied back to the field can be easily 

calculated, and management of the irrigation system for 

every plot was then dependent on its daily readings. If the 

volumetric soil moisture content read on the T.D.R. (SMC) 

was smaller than the threshold value (TV), the field should 

be irrigated, and the amount of water to be applied was 

determined by equation 4. Naturally, if this value had not 

yet been reached, irrigation was not necessary. 

This management procedure was followed until April, 

12 ili , when the first signs of crop stress were noticed, 

indicating that the threshold value was probably too low, 

and water should either be applied more frequently or in 

higher amounts. Low soil moisture content, far below the 

threshold value, was observed just one day after the soil 

moisture level for the same plot was determined to be 

adequate (above the threshold value). Up to that point, 

water was being applied every three to four days, depending 

on the T.D.R. readings for each plot. 

A new management approach had to be implemented. Two 

options could have been followed, either continue with the 

concept of a threshold value, with a different (smaller) 

allowable depletion, or to irrigate the plots every other 

day, with amounts of water indicated by equation #4. For 



practical purposes, the second option was chosen and this 

procedure was then followed until the end of the 

experiment. 

In case irrigation was necessary (SMC ( TV), the time 

necessary to apply back the amount of water W, was 

calculated by 
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APP. RATE = W(mm) 
T(h) 

(3.5) 

therefore 

T(h) = W(mm) 
(3.6) 

APP. RATE(mm/ h) 

Since W was determined on a regular basis and the 

application rates were known from the irrigation system's 

evaluation, irrigation timing was easily calculated. Time 

was converted into minutes, in order to be consistent with 

the timeing devices. 

Application rates and SMC changed from plot to plot, 

so did the timing necessary to bring the soil back to field 

capacity in each unit. 



Soil parameters evaluation 

Due to laboratory procedure, the soil parameter 

values (F.e. and W.P.) seemed to be much lower than the 

ones expected. In order to adjust them to a more 

"realistic" situation, all these values were multiplied by 

a factor of two (approaching the real values for this 

soil). It was assumed that this was valid as long as the 

spatial variability pattern was maintained, i.e., the 

relative differences between the sample values remained 

unchanged when compared to the original data. 
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Despite the fact that the experiment seemed more 

reasonable with this set of values, it was still only a 

theoretical approach, and remained to be evaluated. Due to 

heavy rains in the beginning of April, estimates of the 

F.e. values for all plots were obtained directly from the 

field. These values were used to compare with those assumed 

to be theoretically correct. 

The procedure was simple, and consisted of measuring 

the volumetric water content for all plots every eight 

hours, for a period of three to four days, after the rains 

had ceased. The idea was to be able to determine the rate 

of change of the volumetric soil moisture content for each 

plot with time, and then determine its F.e. value "in 



situ". This was done by measuring its value on the curve 

for a corresponding elapsed time of 48 hours. Graphs 

representing the soil moisture variations with time and 

F.e. values "in situ" are shown from Fig.3.8 to Fig.3.22. 
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Fig.3.14. Field capacity value (in situ) for plot 7 
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Fig.3.16. Field capacity value (in situ) for plot 9 

66 



- 26 r---------------------, 
ff. 
'-" ..... c:: 
~ 22 ........................................................................................................................................................................................................................................... . 
o 
() 
L... 

.m 18 ~===~ 
~ 
o .i:: 

Q) 14 
E 
::J 

~ 10~~~~~~~~~~~~~~ 
o 24 48 72 96 120 144 168 192 

Elapsed time (hours) 

Fig.3.17. Field capacity value (in situ) for plot 10 
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Fig.3.18. Field capacity value (in situ) for plot 11 
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Fig.3.19. Field capacity value (in situ) for plot 12 
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Fig.3.20. Field capacity value (in situ) for plot 13 
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Fig.3.21. Field capacity value (in situ) for plot 14 
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For some of the plots, the F.e. values obtained "in 

situ" were substantially close to the theoretical ones 

being used up to that point, and confirmed the choice of 

multiplying the original values by a factor of two. In 

those plots where the values showed significant 

discrepancies (larger than 20%), the F.e. values used in 

the calculations were changed to those obtained "in situ". 

Both the measured and the theoretical values are 

represented in Table 3.4. Plots 2, 3, 6, 8, and 12 had 

their F.e. values adjusted to the "new" values measured. 

After the field capacity values were determined, it 

was necessary to obtain the other constants, i.e., the 

wilting point values for every plot. An equation 

representing the retention curve was introduced, and 

expressed by 
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s = A e-b (3.7) 

where 

S ....... pressure plate suction (bars) 

0 ....... volumetric moisture content (%) 

A, b .... fitting parameters 



Table 3.4. Theoretical and "in situ" F.C. values for 
each plot 

FIELD # IN SITU THEORETICAL DIFFERENCE 

(%) (%) (%) 

1 22.6 28.0 19 

2 19.6 29.0 32 

3 17.8 29.0 36 

4 24.9 24.5 2 

5 27.5 27.0 2 

6 22.9 29.5 22 

7 28.0 26.0 8 

8 27.5 23.0 20 

9 19.9 17.0 17 

10 18.2 20.5 11 

11 17.5 18.5 5 

12 26.0 21.0 24 

13 24.0 27.5 13 

14 25.0 26.5 6 

15 27.0 26.0 4 
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Through simple mathematical manipulation, 

In S In A - b In e (3.7) 

therefore 

In e = In A - In S (3.8) 
b 

and 

In A - In S (3.9) e = e b 

In order to obtain the W.P. moisture content values, a 

set of two equations and two unknowns was solved, such that 

the fitting parameters A and b were determined. Therefore, 

for a certain tension value (as soon as these values were 

known) it was possible to obtain the correspondent moisture 

content and vice-versa. An example of this procedure 

follows: 

For sample #1: 

Vol. water content at F.e (1/3 bar) = 32% 

Vol. water content at one bar = 16% 



therefore 

In(1/3) = In A - b*ln(0.32) and 

In(l) = In A - b*ln(0.16) 

and A = 8.81E-4 and b = 2.89. 

The form of the equation for sample #1 is 

S = 8. 81E-4 e-2 • 89 

and for S = 15 bars (W.P.), Theta = 0.03. 
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(3.10) 

(3.11) 

(3.12 ) 

Repeating the procedure above for all the samples, the 

W.P. moisture values are obtained, and all the soil 

parameters needed for the irrigation management were 

defined (Table 3.5). 

Mowing technique 

The effect of different water application rates and 

amounts in every plot should be reflected on the production 

data obtained for each plot. Crop yield per plot was 
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Table 3.5. Adjusted volumetric soil water content 

SAMPLE THETA (1/3) THETA (1) THETA (15) 
VOL VOL VOL 

1 0.32 0.16 0.03 
2 0.27 0.16 0.04 
3 0.22 0.13 0.03 
4 0.30 0.16 0.03 
5 0.31 0.15 0.03 
6 0.24 0.15 0.04 
7 0.27 0.16 0.05 
8 0.29 0.18 0.06 
9 0.21 0.14 0.05 

10 0.28 0.17 0.04 
11 0.26 0.16 0.05 
12 0.28 0.15 0.03 
13 0.28 0.15 0.04 
14 0.18 0.17 0.13 
15 0.19 0.20 
16 0.15 0.18 
17 0.21 0.20 0.16 
18 0.19 0.17 0.09 
19 0.20 0.16 0.09 
20 0.23 0.18 0.09 
21 0.20 0.19 0.15 
22 0.21 0.20 0.15 
23 0.18 0.13 0.07 
24 0.19 0.18 0.14 
25 0.24 0.21 0.13 
26 0.18 0.16 0.12 
27 0.29 0.18 0.05 
28 0.26 0.18 0.07 
29 0.24 0.16 0.07 
30 0.24 0.17 0.07 
31 0.30 0.18 0.05 
32 0.23 0.16 0.06 
33 0.25 0.19 0.10 
34 0.28 0.21 0.10 
35 0.29 0.19 0.07 
36 0.23 0.18 0.10 
37 0.28 0.20 0.09 
38 0.29 0.16 0.03 
39 0.28 0.19 0.07 



one of the variables measured to evaluate this effect, and 

a mowing plan was developed in order to collect the grass 

clippings (crop production) . 

It has already been discussed that the entire field 

has 15 individual plots, each with its own irrigation 

management. For each of them, the clippings had to be 

collected and expressed on a dry weight per unit ground 

area basis. 
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Inside each plot a smaller area was selected and 

reserved for clipping collection. This sub-area inside the 

plot was marked in the field with the help of bright color 

spray paint, and a unique mowing technique was then used to 

mow the entire field, plots and sub-areas alike. The reason 

the sub-area was located centrally in every plot is due to 

the fact that in this region the sprinkler overlapping 

pattern is theoretically uniform (Fig.3.23). 

Mowing consisted of a two step process, i.e., with two 

distinct blade heights from the soil surface. The initial 

phase was to mow the grass everywhere in the field, with 

the exception of those areas where the production was 

expected to be measured, with a lower blade height (8.6 em 

from the soil). As soon as this phase was completed, the 

blade height was changed to a second position, one noteh 

higher, around 9.1 em from the soil surface. Mowing was 
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Figure 3.23. Schematic view of the mowing pattern 
in the field 
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resumed, this time applied to every plot individually and 

its production collected in individual bags. 

The mowing technique allowed the clipping collection 

to be done without problems of mixing materials from 

different areas. Since the grass had already been cut 

everywhere before the individual plots and the mower had 

been adjusted to a higher position, the mower could travel 

easily throughout the field and the production could be 

separated from plot to plot. 

Sample collection and processing 
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The original collection catch bag was used only when 

the first mowing step was being conducted (blade was in its 

initial height). For the second step (sample collection), a 

new stainless steel collector was re-designed, such that 

precision could be assured when the individual plots were 

being mowed. 

The new collector was all made out of aluminum, and 

resembled a rectangular box, with openings in the laterals 

and at the end, for collection discharge. The objective was 

to build a light-weight box, that could be easily removed 

back and forth from the mower, such that the process of 

clipping collection could be simplified (Fig.3.24). 



Fig.3.24. Aluminum box used to collect grass clipping 
samples 

8 1 



The clipping collection process became simple and 

reliable. Each individual plot was mowed two times, in 

orthogonal directions, and the material deposited in 

individual bags. When all the plots were mowed, the bags 

were then taken to an oven to be dried. 

A simple wood drying oven with three internal 40 watt 

bulbs was utilized to dry the clippings for 72 hours. This 

period was generally sufficient due to the relative small 

amount of material present in each of the bags. The bags 

were then removed, its content weighed, and recorded. 
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Initially it was thought that mowing had to be done at 

least twice a week, in order to prevent scalping. This 

proved not to be the case since its growth was somewhat 

less than expected. Mowing on a weekly basis was 

acceptable, and after one week enough material could be 

collected. 
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CHAPTER 4 

THE TDR AND THE INFRARED THERMOMETER 

The infrared thermometer 

The determination of the soil moisture content in an 

irrigated field can be obtained through a series of 

techniques. Current methods include tensiometers, neutron 

probes, gravimetric soil samples, weighing lysimeters, and 

so forth. Remote sensing is an alternative method of 

estimating soil water content, and in particular, thermal 

infrared data can be measured quickly and accurately (Myhre 

et al., 1990) . 

The use of surface-minus-air temperature and soil/plant 

parameters has been investigated in the literature since the 

mid-1970s. Jackson et al. (1977) and Idso et al. (1977) 

developed the so called Stress Degree Day (SDD) , a plant 

parameter that used plant surface-minus-air temperature 

data. A Plant Water Stress Index (PWSI), which also 

incorporated plant surface minus-air-temperature data, was 

developed by Idso et al. (1981) and Jackson et al. (1981) . 

Thermal properties of the soil and water can relate to 

soil water content and minus-air temperature. Thermal 

inertia is defined as a measure of the ability of a 
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substance to absorb and transfer heat energy. Water has a 

higher volumetric heat capacity (C) and thermal conductivity 

(TC) than air. Therefore, as water replaces air in the soil 

matrix, these parameters (C and TC) increase and so does the 

thermal inertia. Soils with high thermal inertia (due to a 

higher water content) will transfer a greater radiant heat 

load from the soil surface to the soil subsurface than those 

with low thermal inertia. As the process occurs and heat 

energy is transferred away from the soil surface, the 

surface temperature decreases. Thus, soil water content is 

correlated to air and daytime surface temperature (Shih at 

al. ,1986) . 

Myhre et al. (1990) used infrared thermometry to 

estimate the soil water content for a sandy soil and 

concluded that the principal variable affecting movement of 

heat was the soil water content. However, the work was done 

in only one type of soil (Arredondo fine sand) and assumed 

no effects of the local spatial variability. 

The purpose ,of this chapter is to investigate the 

uselfuness of the INFRARED thermometer as a tool to assess 

the soil spatial variability in an irrigated plot. 
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Time Domain Reflectometry ( T.D.R.> 

Time domain reflectometry is a technique operating over 

a range of radio frequencies, which can be used to measure 

the high-frequency electrical properties of materials. In 

soil applications, TDR is used to measure the dielectric 

constant. Water, the component which governs the dielectric 

constant of the soil, has a dielectric constant of 80 

contrasted with values of 2 to 5 for soil solids. Thus a 

measure of the dielectric constant of soil is a good measure 

of its water content (Topp and Davis, 1985). 

The TDR apparatus measures the propagation velocity of 

an electromagnetic pulse through a high speed oscilloscope. 

Parallel rods or wires serve as conductors and the soil, in 

which the rods are installed, serve as the dielectric 

medium. The pulse propagates along the rods and reflects 

back from the end of the transmission line. The time 

difference between sending and receiving the reflected 

signal relates directly to the propagation velocity of the 

signal in the soil since the line length is known. The 

propagation velocity is indicative of the volumetric water 

content, being smaller as the water increases. 

The dielectric constant K can be estimated by 



K = (ct/2L)2 

where K ... dielectric constant 
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(4.1) 

c ... propagation velocity of an electromagnetic 

wave in free space (3*10 8 m/sec) 

t ... signal travel time in the soil (s) 

L ... length of the transmission line (m) 

Topp et al. (1980) showed that a strong dependence of 

the dielectric constant on the volumetric water constant 

exists, and concluded that it is only weakly dependent on 

soil type, soil density, soil temperature, and pore water 

conductivity. This relationship may be represented by: 

e v = -5.3*104 + 2.9*10~ K - 5.5*104 K2 + 4.3*10~ K3 

where e v ••• volumetric soil moisture content 

A number of different soils were tested and it was 

observed that the volumetric water content obtained from 

measurements of the dielectric constant were in an accuracy 

range of ±0.02 m3/m3
, compared to gravimetric samples. This 

accuracy is sufficient for using the TDR technique for 



irrigation applications without having to carry out a 

calibration for each soil or field. 

Methodology 
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From May, 11, 1993, until May 26 ili , a series of TDR and 

INFRARED (IR) measurements were collected in the field. On a 

given day, they were collected at the same spot and at the 

same time. For every single point, each measurement 

represents the mean value of three measurements for the 

INFRARED thermometer and two measurements for the TDR. 

A hand-held Everest Interscience Model 110 Infrared 

thermometer, Everest Interscience, Inc., P.O.Box 345, 

Tustin, CA, 92681, was used l
• It has a 3% field of view, 

spectral bandpass of 8 to 14~m, ±O.l°C resolution, and ±O.SoC 

accuracy. The soil/plant surface and air temperature 

measurements were taken at a height of 1.Sm above and at an 

angle of 45° to the soil surface. Data was collected from 

9:00 a.m. to 10:30 a.m., on cloudless days, and the sampling 

scheme is shown in Fig 4.1. 

The TDR apparatus was a Trase System Model 60S0XI, 

manufactured by Soilmoisture Equipment Corporation, 801 S. 

1 Brand names are given for informational purposes only and 
do not imply endorsment by the author or the University of 

Arizona. 
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Kellogg's Av., Goleta, CA, 93117, equipped with metal wave 

guides of 15 cm. It had the capability of storing up to 6000 

readings or 166 graphs. This model operates in a temperature 

range of 0-45°C, a measuring range of 0-100% volumetric 

moisture content, and a measuring accuracy of ±2% or less. 

The wave guide was inserted at a particular spot, and a 

couple of measurements were taken one minute apart from each 

other. Most of the time minor differences were observed 

between the two readings, although they were always very 

close (it was assumed that these differences did not need to 

be statistically analyzed) . 

Statistical analysis 

A comparative analysis between the coefficients of 

variation (CV) for both the TDR and the IR was performed for 

each individual plot. 

Some of the main statistical parameters for the T.D.R. 

and the Infrared are presented in Table 4.1. 

Despite the fact that the C.V. values for both the 

T.D.R. and the I.R. thermometer have different orders of 

magnitude, the general behavior of the coefficients of 



Table 4.1. Descriptive statistics for T.D.R. 
and I.R. measurements for individual plots 

T.D.R. loR. 
PLOT # Mean St. Dev. C.V. Mean st. Dev. C.V. 

1 18.57 4.98 0.27 33.50 2.51 0.08 
2 16.81 5.73 0.34 35.03 3.44 0.10 
3 14.25 5.27 0.37 37.39 4.35 0.12 
4 24.88 4.50 0.18 29.82 2.06 0.07 
5 22.06 4.82 0.22 30.89 2.49 0.08 
6 24.25 4.52 0.19 30.80 2.12 0.07 
7 21.84 5.63 0.26 31.99 2.20 0.07 
8 20.55 5.30 0.26 31.51 1.94 0.06 
9 18.14 5.65 0.31 35.30 4.01 0.11 
10 19.05 5.96 0.31 35.90 4.10 0.11 
11 20.37 6.64 0.33 33.76 3.67 0.11 
12 20.64 6.26 0.30 32.47 1.99 0.06 
13 22.96 6.82 0.30 33.31 3.92 0.12 
14 23.43 5.74 0.24 33.39 3.09 0.09 
15 22.33 5.52 0.25 32.53 2.53 0.08 
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variation for each plot remain the same, i.e., the CV change 

upwards or downwards simultaneously for both parameters. 

With the exception of plot #13, all others present 

comparable trends (Fig.4.2). 

The coefficient of variation for the infrared 

thermometer was consistently smaller than the CV for the 

TDR, and is reflected in the smoothness of the changes 

(smaller variations) . 

A regression analysis was conducted between the mean 

values of the TDR and the mean values of the IR thermometer 

measurements, and indicated a good correlation (r2=O.71) 

between these parameters (Fig.4.3). 

The TDR is a direct indicator of the moisture content 

in the soil, and it is assumed it can represent the soil 

spatial variability within a specific region. 

Since the correlation between the TDR and the INFRARED 

thermometer in this experiment has proven to be strong, one 

can conclude that the INFRARED thermometer can also be used 

to represent the soil spatial variability, although not as 

accurate as the TDR. This observation further substantiates 

the findings of Nixon et al. (1973), who concluded that 

differences in canopy temperature of well watered plots to 

water-stressed plots did not fully typify water stress, but 
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T.D.R. vs. I.R. 

38 ~-------------------------------. 

-36 o -
~ 34 . -
~ 32 

~ 30 

---------------------------------------

--------------------- --------------------------. . .. 
• -------------------------------.--• • 

-------------------------------------------.----

28 ~~--~~--~~~--~~--+--+--+--4 
14 16 18 20 22 

MEAN T.D.R. (0/0) 
24 26 

Fig. 4.3. Regression analysis between the T.D.R. an 
the l.R. measurements (RA 2 = 0.71) 

93 



94 

were in many cases associated with variations that occurred 

within a field. They suggested that canopy temperature 

variability indicated areas of adequate or inadequate water 

in a field, concluding therefore that the infrared 

thermometry technique could be used for irrigation 

management purposes. 

The variations of the INFRARED thermometer measurements 

within the field are smaller than those obtained with the 

TDR, and may be associated with the uncertainties in the 

I.R. thermometer measurements. Problems associated with the 

INFRARED thermometer data are mainly caused by wind, cloud 

cover, angle of operation, and so forth. However, based on a 

strong correlation with the T.D.R. measurements, it seems 

that the INFRARED sensor can be used with acceptable 

accuracy as a fast indicator of the soil properties on the 

field for perennial ryegrass turf under the conditions 

tested. 



CHAPTER S 

STATISTICAL ANALYSIS 

Introduction 

The statistical analysis will be presented in two 

phases. The first represents the individual plot analysis, 

whereas the second phase refers to the individual field 

analysis. A schematic view of the entire area is shown in 

Fig.S.l.a and Fig.S.l.b. 
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statistical analysis 
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FIELD NUMBERING 
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There are 6 fields in the area, subdivided into 15 

plots as indicated. Plots 1, 2, and 3 coincide with fields 

I, II, and III. Plots 4, 5, 6, and 7 are grouped together to 

form field IV, plots 8, 9, 10,and 11 form field V, and plots 

12, 13, 14, and 15 form field VI. 

The treatment that each plot and field received was the 

same. It consisted of irrigating the soil back to field 

capacity every time water was applied. The experiment was 

designed such that in each plot water was delivered 

according to the local soil properties, and its management 

depended on the T.D.R. measurements obtained "in situ". Each 

plot may receive different amounts of water throughout the 

season, depending on its intrinsic characteristics. 
Theoretically, if all plots receive the same treatment 

and are irrigated at the right time with the correct amount 

of water, production for each plot should be the same 

regardless of the kind of soil (all other inputs being the 

same). Under this assumption, the hypothesis that will be 

investigated in this analysis is that the mean yield values 

obtained for plots and fields alike are the same. The null 

hypothesis can be stated as fJ.4=fJ.S=fJ.6= •••• =fJ.1S for the plots, 

and fJ.I=fJ.n=' •. =fJ.VI for the fields, where fJ.i represents the mean 
production per plot or fields. 

The statistical analysis will test the equality of the 

population means. The first step consists of testing the 

several populations (plots and fields) for normality. In 

case the distributions are normal, a series of "t" tests 

(Student's "t") can be applied, and correspondent 

conclusions can then be drawn. 

In case one or more of the populations do not present a 
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normal distribution, the Student's "t" test is not valid and 

other solutions must be investigated. Under these conditions 
the next step would involve the performance of an analysis 

of variance (ANOVA) in order to test the equality among the 

population means. In this case, the assumption of normality 

is not too critical unless the skewness is severe and the 

sample sizes are small (Ott, 1988), and the remaining 

assumption to be checked is the equality of the population 

variances. The ANOVA tests the single hypothesis "all 

population means are equal", and can be performed with a 

specified probability of Type I error (assumed 5% throughout 

this analysis) . 

Statistical analysis for the individual plots 

The grass production for the entire season per 

individual plot is presented in Fig.5.2, and represents the 

raw data collected during the experiment. 

Before proceeding to the statistical analysis, the data 

was normalized in terms of the area where samples were 
collected, as well as the time span between sampling. 

Sampling areas are listed on Table 5.1., and the normalized 

values are presented in Fig.5.3. 

A normality test, performed on the normalized values, 

with the statistical software SAS, suggested that the data 

was far from presenting a normal distribution, and highly 

skewed. A logarithmic transformation (log Yi + 1) intended 

to smooth out the data was applied, and the results 

indicated that not only the data resembled a normal 



PRODUCTION I PLOT 

PLOT MARl28 APRl5 APRl9 APRl16 APRl28 MAY/2 MAY/9 MAY/17 MAY/24 

4 151.69 67.42 174.17 151.69 117.98 134.84 123.60 95.51 84.27 
5 383.37 148.40 241.15 296.80 204.05 173.14 216.42 160.77 117.49 
6 271.58 59.04 165.31 230.25 141.69 200.73 578.59 100.37 94.46 
7 283.39 171.21 247.97 112.18 59.04 112.18 165.31 123.98 100.37 
8 283.97 79.51 204.46 164.70 181.74 124.95 198.78 107.91 68.15 
9 112.18 59.04 94.46 70.85 59.04 53.14 53.14 35.42 23.62 

10 262.81 68.83 193.98 206.50 181.47 212.75 350.42 168.95 143.92 
11 127.02 57.73 103.92 109.70 115.47 57.73 103.92 51.96 51.96 
12 150.11 46.19 98.15 92.38 69.28 63.51 63.51 57.73 40.41 
13 317.54 57.73 213.62 207.85 178.98 225.17 150.11 155.88 98.15 
14 103.28 60.76 72.91 72.91 109.36 91.13 91.13 72.91 103.28 
15 255.17 97.21 164.04 182.27 212.65 157.97 133.66 145.81 78.98 

Fig. 5.2. Production data for each individual plot (grams) 

SUM 

1101.18 
1941.60 
1842.03 
1375.62 
1414.16 

560.88 
1789.64 
779.42 
681.27 

1605.03 
777.67 

1427.76 

\0 
\.0 
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Table S.l.Sampling areas for 
plots and fields (m"2 ) 

SAMPLING AREAS 

PLOT # AREA (MJ\2) 

1 11.82 
2 18.58 
3 16.84 
4 3.72 
5 3.38 
6 3.82 
7 3.54 
8 3.68 
9 3.54 

10 3.34 
11 3.62 
12 3.62 
13 3.62 
14 3.44 
15 3.44 



PLOT PRODUCTION / UNIT AREA / UNIT TIME (g/mA2/day) 

PLOT MARl28 APRl5 APRl9 APRl16 APRl28 MAY/2 MAY/9 MAY/17 MAY/24 

4 1.04 0.40 2.08 1.04 0.47 1.61 0.84 0.57 0.58 
5 2.62 0.89 2.88 2.03 0.81 2.07 1.48 0.96 0.80 
6 1.86 0.35 1.98 1.57 0.56 2.40 3.95 0.60 0.65 
7 1.94 1.02 2.97 0.77 0.24 1.34 1.13 0.74 0.69 
8 1.94 0.48 2.45 1.13 0.72 1.49 1.36 0.65 0.47 
9 0.77 0.35 1.13 0.48 0.24 0.64 0.36 0.21 0.16 

10 1.80 0.41 2.32 1.41 0.72 2.54 2.40 1.01 0.98 
11 0.87 0.35 1.24 0.75 0.46 0.69 0.71 0.31 0.36 
12 1.03 0.28 1.17 0.63 0.28 0.76 0.43 0.35 0.28 
13 2.17 0.35 2.56 1.42 0.71 2.69 1.03 0.93 0.67 
14 0.71 0.36 0.87 0.50 0.44 1.09 0.62 0.44 0.71 
15 1.74 0.58 1.96 1.25 0.85 1.89 0.91 0.87 0.54 

Fig.5.3. Plot production per unit area per unit time (g / mA 2 / day) 

SUM 

8.64 
14.55 
13.93 
10.83 
10.68 
4.34 
13.60 
5.73 
5.20 
12.53 
5.73 
10.60 

I-' 
o 
I-' 



distribution, but also its skewness was substantially 
decreased (see apendix) . 
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Before proceeding to the next phase (an analysis of 

variance), the condition of equality between the population 

variances has to be met. Descriptive statistics for the 

plots is presented in Table 5.2. 

Checking the assumption of equal variance requires the 

so called Hartley's test. In this case the null hypothesis 

can be stated as a2
l = a2

2 = ... = a2
n , and the test statistic is 

defined as Fmax = S2 max / S2min' where s2max and S2min are the 

correspondent maximum and minimum variance values for the 
several populations. This value is then compared with a 

tabulated F value, obtained for a specified value of a, 

t(number of treatments), and df= n-1, where n is the number 

of observations in each sample. If Fmax exceeds the tabulated 

F, the null hypothesis is rejected. 

In this case, comparing plots 4 to 15 yields the 

following results. 

Fmax = 0.032 / 0.003 = 10.66 
and F = 12.7 (for a = 0.05, t=12, and df=8). 

Therefore, for these conditions, there is insufficient 

evidence to reject the null hypothesis, and the analysis of 

variances can then be performed. 



DESCRIPTIVE STATISTICS FOR THE PLOTS 
LOG TRANSFORMED 

POPULATION SUM MEAN STD VARIANCE 

4 18.63 2.07 0.13 0.018 
5 20.77 2.31 0.16 0.025 
6 19.98 2.22 0.29 0.085 
7 19.26 2.14 0.21 0.044 
8 19.40 2.16 0.20 0.042 
9 15.79 1.75 0.20 0.042 

10 20.38 2.26 0.20 0.038 
11 17.19 1.91 0.17 0.028 
12 16.61 1.85 0.18 0.031 
13 19.88 2.21 0.22 0.048 
14 17.36 1.93 0.09 0.008 
15 19.58 2.18 0.16 0.025 

Table 5.2. Descriptive crop yield statistical data for 
plots (log transformed) 
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Three analysis of variance (ANOVA) were performed in 

order to compare the mean production data obtained for each 
individual plot. The analyses compared the plots 

contained within one specific field (four plots per field), 

and for each of them, Hartley's test was performed "a 

priori" to ensure that variances were the same. 

The ANOVA results obtained for field IV (plots 4, 5, 6, 

and 7), field V (plots 8, 9, 10, and 11), and field VI 

(plots 12, 13, 14, and 15), are shown from figures 5.4.a. to 

Fig.5.4.c. 

The analysis performed for Field IV, composed of plots 

4, 6, 7, and 8, showed no significant differences in mean 

production values for each individual plot (Fig. 5.4.a). The 

calculated FTEST = 1.15 is smaller than the critical value 

F = 2.92, obtained for the test conditions (df 1 = 3, df2 = 32 

a = 0.05). Therefore, the hypothesis that all mean 

production values (J.l.l = J.l.2 = J.l.3 = J.l.4) are the same cannot be 

rejected. 

For Field V, composed of plots 8, 9, 10, and 11, the 

analysis of variance showed significant differences between 

mean production values for the individual plots. The 

calculated FT~T = 6.96 is far greater than FCRIT = 2.92 (Fig. 

5.4.b), and the hypothesis of equality of the plot means is 

rejected. 
The same conclusion (rejection of the null hypothesis) 

can be drawn from the ANOVA performed for Field VI, composed 

of plots 12, 13, 14, and 15. In this case FT~T = 4.99, 

greater than FCRIT = 2.92 (Fig.5.4.c). 



ANALYSIS OF VARIANCE (Plots 4 to 7) 

SOURCE 

BET.SAM. 
WIT.SAM. 

TOTALS 

SS OF MS F test 

0.078 3 0.026 1.155 
0.716 32 0.022 

0.794 

For alpha=0.05, df1 =3, df2=32, Fcrit= 2.92 ACCEPT Ho 

Fig.5.4.a. Analysis of variance for Field IV(Plots 4,5,6,7) 

I-' 
o 
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ANALYSIS OF VARIANCE (Plots 8 to 11) 

SOURCE 

BET.SAM. 
WIT.SAM. 

TOTALS 

SS OF MS F test 

0.270 3 0.090 6.966 
0.413 32 0.013 

0.683 

For alpha=O.OS, df1 =3, df2=33, Fcrit=2.92 REJECT Ho 

Fig.5.4.b. Analysis of variance for Field V(Plots 8,9,10,11) 

I-' 
o 
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ANALYSIS OF VARIANCE (Plots 12 to 15) 

SOURCE 

BET.sAM. 
WIT.sAM. 

TOTALS 

55 OF Ms F test 

0.181 3 0.060 4.997 
0.387 32 0.012 

0.568 35 

For alpha=0.05, df1 =3, df2=33, Fcrit=2.92 REJECT Ho 

Fig.5.4.c. Analysis of variance for Field VI (Plots 12 to 15) 

I--' 
o 
...J 
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Analysis of variance for the individual fields 

The grass production obtained for the entire season for 

the six individual fields is presented in Fig.5.5. 

Production data for fields I, II, and III were obtained 

directly from the fields, whereas for fields IV, V, and VI, 

production is the result of the average of the contributions 

of each individual plot. An analysis of variance, applied 

between the fields, resulted in the non-rejection of the 

null hypothesis, since the calculated FTEST = 0.61 was 

smaller than FCRIT = 2.40 (for df 1 = 5, df2 = 48, Ci = 0.05). 

The results are shown in Fig.5.6. 



FIELD PRODUCTION I UNIT AREA I UNIT TIME (log transformed) 

FIELD MARl28 APRl5 APRl9 APRl16 APRl28 MAY/2 MAY/9 MAY/17 MAY/24 

I 0.59 0.62 2.88 1.66 1.30 3.13 1.11 0.76 0.53 
II 1.80 0.42 2.13 1.10 0.88 2.46 0.91 0.35 0.48 
III 1.57 0.35 1.89 1.03 0.91 2.58 0.65 0.31 0.37 
IV 1.86 0.67 2.48 1.35 0.52 1.86 1.85 0.72 0.68 
V 1.34 0.40 1.78 0.94 0.54 1.34 1.21 0.54 0.49 
VI 1.41 0.39 1.64 0.95 0.57 1.61 0.75 0.65 0.55 

Fig.5.S. Field production data per unit area per unit time (log transformed) 

SUM 

12.58 
10.54 
9.67 
11.99 
8.59 
8.51 

f-1 
o 
~ 



ANALYSIS OF VARIANCE (FIELDS) 

SOURCE SS df MS F 

BET.SAM. 
WIT.SAM. 

1.625 5 0.325 0.614 
25.420 48 0.530 

TOTAL 27.045 

Table6, df1 =5, df2=48 
Alpha=0.05, F= 2.40 ACCEPT Ho 

Fig.5.6. Analysis of variance for Fields I to VI 
(log transformed) 

f-1 
f-1 
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When a deterministic irrigation regime is applied to a 

heterogeneous field, soil water content, crop yield, and 

other soil parameters will vary in space because of the 

inherent spatial variability of the soil properties. The 

analysis of the spatial distribution in the field is 

important to suggest improvements in the irrigation 

management scheme for spatially variable fields (Russo, 

1984) . 

Water holding capacity is a property of the soil, and 

it changes from place to place. Due to these differences, 

the amount of water required every time the crop is 

irrigated also differs spatially. 

The relationship between crop yield and the amount of 

water applied is called crop yield-water function, or simply 

yield function. In general, if only water is limiting (all 

other cultural practices are flawless) and irrigation timing 

is perfect, a response curve similar to the one presented in 

Fig.6.1 is expected. 



y 
I 
E 
L 
o 

wl w2 

SEASONAL AVAIlABLE WATER 

Figure 6.1. General crop yield - water function 
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After a threshold value w,is exceeded, yield increases 

linearly up to a maximum, beyond which water is no longer 

limiting. 

Crop yield is therefore dependent on two distinct 

parameters, the'seasonal (total) amount of water applied on 

the field, and the spatial variability of the local soil 

properties. 

In this chapter, an analysis correlating the total 

volume of water applied (for the entire growing season) with 

crop yield is performed. The relationship between total 

production and the spatial variability of the available 

water content is also investigated. Both discussions are 

coupled with the statistical analysis done in Chapter 5, and 

final conclusions are drawn. 

Spatial variability of the AW content and crop yield 

Bulk density and the retention parameters (F.C. and 

W.P.) are known from the soil analysis performed "a priori". 

Therefore, measurements of the available water content (AW) 

are calculated for each of the 39 samples, and are listed in 

Table 6.1. 



SAMPLE THETA(1/3) THETA (1) THETA(15) 
VOL VOL VOL 

1 0.32 0.16 0.03 
2 0.27 0.16 0.04 
3 0.22 0.13 0.03 
4 0.30 0.16 0.03 
5 0.31 0.15 0.03 
6 0.24 0.15 0.04 
7 0.27 0.16 0.05 
8 0.29 0.18 0.06 
9 0.21 0.14 0.05 

10 0.28 0.17 0.04 
11 0.26 0.16 0.05 
12 0.28 0.15 0.03 
13 0.28 0.15 0.04 
14 0.18 0.17 0.13 
15 0.19 0.20 
16 0.15 0.18 
17 0.21 0.20 0.16 
18 0.19 0.17 0.09 
19 0.20 0.16 0.09 
20 0.23 0.18 0.09 
21 0.20 0.19 0.15 
22 0.21 0.20 0.15 
23 0.18 0.13 0.07 
24 0.19 0.18 0.14 
25 0.24 0.21 0.13 
26 0.18 0.16 0.12 
27 0.29 0.18 0.05 
28 0.26 0.18 0.07 
29 0.24 0.16 0.07 
30 0.24 0.17 0.07 
31 0.30 0.18 0.05 
32 0.23 0.16 0.06 
33 0.25 0.19 0.10 
34 0.28 0.21 0.10 
35 0.29 0.19 0.07 
36 0.23 0.18 0.10 
37 0.28 0.20 0.09 
38 0.29 0.16 0.03 
39 0.28 0.19 0.07 

Table 6.1. A.W.Content for each sample for 
different pressure values 

114 



115 

All the analyses done up to this point involve effects 

on plots and fields. Similarly, statistical data on 

available water content will be associated with plots and 

fields, and their values can be seen in Table 6.2. and Table 

6.3. 

Total amount of water applied and crop yield 

The total volume of water applied for individual plots 

as well as the correspondent crop yield are presented in 

Table 6.4 and Table 6.5. 

Results 

The relationship between Crop Yield (g) and Seasonal 

Water (mm) for individual plots is shown in Fig.6.2., and 

the same relationship applied for individual fields is 

presented in Fig.6.3. 

In both cases the correlation coefficient is small. In 

case of the individual plots, r2 = 0.08, whereas for the 

individual fields, r2 = 0.19. 



PLOT# MEAN ST.DEV. C.V. 
A.W.(cm) 

4 1.51 0.26 0.17 
5 1.75 1.17 0.09 
6 1.97 0.22 0.11 
7 1.69 0.26 0.15 
8 1.1 0.69 0.63 
9 0.75 0.38 0.5 

10 0.42 0.02 0.05 
11 0.6 0.18 0.3 
12 0.63 0.17 0.27 
13 1.6 0.19 0.12 
14 1.22 0.1 0.08 
15 1.33 0.36 0.27 

Table 6.2. Descriptive statistics 
for A.W. per plot. 

FIELD MEAN ST.DEV. C.V. 
A.W.(cm) 

IV 1.73 0.28 0.16 
V 0.72 0.47 0.66 
VI 1.2 0.42 0.35 

Table 6.3. Descriptive statistics 
for A.W. per field 
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PLOT# VOLUME DEPTH TOTAL 
MJ\3 MM YIELD(g) 

4 7.12 341 1101.18 
5 6.97 333 1941.60 
6 10.94 523 1842.03 
7 6.67 319 1375.62 
8 6.04 289 1414.16 
9 4.23 202 560.88 

10 4.86 233 1789.64 
11 5.01 240 779.42 
12 7.43 356 681.27 
13 8.37 400 1605.03 
14 9.39 449 777.67 
15 7.53 360 1427.76 

Table 6.4. Total volume of water 
per plot (mA 3), total depth 
applied (mm) and total yield (g). 

FIELD VOLUME DEPTH TOTAL 
MJ\3 MM YIELD(g) 

I 32.51 389 6515.57 
II 34.61 414 5450.15 
III 31.59 378 4970.52 
IV 31.7 379 6260.44 
V 20.13 241 4544.09 
VI 32.72 391 4491.73 

Table 6.5. Total volume of water 
per field(mA 3), total depth 
applied and total yield (g) 
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CROP YIELD vs. SEASONAL WATER 
(FOR INDIVIDUAL PLOTS) 
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Fig.6.2. Crop yield and seasonal water relationship for 
individual plots (correlation coeff.=0.08) 
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CROP YIELD vs. SEASONAL WATER 
(FOR INDIVIDUAL FIELDS) 
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Fig.6.3. Crop yield and seasonal water relationship for 
individual fields (correlation coeff. = 0.19) 
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This is a rather unexpected result, since water was 

applied very carefully according to local soil properties. 

If crop yield is a function of the seasonal water, as 

presented in Fig.6.1., the production for all plots should 

be within a smaller range than the ones obtained. A possible 

explanation for the lack of correlation in both cases (plots 

and fields) is that the seasonal water was greater than W2 

(see Fig.6.1). In this case, production is practically 

independent of the total water applied, and the variability 

of crop yield within plots and fields is due to other 

factors. 

The relationship between Crop Yield (Y) and the 

Available Water Coefficient of Variation (AWCV), 

representing the spatial variability of the soil is 

presented in Fig.6.4 for the individual plots, and in 

Fig.6.S for the individual fields. In this case only three 

fields are considered (fields IV, V, and VI), since in the 

other three the spatial variability was not ~ddressed. 

Although the correlation coefficient is small 

(r2 = 0.18) in case of the individual plots, it is possible 

to observe a trend in the data such that as the AWCV 

increases, Y decreases. This effect has already been 

discussed by Warrick and Gardner (1983), who observed a 
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CROP YIELD vs. AVAILABLE WATER C.V. 
(FOR INDIVIDUAL PLOTS) 
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Fig.6.4. Available water C.V. and crop yield relationship for 
plots (correlation coeff. = 0.18) 

121 



CROP YIELD vs. AVAILABLE WATER C.V. 
(FOR INDIVIDUAL FIELDS) 
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Fig.6 . 5. Available water C.V. and crop yield relationship for 
fields (correlation coeff. = 0.59) 
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decrease of 20% of the maximum crop yield for a field 

variation CV of 0.5. It is clear that if the variability of 

the soil properties is large and water is applied according 

to its mean value, spots of the field will be under or over 

irrigated, inducing yield reduction. The same effect can be 

observed in Fig.6.S, when the individual fields are being 

analyzed. In this case, however, the correlation coefficient 

(r2 = 0.59) is much larger. 

Finally, the relationship between the soil spatial 

variability (AWCV) and the seasonal water was investigated, 

in Fig.6.6. and Fig.6.? Again, the correlation coefficient 

for the plots was small (r2 = 0.22) but increased 

substantially in case of the fields (r2 = 0.81). It may be 

claimed that the mean amount of water applied is closer to 

its "real" value when the variation of the soil properties 

is small, and this helps to explain the observed trend. 

• Production analysis 

It has already been shown that Crop yield (Y) is more 

strongly correlated to the spatial variability of the 

Available Water Content (AWCV) in the soil than to the 

Seasonal Water (W) applied to plots and fields. This may 

explain why the null hypothesis (equality of ~i within a 
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Fig.6.6. Available water C.V. and seasonal water relationship 
for plots (correlation coeff.= 0.22) 
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AV. WATER C.V. vs. SEASONAL WATER 
(FOR FIELDS) 
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Fig.6.7. Available water C.V. and seasonal water relationship 
for fields (correlation coe£f.= 0.81) 
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field) was rejected for fields V and VI, but could not be 

rejected for field IV. 
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Total crop yield and the A.W. coefficient of variation 

for each plot and field are listed on Table 6.6. 

For field IV, the relative differences between the AWCV 

(Max AWCV/Min AWCV) for individual plots is small when 

compared with fields V and VI. The range of the AWCV between 

plots 4,5,6, and 7 is 0.89, whereas for plots 8,9,10, and 

11, and plots 12,13,14, and 15, is 12.60 and 6.75 

respectively. It is clear that field IV is much more 

homogeneous within itself than fields V and VI, and this 

homogeneity is reflected on crop production for these 

fields. 

The relative differences in crop yield, expressed by 

Y max/Y min, is 1.76 for plots 4,5,6, and 7. For plots 

8,9,10, and 11, and plots 12,13,14, and 15, the values are 

3.19 and 2.35 respectively. 

Although crop yield presents variations much smaller 

than the spatial variability, there is a direct relationship 

between both. As the spatial variability increases, so does 

the crop yield variability and vice versa. 

Extending this analysis for individual fields 

(Table 6.7), the results indicate that for a relative 
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PLOT # MEAN A.W.C.V. TOTAL 
A.W. (cm) YIELD (g) 

4 1.51 0.17 1101.18 
5 1.75 0.09 1941.60 
6 1.97 0.11 1842.03 
7 1.69 0.15 1375.62 
8 1.10 0.63 1414.16 
9 0.75 0.50 560.88 

10 0.42 0.05 1789.64 
11 0.60 0.30 779.42 
12 0.63 0.27 681.27 
13 1.60 0.12 1605.03 
14 1.22 0.08 777.67 
15 1.33 0.27 1427.76 

Table 6.6. Mean A.W, A.W.C.V., 
and total crop yield/plot 

FIELD MEAN A.W.C.V. TOTAL 
A.W. (cm) YIELD(g) 

IV 1.73 0.16 6260.44 
V 0.72 0.66 4544.09 
VI 1.20 0.35 4491.73 

Table 6.7. Mean A.W., A.W.C.V., 
and total crop yield/field 
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difference in the AWCV of 0.66/0.16 = 4.12, crop yield 

differences are in the range of 6260.44/4491.73 = 1.39. 

Again, relative differences in crop yield are much smaller 

than in the Available Water Content. In this case, the 

hypothesis of equality of means between the fields could not 

be rejected. 

The analysis of variance measures the degree of 

variability of crop yield between plots / fields, in 

comparison with the within-sample variation for each plot/ 

field. 

The data suggests that, beyond a threshold value of the 

relative differences between the soil properties parameters, 

either for plots or fields, the variability in crop yield 

increases up to a point where the hypothesis of equality of 

the means is rejected. In this experiment, it has been shown 

that if the relative difference of the AWCV is smaller than 

0.89, the null hypothesis of equality of means cannot be 

rejected, and if these differences are larger than 6.75, the 

null hypothesis is rejected. Therefore, for this experiment, 

the threshold value (To) for the AWCV is between 0.89 and 

6.75 (Fig. 6.8) . 



Ymax 
Ymin 

Accept Ho ~:-r Reject Ho 

To AWmax 
AWmin 

Figure 6.8. Threshold value for acceptance of the null 
hypothesis 
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• Scale factor 

One of the consistent aspects in this study was that 

every time an analysis is performed in a plot and in a field 

scale, the correspondent correlation coefficient increased 

substantially. It seems that as the scale increases from a 

plot level to a field level to an area level (sum of the 

individual fields), the variation in several of the 

parameters (crop yield, AWCV, seasonal water) decreased. 

The relative differences of :he mean AW content for the 

12 plots (Mean Plot6/Mean Plot10) is 1.97/0.42 = 4.69 (Table 

6.6). When the mean values for each plot are averaged and 

addressed to a field, the relative differences (Mean Field 

IV/Mean Field V) is 1.73/0.72 = 2.40 (Table 6.7). 

For the seasonal water, a similar trend is observed. 

The relative differences of the amount of water applied 

among the 12 plots (Vol.Plot6/Vol.Plot9) is 10.94/4.23 = 

2.58. When these values are added up and addressed to a 

field, the relative difference (Vol.Field VI/Vol.Field V) 

becomes 32.72/20.13 = 1.62 (Table 6.8). 

For the crop yield, when the relative differences is 

calculated (Y5/Y9) the result is 1842.03/560.88 = 3.28 

(Table 6.6), whereas for the fields the relative difference 

(Y IV/ Y VI) is 6260.44/4491.73 = 1.39 (Table 6.7). 



PLOT VOLUME FIELD VOLUME 
M"3 M"3 

4 7.12 
5 6.97 
6 10.94 IV 31.70 
7 6.67 

8 6.04 
9 4.23 
10 4.86 V 20.13 
11 5.01 

12 7.43 
13 8.37 
14 9.39 VI 32.72 
15 7.53 

Table 6.8. Seasonal water for 
individual plots and fields 
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When this analysis is extended to the area level (sum 

of individual fields) this pattern becomes more accentuated. 

Comparing Are~ 1 (sum of fields I+II+III) with Area 2 (sum 

of fields IV+V+VI), it is possible to observe that the 

relative differences in the total amount of water and in the 

total crop yield decrease even further. In case of the 

seasonal water, the relative difference is 101.45/84.55 = 

1.2, and for crop yield the corresponding value is 

16936.24/15296.24 = 1.1. The mean AW content for Area 1 = 

1.66 and ~or Area 2 = 1.21, and their relative difference is 

1.66/1.21 = 1.37 (Table 6.9). 

A summary of the relative differences for the several 

parameters and for the three distinct scales is presented in 

Table 6.10. 

The effect of the sample size on crop yield variances 

has already been discussed by Smith (1938). A functional 

relationship relating variances among plots of equal size 

with the one of a field of size n times larger than the 

(6.1) 



AREA VOLUME TOTAL MEAN 
M"3 YIELD (g) A.W.(cm) 

1 101.41 16936.24 1.66 
2 84.55 15296.24 1.21 

Table 6.9. Values of seasonal water, total 
crop yield and mean A.W. per unit area 

RELA TIVE DIFFERENCES (Max I Min) 

SCALE MEAN SEASONAL CROP 
A.W. (cm) WATER (m"3) YIELD (g) 

PLOT 4.69 2.58 3.28 
FIELD 2.40 1.62 1.39 
AREA 1.37 1.20 1.10 

Table 6.10. Relative differences of mean 
A.W., seasonal water, and crop yield for 
different scales 
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plots was developed and represented by 

where'Vn ... variance among fields 

VI variance among plots (unit area) 

n units of area 

In this experiment, the phenomenom was clearly observed 

for all parameters. Smith (1938) states that the 

relationship he developed, when given the appropriate 

constants, could describe the heterogeneity of soil and 

plant in a field. This research indicates that this 

phenomenom extends to the seasonal water as well. 

The factor "b" is an index of heterogeneity between 0 

and 1. If sampling is random, b will be 1. However, if 

sampling is not random, b will be less than 1 and could 

approach zero if no heterogeneity exists (Zhang et al., 

1990) . 

A reasonable explanation for this phenomenon in this 

case is that, as the scale increases, so does the level of 

information of soil properties, since more data is 

available. 

As an illustration, mean values of soil properties in 

each plot are based on an average of two samples per plot. 

Moving to a field scale, the same values are calculated as 
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an average of eight samples per field. Extending to the area 

level, twenty four samples are used to determine the mean 

value. 

In this case, the uncertainties associated with soil 

parameters decrease and most likely are to be reflected in 

the seasonal water and crop yield, reducing their variation 

as well . 

• Spatially variable vs. Homogeneous field 

An analysis of variance was performed in order to 

compare the mean crop yield among all individual fields, and 

its results were presented in Fig.5.9. The null hypothesis 

could not be rejected, i.e., the mean production values were 

statistically the same. 

The Student's "t" test performed between the sum of the 

mean production values for fields I+II+III and fields 

IV+V+VI, was presented in Fig.5.8. The idea behind this test 

was to investigate whether the mean crop yield for the 

fields where the spatial variability was taken into account 

(fields IV, V, and VI) was substantially different from the 

one where the fields were considered homogeneous (fields I, 

II, and III) . 

In this case, the hypothesis of equality of the means 

could not be rejected, and the results indicated that no 



statistically significant differences between means were 

observed. 
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These results are conclusive, and for the purpose of 

this experiment, and for the degree of soil spatial 

variability observed in the area, the effort of sampling the 

soil and designing an irrigation system that takes advantage 

of this variability was not worthy (at least in terms of 

crop yield) . 

• Water consumption 

Although it has been shown that production did not vary 

significantly between spatially variable and homogeneous 

fields, differences in the seasonal water applied for both 

cases are substantial. Among the fields where the soil 

variability was addressed, 84.55 m3 of water was applied. 

For the "homogeneous" fields, a total of 101.41 m3 0f water 

was used, a difference of roughly 20% (Table 6.9). 

This was an important observation in this study, 

although not necessarily unexpected. Intuitively, if water 

is applied according to the soil properties in the field, 

the relative difference in the soil water content will 

decrease from place to place along the field, optimizing 

therefore, the seasonal amount of water. A similar 
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conclusion was obtained by Russo (1984), discussing the 

effect of the soil spatial variability upon the amount of 

water to be aplied for salinity management (leaching) In 

that case, when the spatial structure was considered, a 20% 

decrease in the total volume of water applied was observed. 

Economic analysis 

An economical analysis evaluating some of the main 

costs involved in designinig two different irrigation 

systems is performed. The first design presents the costs of 

a system appropriate for a homogeneous field, whereas the 

second considers the field as spatially variable. 

For the homogeneous case, the costs were calculated as 

if the area had all six individual fields operating 

individually. This may not be the most economical situation 

(it may actually be one of the most expensive) but reflects 

the original design, where fields I, II, and III could be 

managed by their own (Fig.6.9). 

For the spatially variable soil, the design consisted 

of 24 small plots, each one measuring 15 ft by 15 ft 

(analogous to the 12 plots in the experimental design). Each 

one is operated individually, controlled by an automatic 

valve, and hooked to a clock (Fig.6.10). 



automatic valve 

1 
clo ck 
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:::" 

I l pressure regulator 

globe valve 
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N 

~ 
sprinklers 

Figure 6.9. Schematic view of the irrigation system 
design for the "homogeneous" soil 
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Figure 6.10. Schematic view of the irrigation 
system design for the spatially variable soil 
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A list of the main items considered in the economic 

analysis estimate, with their corresponding costs, is 

presented in Table 6.11. 
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The costs associated with irrigated agriculture involve 

not only the fixed costs (irrigation hardware) but also 

those related to operation and maintainance. Assuming that 

for both cases (homogeneous and spatially variable) 

maintainance values are the same, the only important 

parameter still not considered in this discussion is the 

price of the water. 

Since yields were statistically the same when the two 

distinct situations were studied, the advantages of usin0 

one option over the other ultimately relies on the cost and 

operation of each of the irrigation systems. The final cost 

can be expressed by: 

CTOTAL = CHARDWARE + CWATER 

In Arizona, the cost of water ranges from U$10.00 to 

U$60.00 per acre-foot, depending on where the area is 

located. In this research, the amount of seasonal water 

applied was 101.41 m3 (0.082 ac.ft) and 84.55 m3 (0.069 

ac.ft), for the homogeneous and the spatially variable soil 



HOMOGENEOUS SOIL SPATIALLY VARIABLE SOIL 
LIST OF MATERIALS 

AMOUNT COST (U$) AMOUNT COST (U$) , 

I 

PIPE 3/4" (ft) 800 88.00 I 

PIPE 1/2" (ft) 1320 118.80
1 

PIPE 2" (ft) 140 46.20 140 46.20 
SPRINKLERS (30ft radius) 24 251.52 
SPRINKLERS (15 ft radius) 96 151.68 
AUTOMATIC VALVES (3/4") 6 119.70 
AUTOMATIC VALVES (1/2") 24 250.32 
CLOCKS 1 50.00 4 200.00 

GLOBAL COST 555.42 767.00 
MISCELLANEOUS (10% TOTAL) 55.54 76.70 

SUB-TOTAL 610.96 843.70 

SOIL ANALYSIS 6 180.00 48 1440.00 
INSTALLATION 610.96 1012.44 

TOTAL 1401.92 3296.14 

Table 6.11. Estimate of the irrigation system cost (U$) for the 
homogeneous and the spatially variable soil 

t-' 

*" t-' 
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respectively. The cost of water associated with each case is 

then (assuming a mean water cost of U$35.00 / aC.foot): 

CHOMOGENEOUS = 0.082*35 = 2.87 dollars 

CSP.VARIABLE = 0.069*35 = 2.41 dollars 

Assuming a typical sprinkler irrigation system has an 

economic life of 10 years, and at an interest rate of 10% a 

year, the cash flow would consist of the initial cost 

(equipment + installation) plus 10 annual payments due to 

the water. The economical analysis consists of bringing the 

future annual payments to the present value, and add these 

expenses to the initial cost. 

The present value of the annuities is determined by 

[ A, i, N] = 
p 

i (1 +l-YV = A 

(1 +if -1 p 

where A ... annual amount paid for water expenses 

P ... present amount of the water cost 

i ... annual interest rate 

N ... number of years 

(6.2) 
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Since A = U$2.87 for the homogeneous soil and A = 

U$2.41 for the spatially variable soil, the present value of 

these annuities for each case was calculated to be U$17.63 

and U$14.80 respectively. Adding these figures to the 

initial cost, the total cost for each situation is: 

CHOMOGENEOUS = U$1401.92 + U$17. 63 = U$1419. 55 and 

CSP,VARIABLE = U$3296.14 + U$14. 80 = U$3310. 94 

If we extrapolate these results to a larger area, it is 

expected that costs associated with the hardware per unit 

area will decrease, since it will reflect the low cost of 

application devices such as additional laterals (Cuenca, 

1989). The water cost remains the same, and therefore its 

relative importance will increase. However, due to the large 

differences in costs observed and to the high cost of 

sampling and laboratory analysis, it seems unlikely that a 

break even point can be found, unless the cost of water is 

extremely high. 

On the other hand, if the soil spatial structure can be 

obtained through a different approach, that does not require 

extensive sampling (thus decreasing costs), the economy of 

water observed may be sufficient to justify an initial 
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higher investment. For leaching requirement purposes, Russo 

(1984) determined the EC (dS/m) variability in a large field 

through conditional simulation. Compared to the amount of 

water that would be required had the spatial structure of EC 

not been considered, and for the total area of 187 ha, a 

total saving of approximately U$30000.00 was obtained. 



Conclusions 

CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 
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• Crop yield was not dependent on seasonal water at any 

scale level (plot or field) . 

• Crop yield was not dependent on the spatial 

variability of the A.W. content on a plot scale, although it 

was observed that as the variability increased, crop yield 

decreased. On a field scale, however, the correlation 

between crop yield and the A.W. content was greater. 

• Seasonal water was not dependent on the spatial 

variability of the A.W. content on a plot scale, but its 

correlation on a field scale was significant. 

• Statistically significant differences in crop yield 

were observed only on a plot scale. However, even at this 

level, they were only meaningful after a threshold value 

(A.W.C.V M~ / A.W.C.V.Mm) was met. 
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• All parameters (crop yield, A.W.content, and seasonal 

water) showed some scale dependency. As the scale increased, 

the relative differences between these parameters decreased, 

as if their spatial distribution had smoothed out. 

• No statistically significant differences on crop 

yield were observed when the spatially variable irrigation 

system was compared to the "homogeneous" system. 

• A decrease of 20% of the seasonal water was measured 

when the spatially variable irrigation system was used. 

• A significant higher cost was associated with the 

spatially variable irrigation system, and the economy of 

water obtained in this study was not sufficient to overcome 

these differences. 

Recommendations and future research 

• This study should be applied in the future for larger 

areas, and the spatial variability of the soil properties be 

determined by simulation techniques (conditional simulation, 

MonteCarlo simulation) . 
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• The survey of the soil spatial variability should 

also include the areas to be treated as "homogeneous". This 

would give an indication as to what extent "mean" values 

represent local variations. 

• Geostatistical techniques should be incorporated to 

assess the soil variability. It has to be kept in 

perspective, however, that a very large number of soil 

samples may be necessary. 

• Crops more sensitive to different amounts of water 

and stress levels should be evaluated. In this case it may 

be possible that the variability of the soil properties may 

be reflected in crop yields. 
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