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ABSTRACT

Comparisons between subsurface trickle-(drip) and furrow-irrigated leaf lettuce,

scheduled by AZSCHED and by tensiometers were made to evaluate their effects on crop

coefficient, crop water use, nitrogen uptake and nitrogen leaching. A field experiment

with four treatments and five replications was conducted during the fall-winter 1994-95

growing season at The University of Arizona's Campus Agricultural Center. Results

showed that there was no significant difference at 95% confidence level among

treatments, with respect to crop coefficients. A Fourier series was fitted to represent the

Growing Degree Days (GDD)--Crop coefficient (Kc) relationship that can be

recommended for irrigation scheduling of leaf lettuce at any geographical situation and

planting date. A table of Kc for "days after thinning" was derived for Tucson-AZ.

Marketable yield averaged 25.0 Mg ha-1 with crop water use efficiency of 9.8 Kg of

marketable yield per cubic meter of water (including rainfall). The 1994-95 growing

season was not typical for Tucson-AZ. There was 181 mm of rainfall compared to the

long term average of 91 mm.

Based on the studied condition we could also conclude that, for supplementary

irrigation, that is typical of humid areas, there is no difference if one irrigate leaf lettuce

by short-end-closed furrow or subsurface - trickle irrigation, scheduled either by tension

of 20 kPa or AZSCHED software, concerning yield and nitrogen uptake. The risk of

nitrogen leaching is higher for furrow irrigation systems than for drip.
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CHAPTER 1

INTRODUCTION

Ground water quality is a great concern for the people around the world. In the United

States, ground water is the source of drinking water for about half of the overall population,

with about 85 percent in the rural areas (CAST, 1985). This water source is under constant

risk of contamination. Once the ground water is contaminated, remediation is very slow.

Unlike surface water, it is not subject to sunlight, and less affected by heating and cooling

cycles, microbial transformation, and oxidation that help to chemically transform or degrade

pollutants (USDA, 1992).

In 1986, the Arizona Environmental Quality Act (EQA) was enacted to protect both

surface and groundwater quality from point and non-point sources. In this legislation, the use

of nitrogen fertilizers, an essential component of agricultural production, was recognized as a

potential source of nitrate contamination in ground water that required some kind of

regulation. In 1962, the United States Public Service had already established a drinking water

standard for nitrate-nitrogen equal to 10 mg/1 (National Research Council, 1978; U.S.E.P.A.,

1982), to protect against infant Methemoglobinemia, a condition that has been positively linked

to the ingestion of nitrate-nitrogen.

Doerge et al. (1991) pointed out that the presence of excessive nitrate in drinking

water is most dangerous to bottle fed infants less than six months old. According to Ritter and

Manger (1985), even infants breast-fed milk by mothers who drink high NO3-N water may
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develop Methemoglobinemia. The infants' immature digestive systems are not able to properly

metabolize nitrate. Bacteria in their stomachs convert nitrate to nitrite that then reacts with

hemoglobin to form methemoglobin. This methemoglobin molecule, unlike hemoglobin, is

unable to carry oxygen. As methemoglobin levels in the blood increase, symptoms of oxygen

starvation begin to occur. There is additional concern that elevated concentrations of nitrates

in drinking water may increase the incidence of stomach cancer in adults. Nitrate can be

converted to N-nitrosamine in the digestive system and these compounds have been identified

as carcinogens. Concern continues to grow over the fate of chemicals used in agricultural

production and the associated potential for ground water contamination, although most of the

surveys indicate that, currently, NO 3 contaminated areas are small in proportion to the total

land use (Spalding and Exner, 1993).

Conventional drinking water treatment does not remove nitrate. Treatment methods

that can remove nitrate from drinking water are highly advanced, costly, and require careful

operations. Furthermore, the removal of nitrate from drinking water may result in the addition

or formation of undesirable substances (OECD, 1986). Therefore, protective measures can

and must be taken so that irremediable problems are avoided in the future.

According to Stevenson (1982), nitrogen occupies a unique position among the

elements essential for plant growth because of the rather large amount required by most

agricultural crops. A deficiency of N is shown by yellowing of the leaves and by slow and

stunted growth. Other factor being favorable, an adequate supply of N in the soil promotes

rapid plant growth and the development of dark-green color in the leaves. Vegetables require
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much of their N toward the latter part of the growing season to assure high product quality.

This increases the chance that there will be N left in the soil after harvest, which has the

potential to leach into ground water, because NO3- is mobile with the soil solution.

The thermic and hyperthermic soils in Arizona agricultural areas are characterized by

low levels of indigenous N. Nitrogen is therefore the essential plant nutrient that is needed

most often and in the greatest amounts for commercial vegetable production in the Southwest

desert (Doerge eta!., 1991). Arizona was ranked third nationally in total production and value

of production of the fresh vegetable market (USDA, 1992). The principal vegetable grown in

the state is lettuce (Lactuca saliva, L) which has consistently comprised 40 to 60 percent of the

total value of all commercial vegetables growing in Arizona. The state was ranked second in

the nation in lettuce production in 1992.

Lettuce is a shallow rooted crop, grown widely on sandy soils, and its commercial

production requires large inputs of nitrogen fertilizer and irrigation water (Onken et al., 1979;

Exner and Spalding, 1979). These are ideal conditions for nitrate leaching, which is costly to

the farmer and detrimental to ground water quality. The average area cropped to lettuce has

been around 20,000 ha. Production of lettuce has increased from 93,000 Mg in 1950 to

218,000 Mg in 1992 (Arizona Agricultural Statistics, 1993). Consequently, Arizona is one of

leaders among all states in the average amount of N applied per acre year (Ayer et al., 1990).

Madison and Brunett (1985) conducted a study on ground water quality based on

water samples collected nationwide over a 25-year period. They found that, from 4,161 wells

sampled in Arizona, 13.9 percent of these wells contained more than 10 mg of nitrate-N per
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liter of water. Although other sources such as geologic origin, precipitation, waste disposal

and cultivation collectively can contribute hundreds of kg NO3-N per ha each year, nitrogen

fertilizers are the major sources most frequently cited as the cause for nitrate accumulation in

ground water ( Power and Schepers, 1989). Most N applied as fertilizer to soil is converted to

nitrate and thus is subject to movement with water.

It seems that most people are not concerned about ground water contamination.

Farmers think about deep percolation of water as related only to losing their money by leaching

fertilizers through the soil profile and with energy used to supply the required irrigation water.

They have to be conscious that with good irrigation technology and management, they are also

avoiding a potential health problem.

As we can see from the stated problem, nitrate in drinking water is not an easy problem

to solve. Vegetable crops have to be irrigated and nitrogen fertilized; therefore, the risk of the

wound water contamination, that means drinking water contamination is always present,

especially in sandy soils. This is an undesired truth not only for the American people, but also

for all people around the world. As agricultural related professionals, we have to do

something. As irrigation specialists, we must develop techniques that significantly reduce

ground water contamination by nitrogen fertilizer in irrigated crops.

According to Doerge et al. (1991), the Arizona Department of Environmental Quality

has proposed rules that regulate nitrogen fertilizer use through six general, goal-oriented Best

Management Practices (BMPs). These BMPs address the importance of selecting the proper

amount, timing, and placement of nitrogen, the proper amount and timing of irrigation water
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and appropriate tillage practices that maximize water and nitrogen uptake by crop plants.

Irrigation water should be applied when needed by the crop and in amounts just sufficient for

storage and use within the crop's rooting zone. Over-irrigation will invariably lead to NO3

leaching losses (Pratt, 1984). With good irrigation scheduling, the required amount of

water can be applied at the right time required by the soil plant system. Each crop has its

specific requirement; thus the need for an irrigation management strategy study.

Although some research has been done comparing the effect of irrigation methods on

nitrate movement in the soil (Onken et al. 1979) and the response of lettuce to different

irrigation methods (Sammis and Hanson, 1978; Sammis, 1980), none has addressed the effect

of irrigation management, for different irrigation methods, on nitrate leaching. In quantifying

nitrogen leaching losses from drip and furrow irrigated lettuce, we are looking for the proper

amount and timing of irrigation water for a very important crop in Arizona's economy. It was

not found information about crop coefficients for leaf lettuce.

The purpose of this research was to determine leaf lettuce water requirement and

quantify nitrogen leaching losses from subsurface trickle and furrow irrigated lettuce under

different management procedures in a sandy loam soil of the Campus Agricultural Center

of The University of Arizona. Specific objectives that would lead to successful attainment

of the general objective were to:

1. Develop crop coefficients (Kc) for leaf lettuce (Lactuca saliva, L. cv. Waldmann's Green)

under different irrigation methods and management procedures.
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2. Analyze the water use efficiency for subsurface trickle and short-furrow irrigated lettuce

under different irrigation schedules.

3. Identify irrigation methods and management practices that would minimi7e nitrogen

leaching from the root zone of leaf lettuce.
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CHAPTER 2

LITERATURE REVIEW

2.1 Nitrate Related Problem

Nitrogen is the chief constituent among the several important elements occurring in the

plants. Nitrogen compounds constitute 40 to 50 percent of dry matter of protoplasm.

Proteins, chlorophyll, amino acids, amids, and alkeloides are the compounds of nitrogen, which

are involved in the growth process of plants. In vegetable crops where succulence is desirable,

large quantities of nitrogen have to be applied than what are normally required (Shanmugavelu,

1989).

While a crop is growing and absorbing mineral N, several other processes are

competing for the available mineral N in the soil. These competing processes are (1)

leaching of NO3-, (2) denitrification, (3) microbial immobilization, (4) volatilization of

NH3 and (5) miscellaneous losses such as that caused by erosion (Pratt, 1984). According

to Bock (1984), leaching, denitrification, immobilization, and NH3 volatilization are the

processes known to be of practical significance in lowering availability of N to plants. The

amount of NO3- that leaches from a soil depends on the amount of water that moves

through the soil and the amount of NO3- in the soil when water drains through and out of

the soil profile. Therefore, leaching losses can be held to relatively low levels by using

optimum N and irrigation management. Some control over the extent of denitrification is
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possible, but significant denitrification losses are apparently inevitable in the anaerobic

conditions under most cropping systems. Most NH3 volatilization can be eliminated by

proper subsurface application or by immediate incorporation.

The fate of N fertilizers in the soil-plant system is governed by several physical,

chemical, and biological factors which interact with each other and with the environment

(Boswell et al., 1985). Ammonium-based fertilizers may be transformed biologically by a

population of Nitrosomonas and Nitrobacter to NO3 under proper environmental conditions

of pH, moisture, aeration and temperature ( Muchovej and Rechcigl, 1994). Nitrate may be

transformed in soils biologically by bacteria to dinitrogen (N 2) or nitrous oxide (N20), in a

process known as denitrification. According to Muchovej and Rechcigl, (1994), the NO3

forms of N, whether supplied as fertilizers or produced by nitrification of NH4, are readily

soluble in soil solution. Thus, NO3 normally moves with soil water upward due to capillary

forces during extremely dry weather, and downward, under conditions of excessive

precipitation or irrigation. Soil texture and organic matter content can have a major influence

on leaching losses of NO3. Bergstrom and Johansson (1991), working with monolith

lysimeters in Sweden, verified that leaching was greater in a sandy soil with low organic matter

content, intermediate losses occurred in loamy soils and smallest losses were observed in a clay

soil or a sandy soil rich in organic matter.

Two general approaches for minimizing N losses, according to Follett and Walker

(1989), are: 1) optimum use of the crop's ability to compete with processes whereby plant

available N is lost from the soil-plant system (leaching and denitrification), and 2) direct
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lowering of the rate and duration of the loss processes themselves. The characteristics of the

first approach are to ensure vigorous crop growth and N assimilation capacity, and to apply N

in phase with crop demand. The second approach might include the use of nitrification

inibitors or delayed release forms of N, thereby directly lowering potential leaching and

denitrification losses. Jury et al. (1991) commented that, although nitrate is taken up rapidly by

plant roots, this removal mechanism only occurs very close to the soil surface. Thus, whenever

there is a source of nitrogen and an excess of water applied to the soil, nitrates have the

potential to reach ground water.

Several nitrogen models characterized by varying degrees of complexity have been

reported in the literature. For example, Bresler and Laufer (1974) simulated the

movement of nitrate in a homogeneous soil profile in the presence of NO3 production

(nitrification), but did not consider plant uptake of water or nitrogen. They devoted their

work to the numerical simulation of the transport of nitrate ions in unsaturated isothermal

soil during nonsteady infiltration, redistribution and evaporation of water. The study was

conducted in a bare soil wetted by trickling with the inlet solution at a constant rate for

about 5 hours.

Rose et al. (1982) described a theory based on mass conservation of water and

solute. In their theory, they combined the mass conservation equations describing

movement in the vertical direction of water (in the presence of a sink) and of solute. The

theory was developed for predicting changes in mean solute penetration or depth of solute
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peak for solutes which undergo no process other than convection, dispersion, and

diffusion, that is, not taken up nor transformed.

Moore (1970) conducted an experiment at Colorado State University's San Luis

Valley Experiment Station to measure the volume of water applied, surface drainage

(runoff), internal drainage (percolation) as well the disposition of NO3-N relative to the

water during furrow irrigation of head lettuce. Nitrogen was applied as pre-planting

fertilizer. The root zone depth was fixed to 61 cm for calculating the amount of irrigation

water. He found that 89 percent of leached nitrogen occurred during germination.

Burns (1974) described his simulation model that can be used directly for

predicting the redistribution of soluble salts ( such as nitrate ) both upwards and

downwards in a fallow soil profile. The model was originally developed to predict the

redistribution of nitrate during the early stages of plant growth when crop cover is low.

The predictions of the model were tested using the results of an experiment in which the

redistribution of nitrate and chloride ions was measured in a bare field soil. Potassium

nitrate (280 kg N ha-1) and Calcium chloride (224 kg Cl ha- ') were used. The results

were calculated using 3.75 cm soil segments and a daily rainfall and evaporation

frequency. Good agreement was obtained for chloride, but the results for nitrate showed

some deviations. According to Shufford et al. (1977), theoretical equations do not

completely explain field-measured NO3-N and Cl distribution. These latter authors

affirmed that large pores can increase NO3-N and Cl movement in undisturbed field soil

when the ions are applied with the water and the soil profile is near field capacity. The
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deviations shown for nitrate results in Burns experiment can be due to the incomplete

mixing of water and ions with all soil pores.

Onken et al. (1979) conducted a field experiment to compare, the effects of

furrow, sprinkler, and subirrigation on the movement of fertilizer NO3-N in supplemental

irrigation. Sweet corn (Zea mays L.) fertilized with band-applied "N enriched sodium

nitrate was grown for 2 years. The sprinkler irrigation system was a solid set in a

triangular pattern with sprinlders located 12.2 m apart along the laterals. The furrow plots

were leveled for even distribution of water through slip-joint irrigation pipe. Subirrigation

laterals were installed 45 cm below the soil surface under each seed bed. It was made of

1.27 cm diameter polyethylene pipe with 0.06 cm diameter orifices spaced 90 cm apart.

At time of planting, the enriched NaNO3 was banded 7 cm to the side and 7 cm below the

seed. After crop emergence, additional enriched NaNO 3 was side-dressed with chisels

being placed 25 cm from the plant row on both sides of the seed bed and 15 cm deep.

Under sprinkler irrigation the fertilizer bands tended to move down with somewhat less

lateral movement close to the soil surface than with the other systems. Under furrow

irrigation, the fertilizer tended to move toward the center of the bed and then moved

downward. With subirrigation, the fertilizer moved upward and outward toward the

furrows and then moved downward. The main conclusion was that subirrigation with

fertilizer placement above the lateral is superior to the other methods of irrigation

concerned with the fertilizer movement out of the surface 30 cm soil layer.
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Timmons and Dylla (1981) worked with corn in a lysimeter under different

nitrogen management and supplemental irrigation levels. They found that periodic

application of liquid N through the irrigation system rather than in granular form decreases

NO3 -N leaching loss.

Tillotson and Wagenet (1982) developed a research program to provide a

conceptual framework (a model) from which reasonable field experiments could be

conducted relative to nitrogen transport, transformation, and plant uptake. Addiscott and

Wagenet (1985) affirmed that few solute transport models have been exhaustively tested

under field conditions. According to the authors, the quantitative criteria for validating

models do not seem to be clearly identified or universally recognized. It seems very

important that such criteria should be established and used to compare the abilities of the

various types of models to simulate the results of field experiments. A comprehensive

review of nitrogen simulation models by Tanji and Gupta (1978) led to the conclusion

that, although the theoretical aspects of nitrogen modeling are well developed, not a single

field experiment in the literature can be used to adequately test and verify the biological,

physical, and chemical relationships of the models.

Experimental validation of solute transport models has often met with unsatisfying

or dubious results (Fleming, 1995). Aside from the inherent difficulties in conducting

these experiments, the lack of a standard set of methodologies employed to sample soil

solutions may be an impediment. The use of soil core samples for subsequent extraction

and analysis of solute maybe is, according to Rhoades (1992), the most instinctive
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approach to evaluating the spatial distribution of solutes within the soil profile. Solute

concentrations determined in this way are interpreted to represent resident concentration,

in the terminology of Kreft and Zuber (1978), that corresponds to the amount of solute

per unit volume of fluid in the system.

The use of porous cup vacuum solution samplers has been and continues to be a

common method for the sampling of soil water solutes (Fleming, 1995). The popularity of

this method is caused by the relative simplicity and ease of operation, minimal destruction

of the area under investigation, and low labor demand. Unlike soil cores, once installed,

the instruments can be used to continuously monitor solute concentrations at discrete

depths within the soil profile. As such, concentration data obtained via this method are

regarded as a flux concentration measurements ( that is, the mass of solute per unit

volume of fluid passing through a given cross section in an elementary time interval).

The two techniques, suction samples and soil core samples, do not sample the

same types of liquid (Wilson et a/.,1995). Suction samplers generally sample pore-liquid

held under tensions below about 60 kPa while pore liquids extracted from soil cores

include liquids held at tensions far in excess of 60 kPa. Wilson et al. (1995) added saying

that extraction under several bars of tensions may strip off cations preferentially sorbed in

electrical double layers, sorbed organic compounds, and native soil components. These

ions may or may not be present in the same concentration in samples obtained by in situ

pore-liquid samplers (suction samplers). Concentration from suction samplers and from

soil core samples become identical when variations in microscopic pore water velocities
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tend to be zero. As these velocity variations increase, dispersive transport dominates over

macroscopically convective transport, and the spatial distributions of resident

concentration and flux concentration gradually diverge (Parker and van Genuchten, 1984).

According to Zabowsld and Ugolini (1990), solutions from suction samplers are more

representative of solute movement than core derived samples. It seems that not everybody

agrees with this statement, van der Ploeg and Beese, (1977) and, Morrison and Lowery,

(1990), state some points against suction samplers. According to these researchers, the

area of influence over which vacuum solution samplers actually sample is poorly defined.

A suction unit in operation somewhere in the soil profile acts as a sink for the soil

solution. Thus, it distorts the naturally existing gradient patterns, usually such that

exaggerated percolation rate in the vicinity of the cup is created. Consequently, the

concentration of the collected sample is not representative for one particular depth, but

represents the average concentration of the soil volume sampled.

Alberts et al. (1977) compared soil-core sampling with ceramic-cup extractions for

determining nitrate in the soil profile and concluded that spatial variability makes it

difficult to interpret nitrate data collected by either sampling techniques. Biggar and

Nielsen (1976) used soil water extractions to determine salt flux in fields and

demonstrated that field variability is very large. They concluded that soil water samples,

being "point samples", can provide good indication of relative changes in the amount of

solute flux, but not quantitative amounts, unless the variability of such measurements is

properly established.
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As we can see from the literature review, up to this point, many studies related to

nitrate-nitrogen have been developed. The fate of N fertilizers in the soil-plant system is

not easily quantified. Although solute transport models have been exhaustively tested

under field conditions, techniques of soil solution sampling have been studied, nitrate

distribution in the soil profile under different practices has also been tested, it seems that

researchers are not satisfied with their results. High spatial variability of physical and

chemical characteristics of soils makes difficult the repetition and extrapolation of

information obtained by the different studies.

2.2 Lettuce: basic information and water requirement

Lettuce is a cool season crop. It is usually grown in area in which the mean

temperature is 100 - 20 °C. Cool nights are essential for quality lettuce production; high

temperatures tend to produce strong flavors (bitterness). Seeds are sown 0.5 to 1 cm in

depth on 100 cm beds, two rows per bed, and 36 cm between rows. Seeds germinate

from 7° to 24 °C. The plants are thinned to 30 - 40 cm between them. Leaf lettuce may

be closer spaced. In many regions of the world lettuce is transplanted from seedling beds.

Leaf lettuce is more nutritious than the head type lettuce, mainly because of its high

vitamin A and vitamin C values. Lettuce is also a good source of Ca and P (Yamaguchi,

1983). According to Shanmugavelu (1989), the depth to which mature lettuce will

exhaust the readily available moisture in deep permeable well drained soils under average

conditions is 0.40 m.
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The amounts of irrigation water used for vegetables varies widely due to large

differences in evapotranspiration in different regions and during different planting times

during the year. Lettuce requires soil that is abundantly and constantly moist throughout

its growth (Whitaker et a/.,1974).

Researchers have compared the effects of different methods of irrigation on yield,

water-use efficiency, and N-use efficiency. Robinson (1970) determined that using

sprinlder irrigation throughout the growing season made possible the growth of lettuce in

higher plant densities. Yields increased but lettuce grown on wide beds was unacceptably

nonuniform. Moore (1970) determined that using only furrow irrigation resulted in the

loss of 50 percent of the applied water to leaching and 20 percent to runoff, mostly during

germination and emergence. The use of a low intensity sprinkler irrigation system can,

therefore, be recommended for the stand establishment and it was used in this study.

Sammis and Hanson (1978) studied the effects of different irrigation methods

(furrow, sprinkler, surface and subsurface trickle) on lettuce. They observed that the

lowest irrigation ratio (applied water / evapotranspiration) for two consecutive years was

achieved by surface trickle and subsurface trickle irrigation, and that the

evapotranspiration on a yearly basis for lettuce was 452 nun (17.8 in).

Sammis (1980) compared yields and water-use efficiency of three late-summer

crops of lettuce grown in New Mexico with furrow, surface trickle, and subsurface trickle

(0.10 m below the surface) irrigation. With the establishment of good stands and sufficient

irrigation, all four methods resulted in comparable yields (17.8 to 26.1 Mg haT 1) and
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water-use efficiencies (3.7 to 5.1 Kg m-3). He pointed out that, furrow irrigation on short

runs, can result in as high a water-use efficiency and yield as the more expensive forms of

irrigation as subsurface, trickle, and sprinkler irrigation. However, lettuce is subject to

flooding when furrow irrigated. If water management is not proper, yield reductions will

occur first and to a greater extent under furrow irrigation than with other methods.

Pruitt et al. (1984) developed a two-year study comparing the evapotranspiration

(ET), yields and the microclimate under drip-and furrow-irrigated tomato and found

approximately equal values of ET for the two methods of irrigation in field-plot studies as

well as in the lysimeter. Their studies indicated that although ET under furrow irrigation

was considerably higher than under drip irrigation for the three days following each furrow

irrigation, this advantage was largely canceled by a reversal in trends thereafter. Net

radiation, soil temperature and air temperature will also be different under different

methods of irrigation, but, as found for tomatoes, the evapotranspiration for furrow

irrigated lettuce can be higher only immediately after irrigation.

Sammis et al. (1988) studied the effects of applying water through surface drip

irrigation at eight different rates on the growth and yields of lettuce grown in a silt loam

soil for five years in Hawaii. Their results showed that the marketable yield increased

linearly with increased water application up to 49.7 Mg ha-I with an associated seasonal

evapotranspiration of 205 mm Soil water stress limited yield by decreasing total biomass

production and by decreasing the quality of lettuce heads produced. Water use efficiency
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(yield divided by water applied) was 24 kg of marketable yield for each cubic meter of

water applied.

Dullforce and Huidobro (1974) in an experiment conducted in relatively cool,

humid conditions, found that rewatering lettuce when the soil water potential declined

from field capacity to approximately -80 kPa had no effect on harvested freshweight. In

contrast, lettuce grown under hot, dry conditions with surface drip or subsurface drip

irrigation in New Mexico produced the same yield when irrigation occurred at -20 or -60

kPa (Sammis, 1980).

Thompson and Doerge (1996b) studied the nitrogen and water interactions in

subsurface trickle irrigated leaf lettuce during three winter growing seasons in Maricopa,

Agriculture Center, southern Arizona. They used spatial analysis of response surfaces of

marketable yield, net economic return, and unaccounted for fertilizer N to identify an

acceptable interaction of soil water tension and rates of applied N. They found a small

region bounded by 6.6 to 7.3 kPa soil water tension and 238 to 252 kg N ha.4 which

would have resulted in 95 percent of maximum predicted marketable yield and net return

while limiting NO 3-N concentrations in drainage water to �. 10 ppm.

As we can see from the review above, much research has been done concerning

lettuce water use only. Most of these studies were performed with only one irrigation

technology. It is necessary to study the effect of different irrigation technologies

combined with different irrigation scheduling procedures on yield water and nitrogen use

by lettuce.
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2.3 Irrigation Scheduling

Numerous procedures and devices are available for irrigation scheduling. Stegman

et al. (1983) present a range of methods listed in a table under classification of: (a) soil

based measurements, (b) plant based measurements, (c) computed root zone water

balance, and (d) evaporation devices.

Water management objectives typically lead to some form of timing criteria for

water application, such as, allowable soil water depletion, soil water potential, ET deficit,

stress day index, leaf water potential, etc. With systems that permit a high degree of

control over water application, irrigation scheduling can include the concepts of both

timing and the water amount to apply.

One method widely recommended, according to Taylor (1965), for indicating

when to irrigate is based on using a certain fraction of the "available moisture" or

"available water." Available water is defined as the difference between the soil water

content at "field capacity" and "permanent wilting." The fraction of available water that

can be used before irrigation is different for each soil type. The stress to the crop is

actually associated with levels of soil water tension. Since different soils do not contain

the same percentage of available water at the same matric potential, different values must

be used when percent available moisture is used as the criterion for irrigation application.

Not considering the fact that the fraction of available water is different for each soil type,

Doorenbos and Kassan (1979) presented a table giving four groups of crops for which the
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"soil water depletion factor" or " management allowable depletion" (MAD) is tabulated

versus maximum evapotranspiration. Martin et al. (1992) and Phene et al. (1992)

presented examples of functions to estimate a stress factor based only on soil water

content.

Time-Domain Reflectometry (TDR), a technique that operates over a range of

radio frequencies, can be used to measure the high-frequency electrical properties of

materials. In soil, TDR measures the propagation of an electrical signal that is dependent

on the dielectric constant of soil. The dielectric constant is determined by measuring the

transit time of an electromagnetic pulse launched along a set of metallic, parallel rods

embedded in the soil (Phene et al., 1992; Topp, 1993). Although the dielectric constant

is, in general, a complex property, there is for soil a simple relationship between

propagation velocity and dielectric constant, as developed by Topp et al. (1980) and

presented by Topp and Davis (1985). According to the authors, the component that

governs the dielectric constant of the soil, water, has a dielectric constant of 80 as

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 et al. (1980) concluded that the high-frequency dielectric constant is only

weakly dependent on soil type, soil density, soil temperature, and pore water conductivity.

They suggest the volumetric water content of the soil, Ov, can be calculated from their

empirical equation as:
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ev= -5.3 x 10 -2 + 2.9 x10 -2 K - 5.5 x le K2 + 4.3 x 10-6 K3 	(2.1)

where K is the dielectric constant.

The authors stated that the volumetric water content was determined from

measurements of the dielectric constant with an accuracy of ± 0.02 cm3/cm3. The

accuracy is sufficient for using the TDR technique for irrigation application without having

to carry out a calibration for each soil or field. Topp and Davis (1985) emphasized that

soil type and/or soluble salt do not affect the water content values measured In clays and

soils containing free salts, the penetration may be less than 1 m. Another potential source

of error in TDR measurements arises from air gaps around the rods of a transmission line

in the soil. Such gaps may occur during installation of the transmission lines when

insufficient guidance is provided for the rods, or as a result of shrinking of the soil during

drying.

A brief description about TDR can be found in Phene et al. (1992) and Topp

(1993). Parallel pair or triplet transmission lines are usually used for measurement in soil.

The parallel rods serve as conductors and the soil, in which the rods are installed, serves as

the dielectric medium. The pair of rods act as a wave guide and the signal propagates as a

plane wave in the soil. The signal is reflected from the end of the transmission line in the

soil and returns back to the TDR receiver. The propagation velocity and the amplitude of

the reflected signal are used in the measurement and analysis.
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Soil water extraction by plants indicates that the root system behaves as a

"hydraulic pump." There is some "pumping capacity " (suction) typical for each crop.

The reservoir, soil, has a holding capacity represented by the matric potential. If matric

potential limits the root's "pumping capacity", that is, if the soil water content is so small

that remaining water is strongly held by the matrix of the soil, the crop will not be able to

extract water. Therefore, more important than soil volumetric water content is the

minimum matric potential (maximum retention) at which the "pumping system" (root

system), can extract water. With this concept in mind we can conclude that the "matric

potential at which to apply water for maximum yields" of various crops, presented by

Taylor (1965) is more important to indicate when to irrigate than the Maximum Allowable

Depletion (MAD) values presented by Doorenbos and Kassam (1977).

Soil-water status may also be monitored to facilitate scheduling of irrigation water

applications. One of the most common instruments used for this purpose is the

tensiometer. A tensiometer has a working range from saturation to about -80 kPa of soil

water potential, a range where water is usually readily available to plants (Cassel and

Klute, 1986; Reginato, 1990). The limit value of -80 kPa for matric potential represents

about 20% of available water depletion for clay soils, 45% for loam soils, 70% for sandy

loam, and about 80% of available water depletion for fine sandy loam soils. The

relationship between soil matric potential and available water depletion is graphically

presented by Taylor (1965) and Martin et al. (1992).
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Tensiometers are typically placed in pairs at several sites in an irrigated field. At

each site, a tensiometer is located in the zone of greatest root density, usually 0.3 - 0.50

meter, according to Martin et al. (1992), for timing irrigation. A second tensiometer is

usually placed at about twice the shallow tensiometer depth. This tensiometer senses

when water, during irrigation, has penetrated to this depth. This penetration indicates the

need to terminate irrigation. Soil variability usually requires the establishment of several

sites per field to obtain a representative measure of the soil water status. According to

Martin et al. (1992), a tensiometer requires considerable time for preparation, installation,

recording of observations, periodic servicing and removal from the field. Interpretation of

the sensed matric potential may be confounded by poor soil contact, leaks and limited

tensiometer range.

2.4 Crop Water Use and Growing Degree Days

For plants to live, they must exchange oxygen (02) and carbon dioxide (CO2)

across wet surfaces exposed to the drying effects of air. As plants exchange gases

between the outside air and the interior of their leaves, they inevitably lose water by

transpiration. Conditions that favor the exchange of CO2 and 02 also favor the loss of

water. Thus, water, as well as gas exchange, light, and mineral nutrition are essential for

growth. Transpiration is associated with the plant's capacity to exchange gases and it

dissipates, as latent heat, a large part of the absorbed radiant energy not used in the
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photosynthetic process. This helps the plant avoid damaging effects from high canopy

temperatures (Stegman et al. 1983). Therefore, water used by plants has to be replaced

before any reducing in the vegetative activity.

Soil should be irrigated while its water potential is still high enough to assure that

adequate water is available to meet existing atmospheric demands without placing the

plants under stress that would reduce yield or quality of the harvested crop (Taylor, 1965).

As Cuenca (1989) affirmed, crops that are more susceptible to stress due to impacts on

yield deficit or degradation of quality require more frequent irrigation than those which are

more tolerant to high stress level. The effects of water deficits at certain critical growth

stages can be quite pronounced. According to English et al. (1992), when yields are

derived from an extraction product (e.g., sugar or oil) or reproductive components of the

crop (e.g., grain, fruits) growth stage sensitivity is often more pronounced than is the case

with forage crops.

Crop water use or crop water requirements are defined by Doorenbos and Pruitt

(1977) as "the depth of water needed to meet the water loss through evapotranspiration

(ETa) of a disease-free crop, growing in large fields under non-restricting soil conditions

including soil water and fertility and achieving full production potential under the given

growing environment". The term "evapotranspiration" is a combination of water loss by

direct evaporation from the soil surface with the water loss through the plant tissues

(transpiration).
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Crop water requirements should not be confused with irrigation water

requirement. The second term refers to a specific irrigation technology. It depends upon

the crop water requirement and irrigation method efficiency. Irrigation scheduling relies

on determining actual evapotranspiration (ETa) to update the soil water balance and to

forecast future water use to predict when the allowable depletion will be reached.

Reference crop evapotranspiration (ETo) is, again, according to Doorenbos and

Pruitt (1977), "the rate of evapotranspiration from an extensive surface of 8 to 15

centimeters tall, green grass cover of uniform height, actively growing, completely shading

the ground and not short of water." ETo is expressed in mm per day and represents the

mean value over a given period. Jensen et al. (1990) define reference crop

evapotranspiration (ETo) as "the rate at which water, if available, would be removed from

the soil and plant surface of a specific crop, arbitrarily called reference crop."

Various methods are available to estimate ETo. Primarily the choice of method

must be based on the type of climatic data available and on the accuracy required in

determining water needs. Jensen et al.(1990) listed 18 different methods of predicting

ETo. In their list the authors included grass-reference and alfalfa-reference methods. To

be consistent with the definition of reference crop evapotranspiration given by Doorenbos

and Pruitt (1977), it is better to work only with grass-reference methods. With this

procedure we can avoid confusion with crop coefficients relating the actual crop water

use, to the reference.
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The effect of the crop characteristics on crop water requirements is given by the

crop coefficient (Kc) which presents the relationship between reference (ETo) and crop

evapotranspiration (ETa) or, ETa = Kc x ETo. The value of the crop coefficient for an

annual crop is small early in the season when the primary water use is evaporation. As

the crop canopy develops, transpiration becomes a larger component of the total daily

water use, thus the crop coefficient increases. Later in the season, the crop coefficient

decreases as the crop matures and leaves fall or die. Various parameters have been used

to describe crop coefficient as a function of the crop development rate. Some common

indices include: time since planting, percentage of the time toward effective cover,

growing degree days, light interception, or the stage of crop growth.

Growing Degree Days, GDD, sometimes termed heat units, is defined as the

integration of temperature (degrees) over time (days) with temperature being limited to

those temperatures within which the plant is able to grow (Fox et al. 1992). Crop

development is generally dependent on the temperature, and accumulated heat units can be

associated and used to predict the time duration of a crop biological process

(Snyder, 1985). Therefore, a physiological "clock" can be developed on growing-degree-

days that has less variability than calendar days (Sammis et a/.,1985)

Fox et a/. (1992) used GDD to schedule irrigation for different crops growing in

Arizona. Crop coefficient curves with a GDD- base offer several advantages over those

based on time since planting, or the stage of crop growth. For example, a time based crop

coefficient cannot account for the effects of a period of unseasonably hot or cold weather
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and would thus either significantly under-estimate or over-estimate the water use during

such periods. Similarly, separate curves would need to be developed for fall grown lettuce

versus winter grown lettuce. On the other hand, a GDD based crop coefficient curve is

independent of time and can account for the effects of climatic variability on crop

phenological development (Slack et al., 1994). Therefore, crop coefficient patterns based

on growing-degree-days developed under a particular climate condition may be

transferred more easily to another geographic area. Also this kind of crop pattern can be

implemented easily in an iterative computer program for irrigation scheduling.

The concept of heat units and success of using GDD for irrigation scheduling is

based on the determination of the limiting temperatures, maximum and minimum, for the

crop development. For lettuce (Lactuca sativa, L), Madariaga and Knott. (1951) and

Slack et al. (1994) report 4.44 C as the minimum or base (also called threshold

temperature) and 21.1 T as the maximum or upper limiting temperature.

2.5 Irrigation Methods

Furrow and drip are irrigation methods that can be well adapted for leaf vegetables

irrigation in Arizona. For these methods, water is not put in direct contact with leaves,

avoiding burning problem due to water salinity and evaporation is minimized due to dry

and warm weather.
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2.5.1. Trickle (Drip) Irrigation

As described by Keller and Karmeli (1975), trickle (drip) irrigation is a system for

supplying water directly onto or into the soil. Water is carried through an extensive pipe

network to each plant. The outlet device that emits water onto the soil is called an

"emitter." Emitters dissipate the pressure in the pipe distribution network by means of

either a small diameter orifice or a long flow path, and thereby decrease the water pressure

to allow discharge of only a few liters per hour. Upon leaving an emitter, water flows into

the soil by capillary action and gravity. Therefore the area that can be wetted from each

emitter source point is limited by the constraints of the water's flow in the soil.

The development of drip irrigation was started by Symcha Blass, a water engineer

in Israel during 1959. The method has spread all over the world and much research has

been taken up in drip irrigation (Shanmugavelu, 1989).

Factors which generally differentiate the soil water regime of drip from other

irrigation systems, according to Warrick (1986), are: (1) the flow regime is 2 or 3-

dimensional; (2) the water is added at a high frequency; and (3) soil water is maintained

within a relatively narrow range. A well managed drip system will result in effective soil

aeration, provision of sufficient available nutrients by fertilizer injected into the water, and

a nearly constant low tension soil water condition.

The high interest in drip irrigation, according to Keller and Bliesner (1990), is

because of its potential to reduce water requirements and operating costs. These authors
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state that, a drip system can irrigate some crops with significantly less water than is

required by the other irrigation methods.

Since only part of the soil volume is wetted, determination of the amount of

application of water per irrigation cycle is unique. The maximum amount of water to be

applied in each irrigation cycle depends on the desired depth of wetting, the capacity of

the soil to hold available water, the level of water depletion allowed or desired, and the

proportion of the area or volume of soil wetted. If the amount of water application is

determined as for sprinkling or surface irrigation, much water may be lost by excessive

deep percolation.

Subsurface trickle irrigation is probably the most water and N efficient method of

application, but it is also the most costly to install (Bucks et a/.,1982; Bucks and Davis,

1986). Nutrient additions to soil through trickle irrigation systems should minimize NO 3

leaching, provided excess water applications are not required to maintain a leaching

fraction to regulate salt accumulation (Smith et a/.,1990).

According to Fangmeier et al. (1985), Arizona growers are forced to consider

more efficient irrigation method, justifying the use of drip irrigation, because of increasing

energy costs, high pumping lifts and potential restriction on water use. Cotton growers,

for example, installed over 12,000 ha of trickle irrigation systems, from 1980 to 1985, in

an effort to reduce water use and increase yields. The authors defend the use of buried

tubing because of its advantages. The tubing is less expensive than that used for surface

trickle, does not have to be installed and removed every year, and provides water for each
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row of crop. Controlled application of nitrogen fertilizer through the trickle system is

expected to reduce total nitrogen applied because of reduced leaching, volatilization, and

other losses.

2.5.2 Leveled Furrows

Furrow irrigation systems are characterized by small, evenly spaced, shallow

channels installed down or across the slope of the field to be irrigated. The furrow

method is particularly suitable for irrigating crops subject to injury if water covers the

crown or stem of the plants, as the crops may be planted in beds between furrows and

remain dry.

This irrigation method is best suited for medium to moderately fine textured soils

of relatively high available water holding capacity and conductivities which allow

significant water movement in both the horizontal and vertical directions. The method is

suited to fine textured very slowly permeable soils on level sites which permit water

impoundment (Hart et al., 1983).

Surface runoff is eliminated in level furrow systems with blocked ends. Water is

applied at one end of the furrow at a rate that will provide coverage of the entire length in

a relatively short time. The water is then ponded until it infiltrates. According to Hart et

al. (1983), the design relationships for level furrows are based on the following conditions

or assumptions: (1) the volume of water delivered into the furrow is equal to the average
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intake over the entire furrow length; (2) the intake opportunity time at the last point

covered is equal to the time required for the net application to enter the soil; (3) the

longest intake opportunity time at any point along the furrow is such that deep percolation

is not excessive; (4) the ends of the furrows are blocked to prevent outflow during the

irrigation, and the depth of flow is not greater than can be contained within the furrow.

2.6 Soil water balance

The general equation describing the water balance at the soil surface, presented by

Slatyer (1970), may be expressed as:

SO
f [(p + i - r)- e -dz]dt = j. f — dz dt

St

where (t241) is the time interval over which the measurements are made. The terms p, i, r,

e, and dz, represent rate of precipitation, irrigation, runoff, evapotranspiration and

drainage, respectively. 0 is the volumetric soil water content (cm3 water / cm3 soil).

Jury (1991) presents the water balance equation for a finite interval as:

ti	 t2 2

(2.2)

P+ I-R = E+D+ AS	 (2.3)
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where terms on the left hand side represent the precipitation P, applied irrigation water I,

and surface runoff R. The sum of these terms represents the net addition of water to the

soil profile over the time period of interest. On the right hand side are evapotranspiration,

E, drainage or deep percolation, D, and the water storage change of the soil profile, S.

All of the terms, are positive except for D and AS, which may be either positive or

negative. A negative value for the drainage term implies that water is flowing upward into

the profile where the water balance is conducted, which will occur whenever the hydraulic

head gradient is negative. A negative value for the water storage change term implies that

final storage is less than initial.

This chapter has shown, from nitrate related problems to field water balance, the

complexity of the crop water system. The hypothesis of the present study is that different

irrigation technologies and management can affect the system in different ways. We

assume that irrigation technologies and management schemes that do not answer the crop-

soil-water relationship requirement concerning water and nitrogen use, will contribute to

environmental degradation. In order to avoid, at least the soil contamination by nitrate

from irrigated crops, we must to get involved with all the topics covered in this chapter.



CHAPTER 3
MATERIAL AND METHODS

3.1 Location

This research was carried out during the Fall-Wmter 1994-1995 growing season at The

University of Arizona's Campus Agricultural Center (CAC), located in Tucson, Arizona, at

32°16'49" N latitude, 111 °58'16" W longitude, and an elevation of 713 meters above mean sea

level. The experimental site location was immediately south of the irrigation laboratory

building in the eastern section of Field K.

3.2 Soil

The soil is classified as Coarse loamy, Mixed, Calcareous, Thermic, Torrifluvent, Gila

(Gelderman, 1972). The Gila series consists of well-drained soils that have a subsoil of loam

and very fine sandy loam. Particle size analysis done by Khan (1994) for the first 0.30 m layer

yielded average values of 51% sand, 38% silt, and 11% clay. Soil bulk density after bed

formation averaged 1.35 Mg ni3 for 0-0.30 m and 1.48 Mg m-3 for the 0.30-0.60 m layer.

'Field Capacity" and 'Wilting Point" determined by Copeland (1989) averaged 0.19 m 3 M.-3

and 0.11 m3 ni.3 for the 0-0.60 m layer.

46
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3.3 Climatic Data

Campus Agricultural Center is served by an AZMET network weather station from

which all climatic data used in this research were taken. Daily data were taken by accessing

the AZMET bulletin board.

Long term average precipitation in the experimental site compared with the

precipitation that occurred during the 1994-95 growing season (Table 3.1), shows an

excessive precipitation for this year. The amount of water from rainfall, 176.5 mm,

showed in the Table 3.1.1 and Figure 3.1, was included in the water balance to estimate

the crop water use.

Table 3.1: Average monthly precipitation during the period 1949-1982 and the
precipitation during fall-winter 1994-1995 at Campus Agricultural Center

Month Average Precipitation	 Precipitation
(1949-1982) 1 	Fall-Winter 1994-1995

mm	 mm   

November	 17	 46
December	 29	 76
January	 26	 29
February	 19	 30

Total
	

91	 181
1 from Sellers et al. (1985).
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Table 3.1.1: Precipitation at Campus Agricultural Center during fall-winter 1994-95
growing season

Date Days After Planting Rainfall (mm)

11-03-94 2 0.51

11-03-94 3 3.05

11-07-94 6 0.51

11-11-94 10 34.54

11-12-94 11 7.11

12-04-94 33 6.60

12-05-94 34 36.83

12-06-94 35 4.06

12-23-94 52 2.29

12-25-94 54 7.62

12-26-94 55 16.76

12-27-94 56 0.51

12-30-94 59 1.27

01-04-95 64 6.35

01-05-95 65 10.67

01-11-95 71 0.51

01-12-95 72 0.76

01-17-95 77 8.89

01-25-95 85 1.27

01-26-95 86 0.76

02-12-95 103 1.78

02-13-95 104 5.59

02-14-95 105 0.25

02-15-95 106 17.78

02-16-95 107 0.25

Total 176.52 mm
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Figure 3.1 Precipitation at Campus Agricultural Center during the fall-winter
1994-95 growing season

3.4 Initial Soil Preparation and Phosphorus fertilization.

Composite soil samples were taken at random from the top 0.30 m of the soil profile,

using a 'tube type" sampler (Oakfield probe). The samples were mixed together in a clean

container and about 0.500 kg was taken out to be air dried and sent to be analyzed for

phosphate.

The total experimental area was plowed to a depth of approximately 0.30 m.

Following plowing, the amount of phosphorus fertilizer was defined and 100 kg ha-1 of P205

fertilizer was applied and incorporated into the soil by disking. The amount of applied P

fertilizer was determined after analysis of soil-plant available phosphorus, following
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recommendations by Openshaw et al. (1963). The unsaturated hydraulic conductivity was

characterized after the initial preparation of the field.

3.5 Unsaturated Soil Hydraulic Conductivity Determination

A disc tension infiltrometer, similar to that described by Hussen and Warrick (1995),

with a porous baseplate of 0.198 m diameter and a tower reservoir of 0.045 m diameter was

used to characterize the unsaturated soil hydraulic conductivity. Three hollows of about 0.80

m diameter and 0.30 m depth were prepared in a 50.0 m by 28.0 m area of the experimental

field. The hollow bottoms were horizontally leveled to receive a 0.25 m diameter and 0.002 m

thick steel ring delimiting an area where dry #30 silica sand was poured. The sand inside the

ring was leveled to make a contact layer between the soil surface and the porous infiltrometer

baseplate.

Two tensions, h1 = -9.0 cm H20 and h2 = -2.2 cm 1120 were used to obtain the

parameters a and L for each site studied porous inside the experimental field. The

measurement of steady-state flow for the two tensions at the same site, Q i and Q2, yielded

two equations, each with two unknowns of K s and a. With the steady-state flow data,

the values of a could be obtained using equation 3.1:

iln(—Q2 )I
Q, 

a –
1 (h2 - 111)1

(3.1)



51

where Qi and Q2 are the steady-state flow rates for the supply tension h 1 and h2

respectively. The values for K. was found by substituting the a values into Wooding's

equation which can be written as:

Q = Ks exp( oth) [1  + 	 4	(3.2)
a 7r r al

for Q i or Q2 with its respective h1 or h2 (r0=0.099 m).

Results of the K(h) relationships for the different points inside the experimental field

and for the combination of data are presented in the next chapter. The equation obtained was

used to evaluate the deep percolation component of the soil water balance that was used to

estimate the crop evapotranspiration.

3.6 Experimental plots

After the hydraulic conductivity determination, the beds of the experimental plots were

formed using a bed shaper. Each plot consisted of six raised beds, 7.31 m long, approximately

0.15 m high and 0.72 m wide, at 1.02 m centers, with two rows of lettuce in each bed (sketch

on Figure 3.2). Individual plot size was 7.31 m by 6.12 m, separated by a strip of 7.31 m by

1.02m.
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Figure 3.2 Sketch showing distances and depths of the irrigation systems
(not to scale)

Trickle tubing (Cane turbulent twin-wall trickle irrigation hose, 10 mil, 03 gpm/100 ft

at 10 psi, 12 in. between outlets, Chapin Watematics Inc., Watertown, NY) was buried 0.15 m

deep, for the trickle irrigated plots. The tubing was installed during the bed-forming operation,

directly under the midline of north-south oriented soil beds.

Coated seeds were planted into dry soil, on November 1, 1994 , using a Stanhay

precision planter. Two rows of leaf lettuce (Lactuca saliva L., cv. Waldmann's Green) were

planted per bed 0.36 m apart and equidistant from the midline of the bed. Ten seeds, in

average, were planted per meter of row. The plants started emerging on November 06, 1994.

Plants were thinned at the 2-4 leaf stage, on December 02, 1994, to a final population of 48

plants per bed that corresponded to approximately 65,000 plants per hectare.
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3.7 Experimental and statistical design:

The experiment consisted of a two-factor factorial model in a randomized complete

block design. It is comprised of a combination of two irrigation systems, furrows and

subsurface trickle irrigation, and two irrigation schedules, 1 and 2 (sketch on Figure 3.3). The

crop field area was 49.0 m by 27.4 m divided into 24 plots of six 1.02 m wide and 7.31 m long

raised beds. Required instruments such as tensiometers and TDR waveguides were installed in

the experimental units. Experimental units corresponded to the two central beds of the plot.

The other four beds were used as buffer areas.

In the two-factor factorial, both row (irrigation method) and column factors

(management method), A and B, were of equal interest. The observations may be described,

according to Montgomery (1991), by the linear statistical model:

+	 f3.i ("cni giik

(3.3)

i = 1, 2, ...., a

j = 1, 2, ..., b

k = 1, 2, ..., n

where 11 is the overall effect, Ti is the effect of the ith level of the row factor A, f3; is the effect of

the jth level of column factor B, (Tr3)u is the effect of the interaction between ti and 13i , and Eijk

a random error component.

The total sums of square may be written symbolically as



D2

24

D1

13

D2
control

12

D1

1

F2

23

Fl

14

F2

11

Fl

2

D1 control

22

D2

15

DI

10

D2 control

3

Fl

21

F2 control

16

Fl

9

F2

4

D2

20

DI

17

D2

8

DI

5

F2

,

19

Fl control

18

F2

7

Fl

6

	1

54

û
NORTH

27.43 m

Figure 3.3: Sketch of the experiment showing the relative position of each
replicated treatments and plot identification number. (not to scale)



55

SST = SSA + SSB + SSAB + SSE	 (3.4)

where SST is the total sum of square, SSA is the sum of squares due to tows" or factor A

(irrigation method), SSB is the sum of squares due to tolumns" or factor B (management

method), SS AB is the sum of squares due to the interaction between A and B, and SSE is the

sum of squares due to error.

The number of degrees of freedom associated with sum of squares is

Effect	 Degrees of Freedom

A	 a - 1
b - 1

AB interaction	 (a - 1 )(b - 1 )
Error	 ab(n -1) 
Total	 abn - 1

The null hypotheses were tested using a two-factor analysis of variance.

3.8 Stand establishment

A sprinkler irrigation system was set, following seeding, to enhance uniform

germination and stand establishment. The spacing between sprinklers was 9.1 m x 9.1 m (30 ft

x 30 ft). Rainbird 14V -TNT sprinlders were used, with a 1.98 mm (5/64 in) nozzle,

connected to the lateral line by a 0.0254 m x 0.61m (1 in x 24 in ) riser tube, and operated at

310 kPa (45 psi) of pressure. The sprinkler system was used to water the planted beds two and

half hours about every two days , when there was no rainfall, applying 8 0 mm of water in
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each time. It was taken out on November 13, 1994, when the lettuce seeds in the whole field

had germinated. All subsequent irrigations were applied with the trickle or furrow system

assigned to the plot. The same amount of water was also applied in all treatments from

November 13 to plant thinning, December 02, 1994, when data collection started.

3.9 Irrigation systems

The polyethylene trickle tubing for each trickle irrigated plot was connected to a 20

mm (3/4 in) manifold at the head of the plot. A 20 mm (3/4 in) valve was placed in the middle

of the manifold for better flow distribution and management. Manifolds, from each trickle

irrigated plot, for a given management, were connected to a 25 mm (1 in) distribution PVC

line. The distribution line had a common valve and a calibrated in-line, propeller-type flow

meter installed close to the experimental field. The independent distribution lines received

water from a trickle-irrigation-system control head that served different experiments in the

field. The water came from a well near the control head. It was possible to irrigate each plot

independently or a group of plots, controlling the amount of applied water using flow meters.

The experimental plots irrigated by furrows had the same dimensions as those irrigated

by trickle irrigation system. The furrow irrigation system consisted of shallow furrows, 0.15 m

deep, 7.31 m long, 1.02 m apart, leveled and end closed. The furrows were fed by equal

spaced outlets in a 50 mm (2 in) PVC pipe. The outlets were positioned in the same horizontal

plane to deliver about the same amount of water for each furrow. A 50 mm (2 in) valve was
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placed in the middle of the 'manifold" of each furrow irrigated plot. Same management

treatments were connected by a 50 mm (2 in) distribution line with a calibrated propeller type

flow meter.

3.10 Management Methods

3.10.1 Management Scheduling 1 (AZSCHED)

AZSCHED (AriZona irrigation SCHEDuling) is a software developed by Fox et al.

(1992), which utilizes heat unit (Growing Degree Days) based crop coefficient curves and the

soil water balance method of irrigation scheduling. Heat unit based crop coefficients account

for climatic variation from year to year and from location to location. The software

incorporates long-term historical (default) weather data for a number of locations. Daily

reference ET is estimated by FAO Modified Penman equation. Growing Degree Days, GDD,

are calculated using the sine curve method.

Some of the features of the AZSCHED are:

- The software is capable of monitoring up to 64 separate fields and includes GDD based crop

coefficient curves for 19 crops, including lettuce;

- Provides a report of predicted irrigation date and amount of each field sorted into irrigation

date order;
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- Requires a minimum of information to be observed and entered if farm weather conditions are

reasonably approximated by a station on the Arizona Meteorological network (AZMET).

- Incorporates daily weather data directly through the use of the AZMET raw data format;

- Provides historical weather data for the users location to cover dates when actual weather

measurements may be unavailable.

3.10.2 Management Scheduling 2 (Tension)

The tension method proposed in this research combines the use of soil water tension as

an indicator of the time to irrigate and the field measured data to estimate the crop water

requirement. It was decided to use -20 kPa as the soil water tension as the indicator of when

to irrigate, based on Sammis (1980) and Taylor (1965). The crop water requirement was

determined by soil water balance with measured field data.

3.10.2.1 Soil Water Balance

The amount of water leaving the soil plant system by evapotranspiration was estimated

using the soil water balance procedure described in Chapter 2. In order to estimate the amount

of water leaving the system by deep percolation or entering the system by upward capillary

flow, D, the following equation was used:



t2
D = q2 dt

t,

ch is the drainage rate which is calculated using Buckinghan-Darcy flux law for downward

flow,

q = – K(h)— + K(h)
	

(3.6)

where Sh/6z is the matric potential gradient, K(h) the hydraulic conductivity-matric

potential relationship and z is depth.

The values for Sh/Sz , matric potential gradient, were approximated by the average of

the gradient of matric potential at the initial (i) and at the end (f) of a given period, that is,

dh (hu – hd) , +(hu – hd) f

dz	 2(zu – zd)
(3.7)

where hu and hd is the tension at depth zu and zd respectively, taken at time i (initial) and f

(final). For this study, tensiometers were installed at depths of zu = 0.45 m and zd = 0.55 m.

According to Warrick (1986), several algebraic relationships have been used to

approximate K(h), for example:

K(h)= K8 exp (a h)

Koo=al[b+IhIn]
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(3.5)
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The values of a, K., a, b and n are chosen by best fitting. The author presented hydraulic

conductivity parameters for different soils for the form Ks exp(ah) from which we get

a=0.111 cm-1 and 0.001 cm/s, for the sandy loam soil at the site.

Many methods have been developed to evaluate the soil unsaturated hydraulic

conductivity, K(h), by both in situ and laboratory procedures (Klute and Dirksen, 1986;

Green et al. ,1986; Mualem, 1986; Yitayew and Watson, 1986; Hussen, 1991; Warrick,

1992; and Hussen and Warrick, 1995). However, according to Hussen and Warrick

(1995), because of the sensitivity of hydraulic properties to soil structure, in situ methods

are potentially more accurate.

Hussen and Warrick (1995) suggest procedures to evaluate the K. and a

parameters of the Gardner's equation, K(h) = Kg exp(ah), using disc tension

infiltrometers. A step by step procedure of the method was also described by the authors.

3.10.2.1.1 Soil water content

Soil water content values were taken periodically during the experiment in order to

calculate the evapotranspiration from the experimental unit. Although a variety of techniques

are available for the measurement of soil water content, it was decided to use TDR for the

following reasons: first, TDR is fast and can be calibrated with gravimetric soil water

determination; second, each set of measurement represents the same physical location in the

field; and third, no hazard from radiation. Time Domain Reflectometer (TDR) model Trase

Systems (Soilmoisture Equipment Corp.) was used to estimate the volumetric soil water
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content. The waveguides were installed to a depth of 0.50 m at the center bed and remained

until the end of the experiment.

Although the TDR manufacturer (Traser Systems- Soilmoisture Corp.,1995), based on

Topp et al. (1980), suggests that no calibration is necessary for irrigation applications to

determine soil water content, a validation function was developed for the TDR readings. Mass

based soil water content (Om) and bulk density (Pb) was determined for different points in the

experimental area. Soil samples, taken between the two holes left by the TDR waveguides

with a Oakfield probe, were weighed before and after drying in a 105 °C oven for 24 hours.

The ratio between the water content (the difference in weighing before and after drying), and

dry soil sample gives the mass based soil water content. The bulk density was determined by

weighing a known volume of soil after 24 hours in an oven at 105 °C. The ratio between the

dry mass and the sample volume gives the soil bulk density. Cylinders with a known volume

were used to sample soil next to the holes left by the TDR waveguides. The product of mass

based soil water content and bulk density gives the volumetric soil moisture content (0,), that

is, 0, = Om Pb. Soil water contents were plotted as a function of the TDR readings and a linear

curve fitted. The resulting function was used to estimate the soil water content using TDR

readings taken during the experiment time. TDR waveguides were installed to a 0.50 m depth

at the center and mid-length of one bed in each treatment.
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3.10.2.1.2 Soil water tension

Tensiometers were installed in the experimental units to determine the time of irrigation

and water potential gradient in the treatments with management 2. For management 1,

tensiometers were installed to determine the water potential gradient only.

Tensiometers installed at depths of 0.05 m, 0.10 m, 0.15 m, 0.20 m and 0.25 m (2 in, 4

in, 6 in, 8 in, and 10 in) were used to set the irrigation time for the treatments with management

2. The depth values corresponded to the distance between the center of the ceramic cup and

the soil surface. The average soil water tension from 0.05 m to 0.25 m was determined in

order to define the time of irrigation. Irrigations were started on the day that at least three

replication plots indicated average tension around 20 kPa. For the determination of the soil

water potential gradient in both managements, 1 and 2, tensiometers were installed at depths of

0.45 m (18 in) and 0.55 m (22 in). The tensiometers were installed in the center of the bed for

both furrow and trickle irrigated units. Tensions were determined daily using a digital reading

system in millibars (TENSEMETER, Soil Measurement Systems Inc.) and corrected for the

total length of the plastic tube by:

= 0.098 Lt - 0.10 R	 (3.8)

where hm is found in kPa, for Lt ( tensiometer total lengh) in cm and R (tensiometer reading) in

mbar.
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3.11 Fertigation:

Nitrogen fertilizer was applied through the irrigation water as urea ammonium nitrate

solution (UAN-32), at scheduled times. The scheduled times and rates of N, suggested by

T.L. Thompson (1994) are shown in Table 3.2.

Table 3.2: Nitrogen Fertilization Scheduling for leaf lettuce at CAC-Campbell Farm
during fall-winter 1994-95.

Growth Stage Days After Date Rate

(Number of leaves) Planting (kg N ha-1)

2 to 4 38 Dec/06 30

5 to 6 48 Dec/18 40

10 to 12 74 Jan/14 70

Early 'heading" 93 Feb/03 60

The amount of the fertilizer solution required was determined by knowing the surface

area to be fertilized, the rate of N to be applied, and the amount of N per kg of fertilizer (320 g

N kg). Fertilizer was injected into the irrigation water using a Venturi-type chemigator placed

in the main line of the control head for the trickle irrigation system and using a calibrated

injector pump for the furrow irrigation system.

3.12 Crop Harvest
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The crop was harvested at marketable size by cutting the plants at ground level from

two meters of the center beds of each plot. Fresh weight was recorded immediately after

harvest, left in a glass house for air drying for two weeks, oven dried in a ventilated 65 °C oven

for dry matter, and ground in 40 and 20 mesh for total Nitrogen analysis. Leaf lettuce heads

were trimmed in the field to give a marketable appearance. The oven dried trimmed parts were

also determined for dry matter and total nitrogen. Total N in the marketable and in the

trimmed parts were analyzed following the Kjeldahl method (Bremner and Mulvancy,1982).

3.13 Post harvest soil sampling.

After crop harvesting, soil samples from each experimental unit were taken from the 0-

15, 15-30, 30-45 and 45-60 cm soil layers, within the harvested area by an Oakfield Probe. Six

points were sampled within each experimental unit to a depth of 60 cm. Three sampled points

were taken from adjacent crop rows, separated by the furrow between beds, in each of the two

central beds (experimental units). The sampled points located in the same crop row were 30

cm apart. The samples were bulked by depth and thoroughly mixed and sub-sampled for

analysis of extractable NI-14-N and NO3-N following the steam distillation method (Keeney and

Nelson, 1982).
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CHAPTER 4

RESULTS AND DISCUSSION

The purpose of the present research was to evaluate nitrogen leaching losses,

water use, and crop coefficients, for subsurface trickle and furrow irrigated leaf lettuce

under different management procedures. Since nitrogen leaching will depend on amount

of applied irrigation water that is a function of the crop requirement, discussion of this

topic, is made first, with the leaching problem following.

4.1 Crop-Water-Use

4.1.1 Applied water plus rainfall

The days and amount of irrigation water applied during the growing season, are

presented in Table 4.1. The days and amount of precipitation were as presented in Figure

3.1. All treatments received the same amount of irrigation water before thinning; that is,

the difference in management started after thinning (Dec./02/94). The total amount of

water received by each treatment from thinning to harvest, as recommended by

AZSCHED (management 1) and by field water balance (management 2), was 56 mm for

DI and Fi, and 50 mm for D2 and F2.



11/02/94	 6	 6
11/06/94	 6	 6
11/22/94	 4	 7
11/23/94	 3	 0
12/19/94	 5	 10
12/20/94	 5	 0
01/14/95	 6	 6
01/17/95	 7	 7
01/24/95	 6	 12
01/25/95	 6	 0
02/01/95	 5	 16
02/02/95	 5	 0
02/03/95	 6	 0
02/07/95	 5	 5 
TOTAL	 75	 75

11/02/94	 6	 6
11/06/94	 6	 6
11/22/94	 4	 7
11/23/94	 3	 0
12/17/94	 6	 0
12/18/94	 6	 12
01/14/95	 4	 8
01/15/95	 4	 0
01/27/95	 6	 0
01/28/95	 6	 18
01/29/95	 6	 0
02/03/95	 6	 6
02/08/95	 6	 6

69	 69

Table 4.1 Summary of the irrigation schedule for all treatments

Date AMOUNT (mm)
D1	 Fl 

Date AMOUNT (mm) 
D2	 F2       

4.1.2 Marketable Yield

The average marketable yields, for all treatments, are presented in Table 4.2. The

analysis of variance, ANOVA-two way, for marketable yield, presented in Table 4.3

shows there was no significant difference and interaction, at 95% confidence level,

between irrigation methods and management.

The average yield obtained, 22.3 to 26.7 Mg ha-1 , can be considered a good yield

compared with the 17.8 to 26.1 Mg ha-1 obtained by Sammis (1980) in New Mexico and

22.0 to 24.0 Mg ha-1 reported by Sammis et al. (1988) for an experiment in Hawaii. The

66



Table 4.2 Fresh weight marketable yield expressed in Mg ha-1

Treat. Replication
1 2 3 4 5 Av

D1 23.801 25.687 25.569 30.165 24.169 25.
Fl 21.159 19.495 25.832 23.232 21.781 22.
D2 27.907 26.109 24.341 22.752 24.141 25.
F2 23.288 23.328 33.403 23.554 29.786 26.

Table 4.3 Variance analysis for fresh weight marketable yield

Summary

Source of Variation SS df MS F F-crit

Manag. Method 15.69 1 15.69 1.65 4.49
Irrig.Method 4.78 1 4.78 0.50 4.49
Interaction 33.80 1 33.80 3.56 4.49
Within 151.78 16 9.48

Total 206.066 19

yield found by Sammis (1980) was obtained for different irrigation methods managed also

for -20 kPa as the maximum soil water tension in the root zone. He measured the soil

water tension at a depth of 15 cm only. Thompson and Doerge (1996a), obtained a

maximum marketable yield of 54.0 Mg ha'. Their results suggest that the soil water

tension at 0.30 m depth should be maintained at about 6.0 kPa for optimum yield of

trickle-irrigated leaf lettuce. If we consider field capacity as the soil moisture content at

67
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30 kPa of tension we can say that they had their soil always above field capacity that

represents deep percolation.

In the present study, the average of tension was taken from five tensiometers

installed at different depths in the top 0.30 m of the soil profile. Thompson and Doerge

(1996a) used tensiometers installed at 0.30 m and Sammis (1980) at 0.15 m only. This

difference in procedures makes it difficult to compare results from the different studies,

but we can stipulate that our yield could be higher if we had worked with tension wetter

than -20 kPa. Tension of 6.0 kPa requires frequent an irrigations and only drip irrigation

could be used.

4.1.3 Water Use Efficiency

When crop-water-use efficiency (WUE) is used instead of yield, we can have

better comparisons between results from different studies. AVUE represents the yield per

unit applied water plus rainfall. In this study WUE from 8.87 to 10.86 Kg of marketable

yield per cubic meter of water was obtained. Thompson and Doerge (1996a) obtained

2.59 to 3.63 Kg m 3 . Sammis (1980) reports WUE from 22.8 to 77.1 Kg of fresh yield per

cubic meter of water. Although Sammis (1980) used fresh yield instead of marketable

yield to evaluate water use, the WUE values are still high.

The yield per unit of applied water obtained in this study was much higher, about

three times as much,of that obtained by Thompson and Doerge, (1996a), with a tension of

6 kPa. This result enforces the indication of high risk of leaching when the irrigation is
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scheduled for very low soil water tensions. By using less water, we are reducing the total

cost of production and the risk of nitrate leaching that is also costly to the farmer and

detrimental to ground water quality.

4.2 Crop coefficient Kc determination

In order to estimate the crop evapotranspiration (ETa) and crop coefficient (Kc), it

was necessary to determine the unsaturated soil hydraulic conductivity-soil water tension

relationship, K(h). This relationship was used to determine deep percolation, a component

of the water balance approach used in this study, to estimate ETa. Therefore, unsaturated

hydraulic conductivity determination will be presented first.

4.2.1 Unsaturated soil hydraulic conductivity

The unsaturated soil hydraulic conductivity equation used to estimate the deep

percolation component of the water balance was based initially on field determination. Field

data obtained for three random sites (sites a, b, and c), in the experimental area, using tensions

h 1 = -9 cm of water and h2 = - 2.2 cm of water, are presented in the Appendix A.1, A.2, and

A.3. Data, of time versus infiltration, shown in the Appendix A.4, was used to determine a

fourth pair of steady-state flows, Q 1 and Q2, by grouping the last five readings of cumulative

time and cumulative infiltration field data for the three studied sites The steady-state flow, Q in

cm/sec, for each tension and site was determined by linear regression of cumulative time (T), in
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seconds, as the independent variable and the cumulative infiltration (I), in centimeters, as the

dependent variable. The slope of the curve, given by regression, corresponds to the steady-

state flow Q. The regression output for the three sites and for the combined data is presented

in Appendix A.S. The Gardner's equation parameters, K. and a, were determined by using

equations 3.1 and 3.2 and are summarized in Table 4.4:

Table 4.4 Gardner's equation parameters for the K(h) relationship

SITE hl
(cm)

h2
(cm)

Q1
(cm s-1)

Q2
(cm s-1)

a -9 -2.2 0.00096 0.00189
b -9 -2.2 0.00090 0.00148
c -9 -2.2 0.00109 0.00211

Comb. -9 -2.2 0.00095 0.00174

a,
(cm)

10.01539
13.54334
10.32423
11.20660

a
(cm')

Ks
(cm s' I)

0.09985 0.00143
0.07384 0.00093
0.09686 0.00157
0.08923 0.00123

The equations obtained were:

For Site a:	 K(h)a = 3.70 exp( 0.0998 h)	 (4.1)

For Site b:	 K(h)1, = 2.28 exp( 0.0738 h)	 (4.2)

For Site c:	 K(h)c = 4.03 exp( 0.0968 h)	 (4.3)

Combination:	 K(h) = 3.13 exp( 0.0892 h)	 (4.4)

where K(h) is obtained in cm /hour with h in cm of water.

In order to compare the four generated equations, a variance analysis, ANOVA, was

performed, and is presented in Table 4.5.
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Table 4.5 Summary of the variance analysis for the equations of hydraulic
conductivity K(h)

Groups	 Count	 Sum	 Average	 Variance 
Site a	 21	 -182.195	 -8.67598	 38.3817
Site b	 21	 -137.673	 -6.55587	 20.9898
Site c	 21	 -174.119	 -8.29140	 36.1198
Combination	 21 	-163.428 	-7.78231	 30.6558

Analysis of Variance

Source of Variation	 SS	 df	 MS	 F	 F-crit 
Between Groups	 53.63	 3	 17.879	 0.5669	 2.7187
Within Groups	 2522.94	 80	 31.537 
Total	 2576.583	 83

A series of estimated data of K(h) for each hydraulic conductivity equation was log

normal transformed before variance analysis. The result of variance analysis presented above

shows that there is no significant difference, at 95% confidence level, among the resulting

equations. Therefore, since any of the four equations could represent the studied sites, the

equation obtained by using all data was chosen to represent the soil in study. Thus, equation

4.4 was used to estimate deep percolation or capillarity flow components of the water balance

to get the actual evapotranspiration from each plot.

The chosen equation is very similar to that presented by Warrick (1986) for a sandy

loam soil. This similarity indicates a good representation of the hydraulic characteristics of the

site by equation 4.4.
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4.2.2 Reference evapotranpiration (ETo)

The reference evapotranspiration values used in this study were computed using

the Penman method by AZMET with data from the meteorological station located very

close to the experimental site. They are presented in the Table 4.6.

4.2.3 Actual Evapotranspiration (ETa)

Evapotranspiration from each of the five replicated plots, for all four treatments,

was estimated using the soil water balance procedure. The estimation started after

thinning the crop, 2-4 leaves stage, when all instruments were already installed and

working.

The soil water content values were determined using TDR. Calibration curves

were developed to be used in the soil moisture content estimation. The calibration curves

corresponded to the field measured volumetric soil water content (Ow) and TDR soil water

content (given by Topp's Equation) relationship. Two calibration were used because the

TDR connector broke down during the experiment. An equation was being used for the

old connector when it broke down; thus, a second validation equation had to be generated

for the new connector. The figures 4.1 and 4.2 shows the calibration curve for the old and

new connector, respectively. X corresponds to soil moisture content given by the

programmed Topp's equation in the instrument



Table 4.6 Reference evapotranspiration (ETo) for the period of lettuce thinning
date to one week before harvest, calculated by AZMET using Penman Method

Day

ETo

(mm) Day

ETo

(mm) Day

ETo

(mm) Day

ETo

(mm)

12-05-94 0.23 12-22-94 2.53 01-08-95 2.87 01-25-95 2.88

12-06-94 2.00 12-23-94 2.56 01-09-95 2.99 01-26-95 2.58

12-07-94 2.50 12-24-94 2.67 01-10-95 3.56 01-27-95 2.65

12-08-94 2.01 12-25-94 2.29 01-11-95 2.09 01-28-95 2.87

12-09-94 2.45 12-26-94 0.29 01-12-95 1.87 01-29-95 3.40

12-10-94 2.73 12-27-94 2.51 01-13-95 2.41 01-30-95 5.08

12-11-94 3.04 12-28-94 2.60 01-14-95 3.18 01-31-95 3.68

12-12-94 1.36 12-29-94 1.81 01-15-95 2.43 02-01-95 3.90

12-13-94 2.76 12-30-94 1.73 01-16-95 3.01 02-02-95 4.00

12-14-94 2.38 12-31-94 2.39 01-17-95 1.07 02-03-95 4.18

12-15-94 2.37 01-01-95 2.01 01-18-95 2.62 02-04-95 4.58

12-16-94 2.72 01-02-95 2.48 01-19-95 2.65 02-05-95 4.27

12-17-94 3.07 01-03-95 2.18 01-20-95 3.33 02-06-95 4.42

12-18-94 3.28 01-04-95 0.89 01-21-95 2.96 02-07-95 4.48

12-19-94 2.95 01-05-95 2.69 01-22-95 2.77 02-08-95 4.72

12-20-94 2.90 01-06-95 2.70 01-23-95 2.27 02-09-95 4.67

12-21-94 3.24 01-07-95 2.74 01-24-95 2.87 02-10-95 1.37

73
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Figure 4.1 Calibration curve for the TDR with old connector
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Comparing the two calibration equations, we could say that they are about the

same. This could be an indication that either the second validation was not necessary

and/or the old and new TDR cables plus connectors had the same characteristics. All

procedures for the determination of actual evapotranspiration (ETa) by field water balance

were described in Chapter 3.

4.2.3.1 Actual evapotranspiration for management 1

For treatments irrigated according to the AZSCHED software (management

scheduling 1), Fl and D1, the soil water content in the 0.50 m top soil layer and tension at

0.45 m and 0.55 m depth were determined to estimate the actual ET. Both irrigation

systems, furrow and subsurface trickle, received the same amount of irrigation water as

recommended by AZSCHED.

The management allowable depletion (MAD) used was 0.20, that means, 20

percent of the total soil available water was depleted at irrigation. This MAD is less than

that recommended for lettuce by Doerge et al. (1991). MAD also means Maximum

Allowable Depletion, therefore, one could have used up to 0.30 for the present study. It

was decided to use 0.20 because it represents less variation in the soil water availability, a

characteristic of the drip irrigation systems. A common efficiency of 85% was assumed to

calculate the amount of water to be applied by both irrigation methods. The necessary

information about soil water holding capacity was obtained from a table given in the
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AZSCHED manual for the soil group and texture under study. This was the least

acceptable procedure recommended to the farmers.

Knowing the amount of water received by irrigation plus rainfall, soil-water

storage variation, and the amount of water leaving or entering the control layer, we can

estimate the actual evapotranspiration (ETa) that occurred in a given period of time. The

a in equation 4.4 was substituted by an a value given by Khan (1995). The reason was

that no deep percolation was detected with the equation 4.4 with the a value of 0.0892.

Thus the average a value of 0.0501, found by Khan (1995), was used instead of 0.0892

given by the equation 4.4.

The averaged ETa values determined using the water balance approach are

represented in Figure 4.3. Figures 4.4 and 4.5 compare the field and AZSCHED

estimated actual evapotranspiration for the management 1 treatments. As can be seen

from the figures, the field estimated ETa is different from the values AZSCHED

estimated, mainly for the first 30 days after thinning when the AZSCHED values are

smaller than those of the field estimated values. Even though the variability of results

among replications is high, the smallest field estimated value for a given period of time is

greater than the AZSCHED estimated ETa. AZSCHED appeared to have underestimated

the actual evapotranspiration (ET a) levels for both the trickle irrigation (DI) and the

furrow (F1) treatments.
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Figure 4.3. Average field estimated actual evapotranspiration (ETa) for treatments
under management 1
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Figure 4.4 Field and AZSCHED estimated ETa for treatment Dl
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Figure 4.5 Field and AZSCHED estimated ETa for treatment Fl
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Since we have the same ETo (reference evapotranspiration), the fact of having

AZSCHED estimated ETa less than field estimated ETa means AZSCHED Kc values

are smaller than those estimated by field measurement.

4.2.3.2 Actual Evapotranspiration for management 2

As with the management 1 treatments discussed previously, the management 2

treatments had their actual evapotranspiration determined by the field water balance

approach with correction on parameter a of the hydraulic conductivity equation. The

main reason for determination of actual evapotranspiration by field method for treatments

D2 and F2 was to compare the ETa estimated by field water balance with the ETa

estimated by AZSCHED. The amount of irrigation water applied was based on water

balance. The results graphically presented in Figures 4.6, 4.7, and 4.8, show that

AZSCHED also under estimated ETa for treatments D2 and F2, trickle and furrow

systems, compared to the field water balance.
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Figure 4.6. Average field estimated actual evapotranspiration (ETa) for treatments
under management 2
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Figure 4.7 Field and AZSCHED estimated ETa for treatment D2
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Figure 4.8 Field and AZSCHED estimated ETa for treatment F2
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4.2.3.3 AZSCHED management (1) versus tension management (2)

The amount of irrigation water applied to treatments under management 1 was

about the same as for management 2 (Table 4.7) even though the expected amount by

management 1 would have been less than management 2.

The cumulative field estimated ETa was also about the same for treatments under

management 1 and 2 (Figures 4.9 and 4.10).

Table 4.7 Amount of water received by the treatments from planting to harvesting

Treatment Irrigation (mm) Rainfall (mm) TOTAL (mm)

D1 and Fl

D2 and F2

75

69

177

177

252

246

D and F, in the table, stand for trickle (drip) and furrow irrigated treatments and 1 and 2

stands for management 1 (AZSCHED) and management 2 (tension) respectively.

One factor that could be contributing to the difference in amount of water is the

irrigation efficiency. An efficiency of 85% was used for all treatments to calculate the

amount of water for each irrigation. Expected deep percolation was not detected during

the field works because of the initially used hydraulic conductivity equation. The amount

of applied water in each irrigation treatment under management 2 was based on the

calculated ETa when no deep percolation was assumed. Thus more water was applied

than necessary. Consequently the irrigation efficiency for management 2 was less than
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Figure 4.9 Cumulative field estimated ETa for treatments Dl and D2
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Figure 4.10 Cumulative field estimated ETa for treatments Fl and F2
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that used for management 1. If an initial evapotranspiration estimation was made with

deep percolation included, the amount of applied water would have been less for

management 2 than for management 1. Another factor affecting our study could be the

total available water (TAW) used as input for AZSCHED. Using field capacity given by

Yousaf (1994) and wilting point by Copeland (1989), for the same soil, we have

TAW=(0.28-0.11) m3 M-3 X 1000mm/lm, as 170 mm/m. This TAW is practically the same

as that given by AZSCHED users' manual and used as input for management 1: 175

mm/m for Gila Loam or Sandy Loam. If we take field capacity as the soil moisture at 30

kPa tension, we should have considered 0.189 I113 111-3 given by Copeland (1989). Using

this value, we conclude that management 2 and 1, were always above field capacity. This

fact could explain why we had about same evapotranspiration for all treatments, but

cannot explain why the software recommended more irrigation, for management 1, than

expected. It seems that field capacity given by Yousaf (1994) is too high; thus the Total

Available Water provided by the AZSCHED user's manual, as an estimate, is too high.

4.2.3.4 Trickle versus Furrows

Figures 4.11 and 4.12 show that the cumulative evapotranspiration values for

subsurface trickle and furrows are about the same. It seems that furrow irrigated lettuce

under management 2 has slightly higher evapotranspiration compared to subsurface trickle

irrigated (Figures 4.12). Variance analysis (Tables 4.8 and 4.9) show that there was no

significant difference, at 95% confidence level, between drip and furrow, concerning
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evapotranspiration. This result is similar to Pruitt et al. (1984) who, while working with

tomatoes, found no difference in actual evapotranspiration between drip and furrows.

They concluded that although ET under furrow irrigation was considerably higher than

under drip irrigation for the three days following each furrow irrigation, this advantage is

largely canceled by a higher ET under drip irrigation thereafter.

Table 4.8 Summary of the Variance Analysis for ETa of treatments under
management 1 (DI vs. Fl)

Source of variation	 SS	 df	 MS	 F	 F-crit
Between Groups	 0.092	 1	 0.092	 0.043	 4.413
Within Groups	 38.639	 18	 2.146

Total
	

38.731	 19

Table 4.9 Summary of the Variance Analysis for ETa of treatments under
management 2 (D2 vs. F2)

Source of Variation	 SS
Between Groups	 0.005
Within Groups	 21.182

df MS	 F	 F-crit
0.005	 0.004	 4.493
1.323

1
16

Total
	

21.187	 17
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Figure 4.11 Cumulative field estimated ETa for treatments D1 and Fl
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Figure 4.12 Cumulative field estimated ETa for treatments D2 and F2
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4.2.4 Crop Coefficient and Growing Degree Days

The crop coefficient (Kc), ratio ETa/ETo, was calculated considering the average

of the field estimated actual evapotranspiration, ETa, and average of the AZMET

reference evapotranspiration, ETo, that occurred in each studied time interval in days

Measurements of the soil water contents and tensions were taken at different time

intervals along the growing season. It was used time interval of two days when no

irrigation was applied or no rainfall occurred. Because of the impossibility of walking in

the experimental plots after irrigation or rainfall, when they were still wet, to take

measurements, the estimation of the crop evapotranspiration was not continuous. It is not

possible to estimate ETa when deep percolation cannot be estimated.

AZSCHED calculated Kc's was compared with field estimated values. Plotting

field and AZSCHED estimated Kc values (Figure 4.13) for the studied period, thinning to

harvest, we can see how different the results are. This difference in Kc's explains in part

why field estimated evapotranspiration was higher than that calculated by AZSCHED.

In order to plot the average result, only a date corresponding the median date in

the time interval was considered. In the Table 4.10, the value 6, for days after thinning, is

the median for the time period 5 to 7 days after thinning; the value 8 stands for median for

the time period 7 to 9 days after thinning, and so on. CumGDD values, in centigrade (°C),

express the accumulated heat units available used for the plant at a given time after

germination. The Kc values for each treatment refer to the average of five replications.
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Figure 4.13 Comparison between field and AZSCHED estimated crop coefficients.



Table 4.10 Growing Degree Days (GDD) and Crop coefficient (Kc) for the
four treatments.

Days After
Thinning

CumGDD (°C)
Kc

D l Fl D2 F2

4 223 0.46 0.30 0.38 0.34

6 233 0.37 0.39 0.36 0.45

8 245 0.31 0.40 0.21 0.31

10 254 0.47 0.47 0.32 0.40

13 277 0.55 0.53 0.34 0.50

17 308 0.44 0.24 0.44 0.55

37 452 0.69 0.72 0.61 0.73

52 547 0.98 0.96 0.91 0.81

60 604 1.06 0.94 1.01 0.58

63 632 1.08 1.07 1.33 1.22

Growing Degree Days, GDD, was calculated using equations presented by Snyder

(1985). Four cases were considered in the determination of daily GDD:

Case 1: When daily minimum temperature was above the threshold and daily

maximum temperature below the upper limiting temperature. For this case, GDD values

were calculated as:

GDD = (T. + Lin)/2 - Tth 	(4.10)

where GDD is growing degree days in °C, Ti„,,„ is daily maximum air temperature in °C,

Tmiii is daily minimum air temperature in °C, and Tti, is the threshold temperature in °C.

94
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Case 2: When daily minimum temperature was below threshold and daily

maximum temperature below upper limiting temperature. For this case, GDD values were

calculated as:

GDD = [(M - T th) (7c/2 - 0) + W cos(0)] / IC	 (4.11)

where:

0 = arcsin[(Ta, -	 WI	 (4.12)

M =	 + T) /2	(4.13)

W = (Tmax - T) /2 	(4.14)

Case 3: Daily minimum temperature above threshold and daily maximum

temperature above upper limiting temperature. For this case, GDD values were calculated

as:

GDD = M - T th - [(M - Tuppe,) (7c/2 - 4)) + W cos(4))]  lit 	(4.15)

where:

= arcsin[(Tupper - M) / W]	 (4.16)

Case 4: Daily minimum temperature below threshold and daily maximum

temperature above upper limiting temperature. For this case, GDD values were calculated

as:
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GDD = {[(M - T th) (702 - 0) + W cos(e) / 7c)

- {KM - Tupper) (ir/2 4))	 W COS	 )	 (4.17)

GDD and Kc were fitted using multiple linear regression of the crop coefficient

dependent variable versus six or less independent variable terms of a Fourier sine series as

done by Fox et al., (1992) (equation 4.18) :

= c, x sin(i x
	

(4.18)

They defined the variable y(t) by a function of cumulative growing degree days from

emergence until day t, and the total cumulative GDD where the crop coefficient would

return to zero (equation 4.19).

y(t) = it (GDD)t / (GDD)end	 (4.19)

where (GDD) t is the cumulative growing degree days from emergence to day t and

(GDD)end is the length of growing season in cumulative GDD. The ci values represent the

regression coefficients.

The growing degree days (GDD) computed on a daily basis for the growing season

are presented in Appendix A.10. The relationship between cumulative GDD and crop

coefficients for the different treatments are presented in Table 4.10 above.
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Table 4.11 and Figures 4.14 to 4.18 show the GDD-Kc relationship, after

regression, for each treatment and for the combination of data from all treatments. The

different forms of curves found for each treatment, showed by the Figures 4.14 to 4.17

could be an indication that the crop coefficient depends on irrigation method and

management. With the result of variance analysis, presented in Table 4.12 we can

conclude that there was neither a difference between irrigation methods nor between

management method with respect to crop coefficient and consequently evapotranspiration.

Therefore, we could use any of the fitted curve to schedule irrigation for leaf lettuce. This

result reinforces Pruit et al. (1984) findings. It does not matter if the lettuce is irrigated

by furrow or by subsurface drip. The difference can be in the necessary amount of

irrigation water that is applied because of differences in efficiency.

Table 4.11 Fourier series coefficients and correlation coefficient for each individual
treatment and for the combination of all treatments

Fourier D1 Fl D2 F2 All

Cl 0.96184 0.82682 1.09791 1.15365 1.00324

C2 -0.41501 -0.20025 -0.71392 -0.76340 -0.47817

C3 0.17417 0.00754 0.38479 0.50526 0.22524

C4 -0.07489 -0.12685 -0.12182 -0.38171 -0.04513

C5 0.05653

C6 -0.08450

R2 	0.9793	 0.9503	 0.9807	 0.8915	 0.9568
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Figure 4.14 Accumulated Growing Degree Days versus crop coefficients using
Fourier series with six coefficients for treatment DI
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Figure 4.15 Accumulated Growing Degree Days versus crop coefficients using
Fourier series with four coefficients for treatment Fl
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Figure 4.16 Accumulated Growing Degree Days versus crop coefficients using
Fourier series with four coefficients for treatment D2



101

Figure 4.17 Accumulated Growing Degree Days versus crop coefficients using
Fourier series with four coefficients for treatment F2
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Figure 4.18 Accumulated Growing Degree Days versus crop coefficients using
Fourier series ( r2 = 0.9568), with four coefficients, for data combination of all

treatments



Table 4.12.. Variance analysis of crop coefficients for all treatments

Summary

Groups	 Count	 Sum Average Variance 
DI	 10	 6.41	 0.641	 0.0865

Fl	 10	 6.02	 0.602	 0.0895

D2	 10	 5.91	 0.591	 0.1362

F2	 10	 5.89	 0.589	 0.0745

Analysis of Variance

Source of Variation	 SS	 df	 MS	 F	 F-crit
Between Groups	 0.01754	 3	 0.0058	 0.06	 2.86

Within Groups	 3.48263	 36	 0.0967

Total	 3.50017	 39

We would suggest the last curve, for the combination data, to be used in irrigation

scheduling, just because it was fitted using more data points.

For leaf lettuce planted in November 1 in Tucson-AZ, we could use the following

values for crop coefficient after thinning the plants (Table 4.13). For any other place and

planting date one could use the equations 4.18 and 4.19 with coefficients values given in

Table 4.11 (all treatments) and GDDend of 1000 °C to schedule irrigation.

103
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Table 4.13 Leaf lettuce crop coefficients for planting on November 1 in
Tucson-AZ

Days Kc

Dec. 08-14 0.40
Dec.15-21 0.45
Dec.22-28 0.50
Dec.29-Jan.04 0.60
Jan.05-11 0.65
Jan. 12-18 0.75
Jan. 19-25 0.85
Jan.26-Feb.01 0.90
Feb. 02-08 1.00
Feb.09-Feb. 15 1.00

4.3 Nitrogen leaching

Soil core samples for inorganic nitrogen were used to evaluate nitrogen in the soil

after harvest. As seen in Chapter 2, core sample data represents resident concentration;

that means, the amount of solute per unit volume of fluid in the system at the time of

sampling yields a 'snapshot" of solute distribution at a particular time (Fleming, 1995).

For the purpose of quantifying the amount of solute in the soil, instead of flux, it is better

to have core sample data.

A partial N mass balance, presented in Table 4.14, was developed using the

difference method (Bock method) used by Thompson and Doerge (1995), Pier and

Doerge (1995), and Thompson and Doerge (1996b).
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Post-harvested unaccounted N was calculated as shown in equation 4.20:

UN= FNi + (WNi - WN,,) - (SNi - SN o) - (PNi - PN0)	 (4.20)

where UN i is mass of post harvest unaccounted for fertilizer-derived N in Plot i; FNi is

mass of fertilizer N applied to Plot i; WN; is mass of N applied to Plot i from irrigation

water; WINTo is mass of N applied to control plot from irrigation water; SNi is mass of

residual soil NI-14-N plus NO3-N in Plot i to a depth of 0.60 m; SN0 is mass of residual

soil NI-14-N plus NO3-N to a depth of 0.60 m in control plots receiving no N fertilizer;

PNi is the total aboveground crop biomass N from Plot i; and PNo is the aboveground

crop biomass N from control plots receiving no N fertilizer.

Unutilized nitrogen (UnNi) was calculated as shown in equation 4.21:

UnNi = FNi + (WNi -	 - (PNi - PNo)	 (4.21)

Each treatment in the experiment had its independent control plot where no

nitrogen fertilizer was applied.
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Table 4.14 Partial balance for unaccounted fertilizer-derived nitrogen (UM) and
unutilized nitrogen (UnN i) with data in Kg ha-1

DI

Plot
Control
D1-01
D1-05
D1-10
D1-13
D1-17

FN

200
200
200
200
200

WN

1.18
1.18
1.18
1.18
1.18

SN

103.92
81.78

117.16
257.10

95.35

PN

61.50
37.54
68.95
80.11
68.01

Wno

1.18

SNo

123.68

PNo

61.56

UN,

220
266
199
48

222

UnNi

200
224
192
181
194

D2 Control 1.05 101.47 65.09
D2-08 200 1.05 99.24 76.90 190 188
D2-12 200 1.05 99.24 77.11 190 187
D2-15 200 1.05 79.71 68.14 218 196
D2-20 200 1.05 166.16 69.22 131 195
D2-24 200 1.05 225.57 72.01 70 193

Fl Control 1.18 121.19 19.87
F1-02 200 1.18 121.77 63.56 156 156
F1-06 200 1.18 105.76 57.73 178 162
F1-09 200 1.18 111.32 71.10 159 150
F1-14 200 1.18 64.46 65.54 211 154
F1-21 200 1.18 71.04 58.90 211 161

F2 Control 1.05 81.88 33.41
F2-04 200 1.05 69.54 67.96 178 165
F2-07 200 1.05 81.88 71.09 162 162
F2-11 200 1.05 81.88 92.83 141 141
F2-19 200 1.05 165.41 72.17 78 161
F2-23 200 1.05 87.71 91.30 136 142

The amount of nitrogen from irrigation water was determined by knowing the total

amount of irrigation water applied after fertilizing, 56 0 mm for D1 and Fl treatments and

50 0 mm for D2 and F2, and the concentration of the irrigation water, 2.1 ppm of NO3-N.

Table 4.15 shows the results of the inorganic nitrogen analysis, NO3-N + NI-14-N, to a

depth of 0.60m and Table 4.16 shows the results of the analysis for total nitrogen in the

above ground crop biomass.



Table 4.15: Concentration of NO3-N and N114-N after crop harvest.

Plot #
0-15

NO3-N (ppm soil)

15-30	 30-45 45-60 0-15

NIL-N (ppm soil)

15-30	 30-45 45-60
1 9.44 5.97 6.34 10.47 8.24 7.17 1.03 0.86
2 8.06 6.67 10.78 27.86 0.51 1.03 0.51 0.86
3 22.08 9.10 6.70 7.90 0.34 0.51 1.03 0.86
4 8.60 7.73 6.52 8.28 0.34 0.69 0.00 0.69
5 12.53 6.69 6.21 10.97 0.86 0.34 0.52 0.51
6 5.00 6.02 9.78 23.15 2.93 0.86 0.51 0.69
7 10.16 13.07 7.55 6.85 0.52 0.34 0.17 0.34
8 15.09 13.63 8.41 5.83 1.89 0.34 1.20 1.03
9 8.41 5.13 8.43 26.91 0.69 0.86 0.52 0.52
10 16.94 6.38 9.49 19.89 0.51 0.69 0.52 0.51
11 3.95 6.36 4.65 3.79 4.29 4.47 3.79 3.45
12 25.01 17.01 14.32 16.12 3.97 3.78 4.14 2.23
13 16.56 7.57 7.07 68.69 4.66 3.78 5.69 4.65
14 4.31 4.83 3.45 5.17 4.31 3.45 1.55 3.45
15 9.49 4.82 5.69 2.23 3.79 4.47 3.62 3.78
16 1.89 3.11 4.13 0.69 3.10 3.45 2.92 3.79
17 16.53 6.02 4.98 4.49 3.96 3.78 3.26 2.59
18 32.60 6.53 2.92 1.38 3.97 4.12 3.95 3.27
19 7.19 11.34 20.12 21.56 3.94 4.64 3.96 4.14
20 17.08 12.70 16.56 6.54 5.35 4.98 5.87 9.29
21 4.31 8.26 4.99 12.77 1.38 0.52 0.52 0.52
22 11.04 9.12 11.87 23.46 0.34 0.52 0.69 0.52
23 8.11 9.12 8.80 10.65 1.90 1.72 0.52 0.52
24 24.20 19.32 16.85 42.95 1.03 0.34 0.52 0.34
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Table 4.16: Total Nitrogen (Kg ha-1) in the above ground biomass at harvest time.

Concentration

mgN/gDM

Dry Matter

gDM/m2

Amount of N

gN/m2

Total N
(Uptake)
Kg ha-1

Treatment plot M. Yield Trim M. Yield Trim M. Yield Trim M. Yield +
Trim

D1 D1-01 47.9 27.0 118.4 17.4 5.677 0.4726 61.5
D1-05 27.5 26.1 122.1 14.8 3.366 0.3874 37.5
D1-10 42.5 26.9 154.6 11.9 6.575 0.3202 68.9
D1-13 50.9 29.3 150.1 12.3 7.648 0.3632 80.1
D1-17 48.1 21.5 136.8 9.9 6.586 0.2146 68.0
Control 48.7 28.4 119.6 11.4 5.828 0.3268 61.5

D2 D2-08 47.3 25.7 156.1 11.6 7.389 0.3006 76.8
D2-12 42.8 30.6 169.6 14.5 7.264 0.4461 77.1
D2-15 47.3 27.9 134.5 15.6 6.376 0.4378 68.1
D2-20 49.7 25.8 133.9 10.1 6.659 0.2628 69.2
D2-24 49.0 29.8 140.2 10.8 6.878 0.3225 72.0
Control 48.1 29.5 126.7 13.5 6.108 0.4007 65.0

Fl F1-02 48.4 25.1 124.8 12.2 6.048 0.3082 63.5
F1-06 47.0 25.8 115.7 12.7 5.443 0.3300 57.7
F1-09 46.9 28.3 139.0 20.4 6.530 0.5799 71.1
F1-14 48.6 26.4 127.8 12.6 6.218 0.3356 65.5
F1-21 46.3 24.8 120.6 11.9 5.594 0.2962 58.9
Control 32.4 20.3 55.8 8.6 1.810 0.1761 19.8

F2 F2-04 50.1 24.6 130.9 9.4 6.563 0.2323 67.9
F2-07 50.4 32.1 130.4 16.4 6.581 0.5282 71.0
F2-11 49.4 29.3 177.4 17.4 8.771 0.5115 92.8
F2-19 51.7 31.6 131.7 12.5 6.821 0.3958 72.1
F2-23 51.5 32.5 165.3 18.8 8.515 0.6140 91.2
Control 33.6 21.2 89.6 15.4 3.014 0.3271 33.4



109

The last fertilizer application in the experimental field, before this study, was in

1988, by Copeland (1989). The general slope of the field K is close to zero, therefore, we

can assume that all rainfall occurring from that time to the beginning of this study

infiltrated. The Gila soil has no impermeable strata close to the surface, thus, we can

assume that at least part of the residual nitrogen moved below 0.60 m depth.

It was also assumed, as suggested by Pier and Doerge (1995) and Thompson and Doerge

(1996b), that the fate of original N in control plots and fertilized plots was the same.

An analysis of variance, presented in Table 4.17, shows there was no significant

difference or interaction, at 95% confidence level , among treatments with respect to the

amount of total nitrogen taken by the leaf lettuce (PNi) at harvest time, with a average of

69.6 Kg N haT I .

Table 4.17..Summary of the Variance Analysis for Total Nitrogen (Kg ha -1) in the
above ground biomass (PN i)

Source of variation. SS df MS F F-crit

Manag. Method 313 .9429 1 313.9429 2.7752 4.49
Irrig. Method 313.9429 1 313.9429 2.7752 4.49
Interaction 302.4904 1 302.4904 2.6739 4.49
Within 1809.979 16 113.1237

Total 2740.355 19

Using about the same N rate, 205 Kg ha' instead of 200 Kg ha' used in this study,

Thompson and Doerge (1996b) found 83 Kg ha"' of nitrogen leaf lettuce uptake when
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using soil water tension of 7.4 kPa. The total aboveground crop biomass N for each plot

was determined by multiplying the total nitrogen concentration by the crop dry mass

(trimmed plus marketable dry mass).

The unutilized nitrogen (UnNi), ranged from 140 to 224 Kg hi' which is very high

when compared with results given by Thompson and Doerge (1995). They obtained 82

Kg hi' for UnN in their experiment with subsurface trickle-irrigated romaine lettuce with

a rate of 190 Kg hi' of nitrogen fertilizer and -6.5 kPa of soil water tension. The mass of

residual soil inorganic nitrogen (SNi) values were also higher than expected. According to

Thompson (1995) the high values of UnN, a consequence of high SNi, obtained in this

study, are due to high available nitrogen in the soil before fertilizing. Growing non-

fertilized and flood irrigated sudangrass (Sorghum sudanenses L.) to reduce

concentrations of available nitrogen in the root zone and reduce field variability is

normally recommended practice for this type of study. This requires time to reduce the

level of N before planting. Our assumption of low available nitrogen due to a long period

of time without applying nitrogen fertilizer was not confirmed by the results.

A variance analysis for unutilized N (UnNi) presented in Table 4.18 shows that

furrow irrigated treatments presented less unutilized nitrogen. This could be interpreted

as higher efficiency on nitrogen uptake if we assume no leaching, or higher leaching if we

assume same plant N uptake. Since there was no significant difference on N uptake, as

discussed, the less unutilized N indicates higher leaching from furrow irrigated treatments.
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Table 4.18 Summary of the Variance Analysis for Unutilized Nitrogen in Kg ha-1

(UnNi)

Source of variation SS df MS F F-crit
Management 81.53 1 81.53 0.7394 4.49
Irrig. Method 7980.80 1 7980.80 72.3829 4.49
Interaction 17.70 1 17.70 0.1605 4.49
Residual 1764.12 16 110.25

Total 9844.16 19

The variance analysis for unaccounted N (UN) presented in Table 4.19 detected

no difference among treatments with respect to transformed plus leached nitrogen.

Table 4.19 Summary of the Variance Analysis for Unaccounted Nitrogen in Kg ha'
(UN)

Source of variation SS df MS F F-crit
Management 7020.00 1 7020.00 2.1996 4.49
Irrig. Method 1057.64 1 1057.64 0.3313 4.49
Interaction 205.69 1 205.69 0.0644 4.49
Residual 51063.12 16 3191.44
Total 59346.46 19

The fact of having no significant difference for UN and significant difference for

UnN can be explained by the high spatial variation in the mass of residual soil inorganic

nitrogen (SN), as pointed by Alberts et al. (1977), not taken into account in the

determination of UnN (equation 4.21).

Another way to evaluate leaching occurrence is using residual soil inorganic

nitrogen (SNi) data. Assuming uniform initial soil inorganic nitrogen with the conditions
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of no significant difference for N uptake (PNi) and same amount of applied fertilizer, less

residual nitrogen implies higher leaching. The analysis of variance for residual nitrogen,

presented by Table 4.20 shows, with the help of Figure 4.19, no significant difference, at

95% confidence level, among treatments. Thus no difference in leaching could be

detected when residual nitrogen was considered. We have only indication of higher

leaching from furrow irrigated treatments that were confirmed neither by residual nor by

unaccounted nitrogen variance analysis.

Table 4.20 Summary of the Variance Analysis for soil residual inorganic nitrogen
(Stsl i) in Kg ha-1

Source of Variation SS df MS F F-crit
Management 35.612 1 35.612 0.0129 4.49
Irrig. Method 6641.345 1 6641.345 2.4214 4.49
Interaction 0.319 1 0.319 0.0001 4.49
Residual 50561.105 16 2742.739

Total 9844.16 19
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Figure 4.19 Representation of average values for plant N uptake (PN,), Soil
residual inorganic nitrogen (SN,), and Unaccounted Nitrogen (UN,)
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The different ways of analysis, looking for indication of leaching, give us an idea of

how complex is the nitrogen study in the soil-water-plant system. It is not possible to use

conventional mass balance because we cannot account for all forms of nitrogen involved.

An approximate mass balance approach, considering quantified forms of nitrogen,

was done to give us idea about amount of leaching. Knowing a representative value of the

initial soil inorganic nitrogen, we can calculate leaching using the following expression:

L = 1N + FN + WN - PN - SN (4.22)

where L is the leached mass, IN is mass of initial soil inorganic nitrogen, FN is mass of N

applied, WN is mass of N applied from irrigation water, PN is mass of N uptake, and SN

is mass of residual inorganic nitrogen.

The initial soil inorganic N averaged 24.9 ppm of NO3-N and 1.2 ppm of Nth-N

from a composed sample taken in the first 0.30 m depth. Considering the average bulk

density of 1.35 and assuming uniform distribution of initial nitrogen in the top 0.60 m

layer, we get 211.4 Kg (NO3-N + NH4-N) ha-1 for the initial amount of nitrogen. Table

4.21 shows the result of estimation for leached nitrogen using the expression 4.22.

A variance analysis summarized in Table 4.22 shows that there was also no

significant difference, at a 95% confidence level, among treatments concerning leaching.

Higher F value for irrigation methods, in the variance analysis, indicates that leaching can

be affected more by irrigation method than by management. Although there is no
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significant difference, the table of variance analysis shows 'higher" average of leaching for

furrows. This can be one more indication of high risk of leaching when we irrigate lettuce

by furrows system, even with short furrows.

Table 4.21 Approximate mass balance for leached nitrogen in Kg ha-1

Treat.	 plot	 IN	 FN	 WN	 SN	 PN	 Leaching
D1	 D1-01	 211.4	 200	 1.18	 103.92	 61.503	 247

	

D1-05	 211.4	 200	 1.18	 81.77	 37.537	 293

	

D1-10	 211.4	 200	 1.18	 117.16	 68.953	 226

	

D1-13	 211.4	 200	 1.18	 257.09	 80.114	 75
	D1-17	 211.4	 200	 1.18	 95.34	 68.008	 249 

D2	 D2-08	 211.4	 200	 1.05	 99.23	 76.899	 236

	

D2-12	 211.4	 200	 1.05	 99.23	 77.110	 236

	

D2-15	 211.4	 200	 1.05	 79.71	 68.141	 265

	

D2-20	 211.4	 200	 1.05	 166.16	 69.225	 177

	

D2-24	 211.4	 200	 1.05	 225.56	 72.008	 114 
Fl	 F1-02	 211.4	 200	 1.18	 121.76	 63.564	 227

	

F1-06	 211.4	 200	 1.18	 105.75	 57.734	 249

	

F1-09	 211.4	 200	 1.18	 111.32	 71.103	 230

	

F1-14	 211.4	 200	 1.18	 64.45	 65.540	 282

	

F1-21	 211.4	 200	 1.18	 71.03	 58.902	 283 
F2	 F2-04	 211.4	 200	 1.05	 69.54	 67.962	 275

	

F2-07	 211.4	 200	 1.05	 81.88	 71.092	 259

	

F2-11	 211.4	 200	 1.05	 81.88	 92.834	 238

	

F2-19	 211.4	 200	 1.05	 165.40	 72.167	 175

	

F2-23	 211.4	 200	 1.05	 87.70	 91.299	 233



Table 4.22 Summary of variance analysis for nitrogen leaching using
approximate mass balance in Kg ha-1

Anova: Two Way
with Replication

Summary

Drip Furrows Total

AZSCHED

Count 5 5 10
Sum 1091.478 1271.711 2363.189

Average 218.296 254.342 472.638
Variance 6976.092 736.248 7712.339

Tension

Count 5 5 10
Sum 1028.951 1180.472 2209.423

Average 205.790 236.094 441.885
Variance 3599.807 1453.461 5053.269

Source of Variation SS df MS F F-crit

Management 1182.202 1 1182.202 0.370 4.494

Irrig. Method 5503.039 1 5503.039 1.724 4.494

Interaction 41.222 1 41.222 0.013 4.494

Within 51062.430 16 3191.402

Total 57788.893 19
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

Based upon the results obtained in this study, it was possible to take the following

conclusions:

• Irrigation scheduling for leaf lettuce (Lactuca saliva, L. cv. Waldmann's Green) can

be done using crop coefficients - 'growing degree days" relationship represented by a

Fourier series with the coefficients found in this research, presented on Table 4.11, for

any planting date.

• Irrigation scheduling for leaf lettuce in Tucson-AZ can be done using crop

coefficients- tlays after thinning" relationship presented in Table 4.12, when planting

on November 1.

• The use of-20 kPa as the maximum soil water tension with 200 kg N ha' allows good

yield (about 25 Mg ha-1) with high crop water use efficiency (9.8 Kg of marketable

yield per cubic meter of water).
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• There was no significant difference, at a 95% confidence level, between irrigation by

short-end-closed furrows and subsurface-trickle irrigation on crop yield, crop water

use, nitrogen uptake and nitrogen leaching.

• There is an indication that furrow-irrigated leaf lettuce presents higher risk of nitrogen

loss by leaching compared to subsurface-trickle system.

• AZSCHED underestimates actual evapotranspiration (ETa) for leaf lettuce, in the

Campus Agricultural Center, when current daily climatic data are used.

• Long-term average precipitation in the experimental site compared with the

precipitation that occurred during the 1994-95 growing season, shows unusual

precipitation for the studied season in Tucson-AZ.

• Leaf lettuce (Lactuca saliva, L., cv. Waldmann's Green) is tolerant to short time

freezing and can be harvested when accumulated GDD is around 740 °C if we

consider threshold temperature of 4.4 °C and upper limit temperature of 21.1 °C.
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It is recommended that:

• This experiment should be repeated, in different growing season, for the study of

nitrogen leaching, without the effects of rainfall.

• The data collection should be automated to avoid walking in the experimental plots

and permit frequent observation data.
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APPENDIX
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Appendix A.1 Field data for soil hydraulic conductivity of site a

hl= -9.0 cm h2= -2.2 cm
Tape
(cm)

T (sec.)	 Infiltration Cum. Inf.
(cm)	 (cm)

Delta I
(cm/hr)

Tape
(cm)

T (sec.) Infiltration
(cm)

Cum. Inf.
(cm)

Delta I
(cm/hr)

3 0 0 0 3 0 0 0.0000
4 29.15 0.050 0.0505 6.24 4 2.25 0.0505 0.0505 80.82
5 57.61 0.050 0.1010 6.39 5 5.43 0.0505 0.1010 57.18
6 89.54 0.050 0.1515 5.69 6 9.50 0.0505 0.1515 44.68
7 122.80 0.050 0.2020 5.47 7 16.03 0.0505 0.2020 27.85
8 157.02 0.050 0.2526 5.31 8 25.72 0.0505 0.2526 18.77
9 199.73 0.050 0.3031 4.26 9 39.10 0.0505 0.3031 13.59
10 238.23 0.050 0.3536 4.72 10 61.04 0.0505 0.3536 8.29
11 278.44 0.050 0.4041 4.52 11 90.66 0.0505 0.4041 6.14
12 321.32 0.050 0.4546 4.24 12 118.03 0.0505 0.4546 6.64
13 366.46 0.050 0.5051 4.03 13 143.74 0.0505 0.5051 7.07
14 410.26 0.050 0.5556 4.15 14 172.37 0.0505 0.5556 6.35
15 457.36 0.050 0.6061 3.86 16 197.40 0.1010 0.6566 14.53
16 513.99 0.050 0.6566 3.21 17 229.89 0.0505 0.7072 5.60
17 559.55 0.050 0.7072 3.99 18 280.31 0.0505 0.7577 3.61
18 608.06 0.050 0.7577 3.75 20 314.35 0.1010 0.8587 10.68
19 662.54 0.050 0.8082 3.34 22 342.53 0.1010 0.9597 12.91
20 716.90 0.050 0.8587 3.35 24 401.48 0.1010 1.0607 6.17
21 779.90 0.050 0.9092 2.89 26 459.66 0.1010 1.1618 6.25
22 826.51 0.050 0.9597 3.90 28 519.68 0.1010 1.2628 6.06
23 883.67 0.050 1.0102 3.18 31 582.19 0.1515 1.4143 8.73
24 940.25 0.050 1.0607 3.21 34 640.83 0.1515 1.5659 9.30
25 997.37 0.050 1.1113 3.18 37 735.64 0.1515 1.7174 5.75
26 1053.41 0.050 1.1618 3.24 40 820.53 0.1515 1.8689 6.43
27 1114.00 0.050 1.2123 3.00 43 909.60 0.1515 2.0205 6.12
28 1176.49 0.050 1.2628 2.91 47 1001.05 0.2020 2.2225 7.95
29 1237.60 0.050 1.3133 2.98 52 1091.02 0.2526 2.4751 10.11
30 1300.42 0.050 1.3638 2.89 57 1212.05 0.2526 2.7276 7.51
31 1363.97 0.050 1.4143 2.86 62 1527.23 0.2526 2.9802 2.88
32 1423.37 0.050 1.4648 3.06 67 1694.93 0.2526 3.2327 5.42
33 1488.49 0.050 1.5153 2.79 73 1860.58 0.3031 3.5358 6.59
34 1551.83 0.050 1.5659 2.87 79 2066.13 0.3031 3.8389 5.31
35 1615.58 0.050 1.6164 2.85 85 2273.01 0.3031 4.1419 5.27
36 1680.03 0.050 1.6669 2.82 92 2476.69 0.3536 4.4955 6.25
37 1742.50 0.050 1.7174 2.91 100 2715.86 0.4041 4.8996 6.08
38 1808.85 0.050 1.7679 2.74
39 1872.39 0.050 1.8184 2.86
40 1941.36 0.050 1.8689 2.64
41 2005.20 0.050 1.9194 2.85
42 2070.57 0.050 1.9699 2.78
43 2135.95 0.050 2.0205 2.78
44 2206.56 0.050 2.0710 2.58
45 2270.60 0.050 2.1215 2.84



Appendix A.2 Field data for soil hydraulic conductivity of site b

h = -9 cm h = - 2.2 cm

Tape
(cm)

T (sec.) Infiltration Cum. ma Delta I
(cm)	 (cm)	 (cm/hr)

Tape
(cm)

T (sec.) Infiltration Cum. In!'. Delta I
(cm)	 (cm)	 (cm/hr)

4 0 0 0 5 0 0 0.0000
5 29.08 0.0505 0.0505 6.25 6 2.31 0.0505 0.0505 78.72
6 60.83 0.0505 0.1010 5.73 7 6.74 0.0505 0.1010 41.05
7 100.76 0.0505 0.1515 4.55 8 14.05 0.0505 0.1515 24.88
8 144.01 0.0505 0.2020 4.20 9 26.46 0.0505 0.2020 14.65
9 184.81 0.0505 0.2526 4.46 10 46.82 0.0505 0.2526 8.93

10 231.55 0.0505 0.3031 3.89 11 77.02 0.0505 0.3031 6.02
13 368.40 0.1515 0.4546 3.99 12 105.03 0.0505 0.3536 6.49
16 515.52 0.1515 0.6061 3.71 13 137.45 0.0505 0.4041 5.61
19 674.65 0.1515 0.7577 3.43 16 242.20 0.1515 0.5556 5.21
22 836.83 0.1515 0.9092 3.36 19 353.54 0.1515 0.7072 4.90
25 1013.31 0.1515 1.0607 3.09 22 471.08 0.1515 0.8587 4.64
28 1190.94 0.1515 1.2123 3.07 25 579.69 0.1515 1.0102 5.02
31 1371.81 0.1515 1.3638 3.02 28 693.60 0.1515 1.1618 4.79
34 1563.62 0.1515 1.5153 2.84 31 807.37 0.1515 1.3133 4.79
37 1754.26 0.1515 1.6669 2.86 34 922.99 0.1515 1.4648 4.72
40 1942.96 0.1515 1.8184 2.89 37 1036.47 0.1515 1.6164 4.81
43 2142.60 0.1515 1.9699 2.73 40 1150.43 0.1515 1.7679 4.79
46 2341.36 0.1515 2.1215 2.74 43 1266.46 0.1515 1.9194 4.70
49 2543.58 0.1515 2.2730 2.70 46 1379.52 0.1515 2.0710 4.83
52 2747.87 0.1515 2.4245 2.67 49 1495.02 0.1515 2.2225 4.72
55 2955.47 0.1515 2.5761 2.63 52 1611.77 0.1515 2.3740 4.67
58 3163.87 0.1515 2.7276 2.62 55 1727.02 0.1515 2.5256 4.73
61 3193.84 0.1515 2.8792 18.20 58 1842.82 0.1515 2.6771 4.71

61 1961.64 0.1515 2.8286 4.59
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Appendix A.3 Field data for soil hydraulic conductivity of site c

hl= -9.0 cm h2= -2.2 cm

Tape
(cm)

T (sec.)	 Infiltration
(cm)

Cum. Inf. Delta I
(cm)	 (cm/hr)

Tape
(cm)

T (sec.)	 Infiltration
(cm)

Cum. Inf. Delta I
(cm)	 (cm/hr)

4 0 0 0 6 0 0 0.0000
5 31.95 0.0505 0.0505 5.69 7 13.21 0.0505 0.0505 13.77
6 63.33 0.0505 0.1010 5.79 8 31.62 0.0505 0.1010 9.88
7 97.69 0.0505 0.1515 5.29 9 51.42 0.0505 0.1515 9.18
8 132.27 0.0505 0.2020 5.26 11 94.34 0.1010 0.2526 8.47
9 166.57 0.0505 0.2526 5.30 12 118.29 0.0505 0.3031 7.59
10 201.70 0.0505 0.3031 5.18 14 166.96 0.1010 0.4041 7.47
12 272.81 0.1010 0.4041 5.11 16 210.42 0.1010 0.5051 8.37
14 353.80 0.1010 0.5051 4.49 18 255.29 0.1010 0.6061 8.11
16 433.53 0.1010 0.6061 4.56 20 303.64 0.1010 0.7072 7.52
18 516.26 0.1010 0.7072 4.40 22 353.63 0.1010 0.8082 7.28
20 601.41 0.1010 0.8082 4.27 25 427.10 0.1515 0.9597 7.43
22 693.92 0.1010 0.9092 3.93 28 501.96 0.1515 1.1113 7.29
24 791.21 0.1010 1.0102 3.74 31 576.51 0.1515 1.2628 7.32
26 888.24 0.1010 1.1113 3.75 34 652.15 0.1515 1.4143 7.21
28 984.24 0.1010 1.2123 3.79 37 727.03 0.1515 1.5659 7.29
30 1087.24 0.1010 1.3133 3.53 40 803.61 0.1515 1.7174 7.12
33 1233.52 0.1515 1.4648 3.73 45 931.61 0.2526 1.9699 7.10
36 1391.69 0.1515 1.6164 3.45 50 1062.20 0.2526 2.2225 6.96
39 1549.96 0.1515 1.7679 3.45 55 1193.45 0.2526 2.4751 6.93
42 1711.75 0.1515 1.9194 3.37 60 1324.57 0.2526 2.7276 6.93
45 1881.27 0.1515 2.0710 3.22
48 2050.72 0.1515 2.2225 3.22
51 2222.15 0.1515 2.3740 3.18
54 2394.20 0.1515 2.5256 3.17
57 2569.24 0.1515 2.6771 3.12
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Site a

Site b

Site c

hl= -9.0 cm h2= -2.2 cm

Time	 Cum. Inf.
(s)	 (cm)

Time
(s)

Cum. Inf.
(cm)

2005.2 1.9194 1860.58 3.5358
2070.6 1.9699 2066.13 3.8389
2136.0 2.0205 2273.01 4.1419
2206.6 2.0710 2476.69 4.4955
2270.6 2.1215 2715.86 4.8996

2341.36 2.1215 1495.02 2.2225
2543.58 2.2730 1611.77 2.3740
2747.87 2.4245 1727.02 2.5256
2955.47 2.5761 1842.82 2.6771
3163.87 2.7276 1961.64 2.8286
1881.3 2.0710 803.61 1.7174
2050.7 2.2225 931.61 1.9699
2222.2 2.3740 1062.20 2.2225
2394.2 2.5256 1193.45 2.4751
2569.2 2.6771 1324.57 2.7276
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Appendix A. 5 Determination of steady state flow for all sites (Results of the linear
regression)

Site a

TENSION
h1= - 9.0 cm h2= - 2.2 cm

Constant 0 0
Std Err of Y Est 0.03816483 0.25767892
R Squared 0.93772179 0.91557897
No. of Observations 10 10
Degrees of Freedom 9 9
X Coefficient(s) 0.00095810 0.00188886
Std Err of Coef. 6.0878E-06 4.3386E-05

Site b
Constant 0 0
Std Err of Y Est 0.07423327 0.06037601
R Squared 0.97382034 0.98268208
No. of Observations 10 10
Degrees of Freedom 9 9
X Coefficient(s) 0.000897 0.001482
Std Err of Coef. 0.000009 0.000013

Site c
Constant 0 0
Std Err of Y Est 0.09127975 0.04468218
R Squared 0.96041636 0.99433192
No. of Observations 10 10
Degrees of Freedom 9 9
X Coefficient(s) 0.001091 0.002108
Std Err of Coef 0.000015 0.000016

Comb
Constant 0 0
Std Err of Y Est 0.19686832 0.38998459
R Squared 0.44034956 0.83804694
No. of Observations 15 15
Degrees of Freedom 14 14
X Coefficient(s) 0.00095102 0.00174468
Std Err of Coef. 2.1209E-05 5.6711E-05
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Appendix A.6 Actual evapotranspiration determination for treatment Dl
	PLOT Period Time Delta S Avg hm	 K	 hm grad	 flux	 DP	 AC	 P	 I	 ETa

	(hours) (cm)	 cm/h can/cm	 cm/h	 cm	 cm	 cm	 cm	 mm/d

5	 Dec08-10	 48	 -0.48 -110.87 0.012	 -0.643	 -0.00433	 0.21	 0	 0	 0	 1.35

10	 48	 -0.63 -105.71 0.016	 -0.424	 -0.00903	 0.43	 0	 0	 0	 0.98

13	 48	 -0.53	 -111.06 0.012	 1.156	 -0.00729	 0.35	 0	 0	 0	 0.88

17	 48	 -0.44 -125.91 0.006	 -0.388	 -0.00349	 0.17	 0	 0	 0	 1.36

22	 48	 -0.47	 -97.60	 0.024	 0.685	 -0.03967	 0.19	 0	 0	 0	 1.42

PLOT Period Time Delta S Avg hm K(cm/h) hm grad	 flux	 DP	 AC	 P	 I	 ETa

(hours) (cm)	 cm/cm	 ctn/h	 cm	 cm	 cm	 cm	 nun/d

5	 Dec10-12	 48	 -0.05 -127.96 0.005	 -1.204	 0.00105	 0.00	 0.0504	 0	 0	 0.50

10	 48	 -0.55 -120.82 0.007	 0.123	 -0.008261	 0.40	 0	 0	 0	 0.74

13	 48	 -0.76 -132.05 0.004	 1.756	 -0.011553	 0.55	 0	 0	 0	 1.05

17	 48	 -0.27 -135.36 0.004	 -0.541 -0.001631	 0.08	 0	 0	 0	 0.93

22	 48	 -0.96 -116.74 0.009	 0.838	 -0.016589	 0.80	 0	 0	 0	 0.82

PLOT Period Time Delta S Avg hm K(cm/h) hm grad	 flux	 DP	 AC	 P	 I	 ETa

	(hours) (cm)	 cm/cm	 cm/h	 cm	 cm	 cm	 cm	 mm/d

5	 Dec12-14	 48	 -0.41 -140.72 0.003	 -0.592 -0.001108	 0.05	 0	 0	 0	 1.78

10	 48	 -0.59 -131.28 0.004	 0.480	 -0.006447	 0.31	 0	 0	 0	 1.40

13	 48	 -0.24 -151.44 0.002	 1.246	 -0.003563	 0.17	 0	 0	 0	 0.34

17	 48	 0.01	 -146.59 0.002	 -0.949 -0.000103	 0.00	 0	 0	 0	 -0.07

22	 48	 -0.39 -133.07 0.004	 0.531	 -0.006098	 0.29	 0	 0	 0	 0.51

PLOT Period Time Delta S Avg hm K(cm/h) hm grad	 flux	 DP	 AC	 P	 I	 ETa

	(hours) (cm)	 cm/cm	 cm/h	 cm	 cm	 cm	 cm	 nun/d

5	 Dec14-16	 48	 -0.16 -147.87 0.002	 -0.796 -0.000387	 0.02	 0	 0	 0	 0.71

10	 48	 -0.47 -143.78 0.002	 0.123	 -0.002614	 0.13	 0	 0	 0	 1.75

13	 48	 -0.18 -163.94 0.001	 0.684	 -0.001428	 0.07	 0	 0	 0	 0.53

17	 48	 -0.28	 -156.03 0.001	 -1.000	 -1.82E-18	 0.00	 0	 0	 0	 1.40

22	 48	 -0.45 -146.08 0.002	 0.276	 -0.002648	 0.13	 0	 0	 0	 1.59

PLOT Period Time
(hours)

Delta S
(cm)

Avg hm K(crn/h) hm grad
cm/cm

flux
cm/h

DP
cm

AC
cm

P

cm
I

cm
ETa

nun/d

5 Dec16-20 96 -0.33 -157.31 0.001 -0.643 -0.000422 0.04 0 0 0.5 1.96

10 Dec16-20 96 -0.28 -156.80 0.001 -0.439 -0.000681 0.07 0 0 0.5 1.77

13 Dec16-20 96 -0.24 -178.74 0.000 -0.030 -0.000392 0.04 0 0 0.5 1.77

17 Dec16-20 96 -0.17 -160.63 0.001 -0.898 -0.000102 0.01 0 0 0.5 1.64

22 Dec16-20 96 -0.10 -160.63 0.001 -0.081 -0.00092 0.09 0 0 0.5 1.28

PLOT Period Time Delta S Avg hm K(cm/h) hm grad flux DP AC P I ETa

(hours) (cm) cm/cm cm/h cm cm cm cm mm/d

5 Dec20-24 96 0.01 -169.30 0.001 -0.490 -0.000331 0.03 0 0.229 0.5 1.73

10 Dec20-24 96 0.18 -168.54 0.001 -0.337 -0.000447 0.04 0 0.229 0.5 1.28

13 Dec20-24 96 0.31 -197.12 0.000 -0.541 -7.39E-05 0.01 0 0.229 0.5 1.03

17 Dec20-24 96 0.10 -173.39 0.001 -0.796 -0.000108 0.01 0 0.229 0.5 1.54

22 Dec20-24 96 0.24 -174.15 0.001 -0.030 -0.000493 0.05 0 0.229 0.5 1.10

continue



127

Appendix A.6 (continued)
	PLOT Period	 Time Delta S Avg hm K(cin/h) fun grad	 flux	 DP	 AC	 P	 I	 ETa

(hours) (cm)	 an/cm	 cm/h	 cm	 cm	 cm	 cm	 nuri/d

5	 jan09-13	 96	 -0.93 -145.32 0.002	 0.123	 -0.002421	 0.23	 0	 0.127	 0	 2.06

10	 96	 -0.97 -147.87 0.002	 0.123	 -0.002131	 0.20	 0	 0.127	 0	 2.24

13	 96	 -0.70 -153.74 0.001	 0.786	 -0.002526	 0.24	 0	 0.127	 0	 1.46

17	 96	 -1.10 -150.04 0.002	 0.250	 -0.002127	 0.20	 0	 0.127	 0	 2.56

22	 96	 -0.39 -134.84 0.004	 0.218	 -0.004-441	 0.43	 0	 0.127	 0	 0.23

PLOT Period Time
(hours)

Delta S
(cm)

Avg hm K(cm/h) Jun grad
cm/cm

flux
an/h

DP
cm

AC
cm

P

cm
I

cm
ETa

nun/c1

5 .121-Feb01 264 -2.23 -174.41 0.001 0.225 -0.000615 0.16 0 0.203 1.2 3.15

10 J21-Feb01 264 -2.15 -176.70 0.000 -0.030 -0.000434 0.11 0 0.203 1.2 3.13

13 J21-Feb01 264 -2.57 -187.16 0.000 0.735 -0.00046 0.12 0 0.203 1.2 3.50

17 J21-Fe,b01 264 -1.92 -200.18 0.000 -0.643 -4.93E-05 0.01 0 0.203 1.2 3.01

22 J21-Feb01 264 -1.86 -178.74 0.000 1.092 -0.000845 0.22 0 0.203 1.2 2.76

PLOT Period Time Delta S Avg Jun K(cm/h) hm grad flux DP AC P I ETa

(hours) (cm) cm/cm cm/h cm an an cm nun/d

5 Feb01-04 72 0.77 -189.97 0.000 0.072 -0.000247 0.02 0 0.203 1.6 3.37

10 Feb01-04 72 -0.03 -194.31 0.000 -0.388 -0.000113 0.01 0 0.203 1.6 6.08

13 Feb01-04 72 0.83 -206.30 0.000 0.276 -0.00013 0.01 0 0.203 1.6 3.21

17 Feb01-04 72 0.24 -216.51 0.000 -0.745 -1.55E-05 0.00 0 0.203 1.6 5.22

22 Feb01-04 72 0.36 -198.65 0.000 0.378 -0.000205 0.01 0 0.203 1.6 4.76

PLOT Period Time Delta S Avg hm K(cm/h) Jun grad flux DP AC P I ETa

(hours) (cm) an/cm an/h cm cm cm cm nun/d

5 Feb04-07 72 -1.58 -208.57 0.000 -0.229 -6.98E-05 0.01 0 0 0 5.27

10 Feb04-07 72 -1.47 -210.13 0.000 -1.204 1.712E-05 0.00 0.00123 0 0 4.90

13 Feb04-07 72 -1.05 -233.35 0.000 -1.970 2.54E-05 0.00 0.00183 0 0 3.49

17 Feb04-07 72 -1.33 -229.01 0.000 -1.204 6.646E-06 0.00 0.00048 0 0 4.43

22 Feb04-07 72 -1.66 -225.44 0.000 -2.225 4.769E-05 0.00 0.00343 0 0 5.53
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Appendix A.7: Actual evapotranspiration determination for treatment Fl
PLOT Period Time Delta S Avg hm K hm grad flux DP C P I ETa

(hours) (cm) cm cm/h cm/cm cm/h cm cm cm cm min/c1

2 Dec08-10 48 -1.45 -96.88 0.024 0.072 -0.0262 1.26 0 0 0 0.95

6 48 -0.89 -94.54 0.027 -0.540 -0.0126 0.61 0 0 o 1.42

9 48 -1.75 -79.48 0.058 -0.387 -0.0358 1.72 0 0 o 0.15

14 48 -2.44 -87.03 0.040 0.203 -0.0481 2.31 0 0 0 0.61

21 48 -1.78 -96.07 0.025 0.480 -0.0376 1.81 0 0 0 -0.16

PLOT Period Time Delta S Avg hm K hm grad flux DP C P I ETa

(hours) (cm) cm crn/h cm/cm crn/h cm cm cm cm nun/d

2 Dec10-12 48 -1.30 -112.14 0.011 0.939 -0.0220 1.06 0 0 0 1.20

6 48 -0.33 -115.46 0.010 -0.847 -0.0015 0.07 0 0 0 1.33

9 48 -0.06 -100.41 0.020 -1.000 -0.0000 0.00 0 0 0 0.31

14 48 -0.87 -111.27 0.012 0.254 -0.0149 0.71 0 0 0 0.75

21 48 -0.76 -116.99 0.009 0.480 -0.0132 0.63 0 0 0 0.65

PLOT	 Period	 Time Delta S Avg hm	 K	 hm grad	 flux	 DP	 C	 P	 I	 ETa

(hours) (cm)	 cm	 cm/h	 cm/cm	 cm/h	 cm	 cm cm	 cm	 nun/d

2	 Dec12-14	 48	 -0.47	 -133.07	 0.004	 0.735	 -0.0069	 0.33	 0	 0	 0	 0.68

6	 48	 0.44	 -132.56	 0.004	 -1.000	 0.0000	 0.00 1E-16	 0	 0	 -2.22

9	 48	 -0.46	 -112.91	 0.011	 -0.643	 -0.0039	 0.19	 0	 0	 0	 1.37

14	 48	 -0.43	 -135.87	 0.003	 0.990	 -0.0069	 0.33	 0	 0	 0	 0.48

21	 48	 -0.54	 -129.75	 0.005	 0.072	 -0.0050	 0.24	 0	 0	 0	 1.47

PLOT	 Period	 Time Delta S Avg hm	 K	 hm grad	 flux	 DP	 C	 P 	I 	ETa

(hours) (cm)	 cm	 crn/h	 cm/cm	 cm/h	 cm	 cm	 cm	 cm	 nun/cl

2	 Dec14-16	 48	 -9.54	 -147.61	 0.002	 0.276	 -0.0025	 0.12	 0	 0	 0

6	 48	 -0.25	 -144.30	 0.002	 -0.898	 -0.0002	 0.01	 0	 0	 0	 1.23

9	 48	 -10.16	 -119.29	 0.008	 -0.490	 -0.0041	 0.19	 0	 0	 0

14	 48	 -0.33	 -146.85	 0.002	 0.531	 -0.0031	 0.15	 0	 0	 0	 0.93

21	 48	 -0.38	 -140.98	 0.003	 -0.234	 -0.0021	 0.10	 0	 0	 0	 1.44

PLOT Period Time Delta S Avg bin K bin grad flux DP C P I ETa

(hours) (cm) cm cin/h cm/cm cm/h cm cm cm cm mm/d

2 Dec16-20 96 11.01 -159.35 0.001 -0.132 -0.0009 0.09 0 0 0.5

6 Dec16-20 96 -0.17 -159.35 0.001 -0.745 -0.0003 0.03 0 0 0.5 1.61

9 Dec16-20 96 11.40 -131.03 0.004 -0.183 -0.0036 0.35 0 0 0.5

14 Dec16-20 96 -0.36 -160.63 0.001 0.021 -0.0010 0.10 0 0 0.5 1.90

21 Dec16-20 96 -0.32 -154.76 0.001 -0.234 -0.0010 0.10 0 0 0.5 1.80

PLOT Period Time Delta S Avg hm K hm grad flux DP C P I ETa

(hours) (cm) cm cm/h cm/cm cm/h cm cm cm cm nun/d

2 Dec20-24 96 0.13 -170.32 0.001 -0.592 -0.0003 0.02 0 0 0.5 0.86

6 Dec20-24 96 0.21 -175.68 0.000 -1.255 0.0001 0.00 0.012 0.229 0.5 1.33

9 Dec20-24 96 0.41 -145.32 0.002 0.123 -0.0024 0.23 0 0.229 0.5 0.23

14 Dec20-24 96 0.55 -176.96 0.000 -0.490 -0.0002 0.02 0 0.229 0.5 0.41

21 Dec20-24 96 0.46 -170.07 0.001 -0.541 -0.0003 0.03 0 0.229 0.5 0.42

continue
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Appendix A.7 (continued) 
PLOT	 Period	 Time Delta S Avg hm	 K	 hm grad	 flux	 DP	 C	 P	 I	 ETa

(hours) (cm)	 cm	 cm/h	 an/cm	 cm/h	 cm	 cm cm	 cm	 nun/d

2	 Jan09-13	 96	 -1.03	 -146.08	 0.002	 2.623	 -0.0075	 0.72	 0	 0.127	 0	 1.09

6	 96	 -1.23	 -146.08	 0.002	 1.195	 -0.0046	 0.44	 0	 0.127	 0	 2.29

9	 96	 -1.54	 -124.90	 0.006	 -0.081	 -0.0055	 0.53	 0	 0.127	 0	 2.83

14	 96	 -0.96	 -146.08	 0.002	 1.501	 -0.0052	 0.50	 0	 0.127	 0	 1.47

21	 96	 -1.24	 -136.90	 0.003	 1.705	 -0.0089	 0.85	 0	 0.127	 0	 1.27

PLOT Period Time Delta S Avg hm K hm grad flux DP C P I ETa

(hours) (cm) cm cm/h cm/cm cm/h cm cm cm cm tumid
2 J21-Feb01 264 -2.26 -187.42 0.000 -0.949 -0.0000 0.00 0 0.203 1.2 3.32

6 J21-Feb01 264 -2.36 -201.20 0.000 -1.153 0.0000 0.00 0.005 0.203 1.2 3.42

9 J21-Feb01 264 -1.75 -178.74 0.000 -0.541 -0.0002 0.05 0 0.203 1.2 2.82

14 J21-Feb01 264 -1.04 -197.63 0.000 -1.153 0.0000 0.00 0.006 0.203 1.2 2.23

21 J21-Feb01 264 -2.34 -191.25 0.000 -0.898 -0.0000 0.01 0 0.203 1.2 3.40

PLOT Period Time Delta S Avg hm K fun grad flux DP C P I ETa

(hours) (cm) cm cm/h cm/cm cm/h cm cm cm cm tmn/d

2 Feb01-04 72 0.41 -206.81 0.000 -1.663 0.0001 0.00 0.005 0 1.6 3.98

6 Feb01-04 72 0.36 -225.44 0.000 -2.123 0.0000 0.00 0.003 0 1.6 3.35

9 Feb0I-04 72 0.27 -205.28 0.000 -1.663 0.0001 0.00 0.005 0 1.6 4.47

14 Feb01-04 72 0.16 -211.41 0.000 -2.582 0.0001 0.00 0.009 0 1.6 4.81

21 Feb01-04 72 0.37 -212.94 0.000 -2.276 0.0001 0.00 0.007 0 1.6 3.35

PLOT Period Time Delta S Avg hm K hm grad flux DP C P I ETa

(hours) (cm) cm cm/h cm/cm cm/h cm cm cm cm nun/d

2 Feb04-07 72 -1.29 -210.13 0.000 -1.919 0.0001 0.00 0.006 0 0 4.32

6 Feb04-07 72 -1.43 -237.69 0.000 -2.633 0.0000 0.00 0.002 0 0 4.77

9 Feb04-07 72 -1.51 -217.53 0.000 -2.072 0.0001 0.00 0.004 0 0 5.05

14 Feb04-07 72 -1.43 -221.87 0.000 -3.552 0.0001 0.00 0.009 0 0 4.78

21 Feb04-07 72 -1.37 -219.32 0.000 -3.041 0.0001 0.00 0.008 0 0 4.58



Appendix A.8: Actual evapotranspiration determination for treatment D2

130

0.16

0.70

0.19

0.04

0.23

-0.0034

-0.0146

-0.0040

-0.0008

-0.0048

-144.6

-134.3

-145.8

-154.0

-154.8

-0.32

-0.54

-0.17

-0.11

-0.36

0.0022

0.0037

0.0021

0.0014

0.0013

8 Dec14-16	 48

12	 48

15	 48

20	 48

24	 48

0.13

0.27

0.08

0.03

0.19

-0.0026

-0.0055

-0.0017

-0.0006

-0.0040

8 Dec16-20

12

15

20

24

96

96

96

96

96

0.65

0.44

0.67

0.86

0.55

-155.8

-143.8

-154.0

-160.9

-166.2

0.0013

0.0023

0.0014

0.0010

0.0008

-0.030

0.429

-0.388

-0.643

1.450

	

-0.0012
	

0.12

	

-0.0033
	

0.32

	

-0.0009
	

0.08

	

-0.0004
	

0.03

	

-0.0019
	

0.18

-167.3

-155.5

-162.2

-175.2

-184.1

-0.17

-0.46

-0.27

-0.10

-0.55

8	 Dec.20-24	 96

12	 96

15	 96

20	 96

24	 96

-0.592

0.225

-0.592

-0.847

1.450

0.0007

0.0013

0.0009

0.0005

0.0003

0.03

0.15

0.04

0.01

0.07

-0.0003

-0.0016

-0.0004

-0.0001

-0.0008

cm
P	 I	 ET

	

an	 cm	 nun/d

	0.23 	 0	 0.91

	

0.23	 0	 1.34

	

0.23	 0	 1.16

	

0.23	 0	 0.82

	

0.23	 0	 1.77

0.13

0.64

0.40

0.22

0.28

-0.0013

-0.0067

-0.0042

-0.0023

-0.0029

cm
P I	 ET

cm	 cm	 nuri/c1

0.13	 0	 1.86

0.13	 0	 1.70

0.13	 0	 1.42

0.13	 0	 0.98

0.13	 0	 1.57

-183.8

-169.6

-1'77.2

-192.3

-190.2

8 Jan21-F03	 312	 -1.67

12	 312

15	 312	 -1.47

20	 312	 -3.11

24	 312	 -0.12

-0.439

0.276

-0.132

-0.388

-0.183

0.0003

0.0006

0.0004

0.0002

0.0002

0.05

0.25

0.12

0.04

0.06

-0.0002

-0.0008

-0.0004

-0.0001

-0.0002

PLOT Period	 Time Delta S
(hours)	 (cm)

8 Dec12-14	 48

12	 48

15	 48

20	 48

24	 48

Avg hm	 K	 hm grad	 flux	 DP	 C

cm/h	 cm/cm	 cm/h	 cm	 cm
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PLOT Period	 Time Delta S Avg hm	 K
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P I	 ET
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0.174

0.480

-0.183

-0.592

2.011

PLOT Period	 Time Delta S Avg hm	 K	 fun grad	 flux	 DP
(hours)	 (cm)	 cm/h	 cm/cm	 cm/h	 cm

P I	 ET
cm	 cm	 nun/d

P 1.2	 1.08

0	 1.2	 1.10

0	 1.2	 1.13

0	 1.2	 0.75

0	 1.2	 1.18

cm

PLOT Period	 Time Delta S Avg bin

(hours)	 (cm)
K fun grad

cm/h	 cm/cm
flux	 DP
cm/h

PLOT Period	 Time Delta S Avg inn
(hours)	 (cm)

8	 Jan09-13	 96

12	 96

15	 96

20	 96

24	 96

K hm grad	 flux	 DP
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-120.3

-134.3

-148.6

-147.4

0.0032

0.0075

0.0037

0.0018

0.0019

0.072

0.939

0.072

-0.541

1.450
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Appendix A.8:	 continued

PLOT Period Time Delta S Avg hm K hm grad flux DP C P I ET

(hours) (cm) cm/h cm/cm cm/h cm cm cm cm mild

8 Feb.03-07 96 -0.65 -196.4 0.0002 -0.592 -0.0001 0.01 0 0 0.6 3.11

12 96 -1.33 -199.9 0.0001 -1.204 0.0000 0.00 0.00 0 0.6 4.83

15 96 -0.66 -195.3 0.0002 -0.796 -0.0000 0.00 0 0 0.6 3.14

20 96 -0.37 -205.3 0.0001 -0.234 -0.0001 0.01 0 0 0.6 2.39

24 96 -0.46 -214.5 0.0001 -1.970 0.0001 0.00 0.01 0 0.6 2.67

PLOT Period Time Delta S Avg hm K hm grad flux DP C P I ET

(hours) (cm) cm/h cm/cm crn/h cm cm cm cm mm/d

8	 Feb.07-11	 96	 -1.29	 -204.8	 0.0001	 -0.949	 -0.0000	 0.00	 0	 0	 0.6	 4.71

12	 96	 -1.38	 -216.5	 0.0001	 -1.255	 0.0000	 0.00	 0.00	 0	 0.6	 4.94

15	 96	 -0.46	 -222.6	 0.0000	 -0.949	 -0.0000	 0.00	 0	 0	 0.6	 2.64

20	 96	 -1.11	 -222.4	 0.0000	 -0.796	 -0.0000	 0.00	 0	 0	 0.6	 4.26

24	 96	 -1.58	 -223.4	 0.0000	 -2.429	 0.0001	 0.00	 0.01	 0	 0.6	 5.45
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Appendix A.9: Actual evapotranspiration determination for treatment F2 
PLOT Period	 Time Delta S Avg bin 	K 	Inn grad	 flux	 DP	 C	 P	 I	 ETa

(hours) (cm)	 cm/h	 cm/cm	 cm/h	 cm	 cm	 cm	 cm	 nun/d

4	 Dec 10-12	 50	 -0.54	 -119.54	 0.0078	 -0.34	 -0.0052	 0.26	 0.00	 0	 0	 1.32

7	 50	 0.20	 -111.63	 0.0117	 -1.51	 0.0059	 0.00	 0.30	 0	 0	 0.49

11	 50	 -1.56	 -112.40	 0.0112	 0.99	 -0.0223	 1.12	 0.00	 0	 0

16	 50	 -0.82	 -103.72	 0.0173	 -0.34	 -0.0115	 0.57	 0.00	 0	 0	 1.16

23	 50	 -1.59	 -107.55	 0.0143	 0.94	 -0.0277	 1.39	 0.00	 0	 0	 0.98

PLOT Period	 Time Delta S Avg bin	 K	 hm grad	 flux	 DP	 C	 P	 I	 ETa

(hours) (cm)	 cm/h	 cm/cm	 cm/h	 cm	 cm	 cm	 cm	 nun/d

4	 Dec12-14	 48	 -136.90	 0.0033	 -0.34	 -0.0022	 0.10	 0.00	 0	 0	 -0.52

7	 48	 0.01	 -132.30	 0.0041	 -1.36	 0.0015	 0.00	 0.07	 0	 0	 0.30

11	 48	 -0.63	 -128.22	 0.0051	 0.89	 -0.0096	 0.46	 0.00	 0	 0	 0.87

16	 48	 -0.56	 -115.46	 0.0096	 -0.85	 -0.0015	 0.07	 0.00	 0	 0	 2.45

23	 48	 -0.56	 -127.45	 0.0053	 0.53	 -0.0081	 0.39	 0.00	 0	 0	 0.89

PLOT Period	 Time Delta S Avg fun	 K 	bin grad	 flux	 DP	 C	 P	 1 	ETa

(hours) (cm)	 cm/h	 cm/cm	 cm/h	 cm	 cm	 cm	 cm	 nun/d

4	 Dec14-16	 48	 -149.14	 0.0018	 -0.54	 -0.0008	 0.04	 0.00	 0	 0

7	 48	 -0.16	 -147.36	 0.0019	 -1.31	 0.0006	 0.00	 0.03	 0	 0	 0.97

11	 48	 -0.21	 -140.21	 0.0028	 0.33	 -0.0037	 0.18	 0.00	 0	 0	 0.16

16	 48	 -0.20	 -124.90	 0.0060	 -1.00	 -0.0000	 0.00	 0.00	 0	 0	 0.98

23	 48	 -0.54	 -139.70	 0.0029	 0.02	 -0.0029	 0.14	 0.00	 0	 0	 1.98

PLOT Period	 Time Delta S Avg hrn	 K	 hm grad	 flux	 DP	 C	 P	 I	 ETa

(hours) (cm)	 cm/h	 cm/cm	 cm/h	 cm	 cm	 an	 cm	 nun/d

4	 Dec16-20	 96	 0.52	 -145.32	 0.0022	 -0.39	 -0.0013	 0.13	 0.00	 0	 1.2	 1.40

7	 96	 0.42	 -138.17	 0.0031	 -0.80	 -0.0006	 0.06	 0.00	 0	 1.2	 1.80

11	 96	 0.21	 -139.59	 0.0029	 0.04	 -0.0030	 0.29	 0.00	 0	 1.2	 1.76

16	 96	 0.71	 -116.74	 0.0090	 -1.00	 0.0000	 0.00	 0.00	 0	 1.2	 1.22

23	 96	 0.63	 -133.88	 0.0038	 -0.97	 -0.0001	 0.01	 0.00	 0	 1.2	 1.40

PLOT Period	 Time Delta S Avg hm	 K 	Jun grad	 flux	 DP	 C	 P	 I	 ETa

(hours) (cm)	 cm/h	 cm/cm	 cm/h	 cm	 cm	 cm	 cm	 nun/d

4	 Dec20-24	 96	 -0.62	 -147.36	 0.0019	 -0.08	 -0.0018	 0.17	 0.00	 0.229	 0	 1.69

7	 96	 -0.60	 -138.17	 0.0031	 -0.69	 -0.0009	 0.09	 0.00	 0.229	 0	 1.83

11	 96	 0.98	 -142.30	 0.0025	 -0.09	 -0.0023	 0.22	 0.00	 0.229	 0

16	 96	 -0.46	 -116.74	 0.0090	 -0.69	 -0.0028	 0.27	 0.00	 0.229	 0	 1.05

23	 96	 0.79	 -134.65	 0.0037	 -0.19	 -0.0030	 0.29	 0.00	 0.229	 0	 0

	PLOT Period	 Time Delta S Avg hm	 K	 hm grad	 flux	 DP	 C	 P	 I	 ETa

(hours) (cm)	 cm/h	 cm/cm	 cm/h	 cm	 cm	 cm	 cm	 nun/d

4	 Jan09-13	 96	 -0.87	 -138.43	 0.0030	 0.28	 -0.0039	 0.37	 0.00	 0.127	 0	 1.56

7	 96	 -0.26	 -112.65	 0.0111	 -1.10	 0.0011	 0.00	 0.11	 0.127	 0	 1.23

11	 96	 -1.20	 -139.70	 0.0029	 0.12	 -0.0032	 0.31	 0.00	 0.127	 0	 2.54

16	 96	 -1.02	 -133.58	 0.0039	 0.94	 -0.0075	 0.72	 0.00	 0.127	 0	 1.07

23	 96	 -1.39	 -136.13	 0.0034	 0.33	 -0.0045	 0.44	 0.00	 0.127	 0	 2.70

continue
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Appendix A.9 continued
PLOT Period Time Delta S Avg hm K hm grad flux DP C P I ETa

(hours) (cm) cni/h cm/cm cm/li cm cm cm cm nun/d

4 .1.21-F01 264 -0.48 -179.51 0.0004 -0.90 -0.0000 0.01 0.00 0.203 1.8 2.25

7 264 -0.18 -183.34 0.0003 -1.46 0.0001 0.00 0.04 0.203 1.8 2.02

11 264 -0.90 -171.09 0.0006 -0.34 -0.0004 0.10 0.00 0.203 1.8 2.55

16 264 -0.21 -158.59 0.0011 -0.80 -0.0002 0.06 0.00 0.203 1.8 1.96

23 264 -0.16 -169.05 0.0007 -1.66 0.0004 0.00 0.12 0.203 1.8 2.07

PLOT Period Time Delta S Avg hm K hm grad flux DP C P I ETa

(hours) (cm) cni/li cm/cm cm/li cm cm cm cm rom/d

4 Feb.01-07 120 -0.46 -185.63 0.0003 -1.10 0.0000 0.00 0.00 0 0.6 2.14

7 120 -0.17 -172.62 0.0005 -1.36 0.0002 0.00 0.02 0 0.6 1.60

II 120 -0.13 -175.43 0.0005 -0.59 -0.0002 0.02 0.00 0 0.6 1.42

16 120 -0.31 -148.63 0.0018 -1.05 0.0001 0.00 0.01 0 0.6 1.84

23 120 -0.42 -184.87 0.0003 -3.19 0.0007 0.00 0.08 0 0.6 2.21

	PLOT Period Time Delta	S Avg hm	 K	 hm grad	 flux	 DP	 C	 P	 I	 ETa

	(hours) (cm)	 cm/h	 cm/cm	 cm/h	 cm	 cm	 cm	 cm 	mm/cl

4	 Feb.07-11	 96	 -0.69	 -187.68	 0.0003	 -1.20	 0.0001	 0.00	 0.01	 0	 0.6	 3.24

7	 96	 -1.16	 -161.39	 0.0010	 -1.36	 0.0003	 0.00	 0.03	 0	 0.6	 4.47

II	 96	 -1.24	 -177.21	 0.0004	 -0.74	 -0.0001	 0.01	 0.00	 0	 0.6	 4.57

16	 96	 -0.65	 -139.70	 0.0029	 -1.61	 0.0017	 0.00	 0.17	 0	 0.6	 3.54

23	 96	 -1.02	 -193.54	 0.0002	 -4.32	 0.0006	 0.00	 0.06	 0	 0.6	 4.19
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Appendix A.10 Daily based Growing Degree Days for the 1994-95 growing season

Date Day after
germ.

GDD
'C

Date Day after
germ.

GDD
'C

Date Day after
germ.

GDD

Nov/09/94 0 9.23 Dec/13 34 6.28 Jan/16 68 3.91
Nov/10 1 11.39 Dec/14 35 4.90 Jan/17 69 1.02
Nov/11 2 10.71 Dec/15 36 4.41 Jan/18 70 3.42
Nov/12 3 9.76 Dec/16 37 5.85 Jan/19 71 5.61
Nov/13 4 7.01 Dec/17 38 7.99 Jan/20 72 7.53
Nov/14 5 6.00 Dec/18 39 8.79 Jan/21 73 4.82
Nov/15 6 8.03 Dec/19 40 7.72 Jan/22 74 5.32
Nov/16 7 11.96 Dec/20 41 7.42 Jan/23 75 6.95
Nov/17 8 6.40 Dec/21 42 8.37 Jan/24 76 9.30
Nov/18 9 7.18 Dec/22 43 8.04 Jan/25 77 10.71
Nov/19 10 2.28 Dec/23 44 11.51 Jan/26 78 5.96
Nov/20 11 3.07 Dec/24 45 9.66 Jan/27 79 4.19
Nov/21 12 6.11 Dec/25 46 9.91 Jan/28 80 4.92
Nov/22 13 6.31 Dec/26 47 4.31 Jan/29 81 5.41
Nov/23 14 12.00 Dec/27 48 6.76 Jan/30 82 6.30
Nov/24 15 10.34 Dec/28 49 6.16 Jan/31 83 7.22
Nov/25 16 9.06 Dec/29 50 6.27 Feb/01/95 84 8.43
Nov/26 17 0.00 Dec/30 51 3.27 Feb/02 85 9.70
Nov/27 18 2.39 Dec/31 52 4.31 Feb/03 86 10.27
Nov/28 19 3.14 Jan/01/95 53 5.39 Feb/04 87 10.45
Nov/29 20 4.94 Jan/02 54 7.66 Feb/05 88 8.86
Nov/30 21 7.06 Jan/03 55 6.36 Feb/06 89 8.95

Dec/01/94 22 8.34 Jan/04 56 6.11 Feb/07 90 9.47
Dec/02 23 8.23 Jan/05 57 8.01 Feb/08 91 10.37
Dec/03 24 8.08 Jan/06 58 5.57 Feb/09 92 10.20
Dec/04 25 8.43 Jan/07 59 7.01 Feb/10 93 6.01
Dec/05 26 8.56 Jan/08 60 8.94 Feb/11 94 7.06
Dec/06 27 9.11 Jan/09 61 9.05 Feb/12 95 8.31
Dec/07 28 8.86 Jan/10 62 9.40 Feb/13 96 11.06
Dec/08 29 5.81 Jan/11 63 7.86 Feb/14 97 10.66
Dec/09 30 3.60 Jan/12 64 7.76 Feb/15 98 8.51
Dec/10 31 4.80 Jan/13 65 7.11 Feb/16 99 9.71
Dec/11 32 5.11 Jan/14 66 8.12 Feb/17 100 9.24
Dec/12 33 5.24 Jan/15 67 7.96 Feb/18 101 9.78
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