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ABSTRACT 

This study has concentrated on the development of an operational 

model for determining the productivity of irrigation water in sugarcane 

production in Hawaii. 

Data were collected from sugar plantations located in two sugar

producing areas chosen to represent the various sugar-producing conditions 

in the state. Area I depended exclusively on water from artesian wells 

for irrigation. Irrigation in Area II depended mostly on stored surface 

runoff rainfaU and is supplementary in nature. Both areas differ in 

their physical terrain. 

Of necessity~ the study draws heavily from and builds on the experi

ences of previous investigations in the general areas of agricultural eco

nomics and plant sciences. Prom an integration of these ideas~ the modi

fied composite variable was developed as a measure of water adequacy in 

cane production. Most of the information required to construct this vari

able is available from management records. Pan evaporation data were in

complete because standard evaporation pans were only recently installed 

and then only in a few areas. To overcome this difficulty~ techniques 

were developed to estimate evapotranspiration for the two study areas uti

lizing available pan data together with other relevant indicators. 

iii 





CONTENTS 

LIST OF FIGURES ..••......•••..••...•••....••....•...••.•....••....••..••.• v 

LIST OF TABLES ...•.•.••.••...•.....•••..••.....••......•..•••...•.......• vi 

I NTRODUCT I ON .....•.••..•....••.•••••...•.•.•...••...•••.•..•....•••....... 1 

PROBLEMS IN CONSTRUCTING THE WATER VARIABLE ..••...•.•.....••.....•........ 1 

DESCRIPTION OF AREAS STUDIED .............................................. 8 

VARIABLES AND SOME ASSUMPTIONS OF THE MODEL ............................... 9 

SOURCE OF DATA •...•.•.•...•••.•••.....•.•..•••...••••..••...•.•••..••.... 10 

METHODS OF EMPIRICAL ANALySES .......•••.•..••..•.••..•.••.•.•.•....•.•.•• 11 

EMPIRICAL ANALYSIS, AREA I •...•.•..••.•..•.••..•.•...•..•..•••.......•... 11 

Statistical Production Functions for Area 1. .......................... 12 

EMPIRICAL ANALYSIS, AREA 11. ............................................. 17 

Statistical Results: Area II--Irrigated Fields ...•.•.•.•...•...•...•• 19 

Statistical Results: Area II--Unirrigated Fields ..................... 25 

PRODUCTIVITY OF IRRIGATION WATER .....••..•...•..•.••....•...••.•.....•... 31 

Criteria for Selection of Functions ...•••.•..••.•.....•...••...•...•.. 33 

Marginal Value Products for Irrigation Water in Various Sugar 
Produci ng Areas .................................................................. 33 

Economic Optimum •..•.•...••.......•..•••.•.•••.•..•......•••..•.•....• 37 

CONCLUS IONS ............•......••..••..••..•....••........•..•....•....•.. 38 

REFERENCES .•.•••.••...•.•..•.•••.......•.•.•.••••....•...••....•.•.•..••. 43 

APPENDICES ............................................................................ 45 

LIST OF FIGURES 

1. Ratio of evapotranspiration to pan evaporation for sugarcane 
at different stages of growth ......................................... 4 

2. Relationship between moisture stress and soiJ moisture 
for speci fi ed soi 1 groups •................................•........... 6 

3. Relationship between yield and soil moisture for soil 
group B •.•.....•....•......•..••.•.....••...•......•.................. 6 

4. Sugarcane growth in relation to moisture stress .......•.•............. 7 

v 



5. Observed and estimated monthly pan evaporation at Ewa, 
1961-1962 .................................................... ' ........ 13 

6. Elevation 750 feet ................................................... 29 
7. Elevation 1,125 feet ................................................. 29 
8. Elevation 1,500 feet and over ........................................ 30 
9. All elevations combined .............................................. 30 

LIST OF TABLES 

1. Adjusted functions for fields irrigated with brackish and non-
brack ish wa ter--1 and qua 1 i ty A- -crops 1955-1966 ...................... 15 

2. Sample of actual and estimated yield for sugarcane pr.oduced 
on soil group A and irrigated with brackish water .................... 18 

3. Sample of actual and estimated yield for sugarcane produced 
on soil group B and irrigated with non-brackish water ................ 18 

4. Sample of actual and estimated yield for sugarcane produced 
on irrigated fields--area 11 ......................................... 22 

5. Sample of observed and estimated yields for sugarcane produced 
on irrigated fie1ds--sugar producing area 11 ......................... 24 

6. Sample of actual and estimated yield for sugarcane produced 
at elevation 750 feet ................................................ 32 

7. Sample of actual and estimated yield for sugarcane produced 
at elevation 1,500 feet and over ..................................... 32 

vi 



INTRODUCTION 

Sales of Hawaii-grown sugar produces about 12 percent of Hawaii's annu

al income. In recent years, many factors have contributed to the high and 

increasing yields of cane in Hawaii. One of the most vital is the increas

ingly effective use of irrigation water. Most Hawaiian sugar plantations 

include dry zones where irrigation is essential for cane production. 

Efficient use of available supplies of irrigation water is of concern 

throughout the industry. On the island of Oahu, additional pressure arises 

from rapid urbanization which will require inoreasing amounts of 'water for 

domestic, industrial, and recreation uses and for pollution abatement. 

Studies are needed to determine ways to use available water most efficiently. 

In economic terms efficient use of a scarce resource occurs when the 

value of the last unit produced or the marginal product is equal to its 

additional or marginal costs. Based on this definition, economic and ef

ficient use of water in producing sugarcane requires knowledge of the mar

ginal contributions of added water to cane production, the value of these 

increments and their associated costs. Without adequate measurement of the 

marginal contribution of irrigation water, economical application of water 

can be only approximated. To date such measurements have not been available. 

In this study, production functions for water are developed using new 

data obtained from field records for sugarcane. l To the extent these 

functions are statistically adequate marginal productivities can be derived 

to develop efficient use criteria. 

PROBLEMS IN CONSTRUCTING THE WATER VARIABLE 

Deriving a meaningful functional relationship from records devised for 

management control depends upon the researcher's awareness of relevant agro

nomic concepts and the content of the records. Field records typically 

1 Theoretically, the production function can be regarded as an efficiency 
frontier, i.e.~ a series of points on a surface indicating maximum output 
for corresponding levels of inputs. Such a function, when continuous, 
yields marginal productivities for respective inputs through partial dif
ferentiation. These values can be used in conjunction with price-cost 
relationships to determine optimum use rates for productive resources. 
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provide insufficient detail to adequately measure all the separate effects 

considered relevant. Also, record systems tend to lag considerably behind 

development of agronomic concepts as experimental results accumulate. Not 

all of these results agree nor do scientists always agree on their inter

pretation. Basic theories of how biological and chemical agents interact 

in agricultural production are being constantly reworked as the sciences 

mature and the technology of measurement advances. 

To date, the work of scientists with sugarcane and other crops suggests 

varying explanations of the phenomena underlying soil-water-yield relation

ships. However, there seems to be general agreement that studies of this 

nature should consider the following: 

1) Soil moisture storage capacity, i.e.~ the amount of water that a 

certain volume of soil will hold against gravitational pull when 

allowed to drain freely. 

2) Soil moisture tension or stress or the force by which water is 

held by soil particles at any point in time. 

3) Osmotic extraction of water particles by plants as transpiration 

takes place from a vegetative surface. 

4) Permanent wilting point or the point where tension counterbalances 

the extractive power of the root system. 

S) Changing water requirements over the crop cycle. 

6) Effects of salt on the osmotic process. 

Presently, a significant gap exists between the development of adequate 

physical relationships and providing for full integration of the above 

points in the decision-making framework. 

A composite variable incorporating several of these factors has been 

proposed by Chang, et al.~ (1963) for estimating water yield relationships 

for sugarcane. A modified form of this variable, which can be computed 

from plantation records and meteorological data, has been developed for 

this study. This modified approach assumes that plant growth is maximized 

when the available water is just equal to potential evapotranspiration, 

that plant growth is more or less proportional to the rate of evapotrans

piration, and that evapotranspiration remains at the potential rate until 

all the available soil moisture has been depleted. 

The water balance function was recently adapted to study sugar

cane irrigation in Hawaii by Lateef (1966). Chang presents the 



following relationship for calculating water balance: 

C = R + I - E saw a 

where: C = change s 
R = actual a 

R w 

in 

L 

stored 

rainfall 

I = irrigation water w 

soil moisture 

E = actual evapotranspiration a 
R = runoff water 
w 

L = leaching 

3 

(1) 

Water balance can be computed by substituting values derived from meteor

ological data and management records into the equation. The resulting co

efficient represents water available to the plant. When soil moisture, 

(computed by adjusting the soil moisture values with the above equation) 

approaches zero then irrigation is needed to maintain the rate of cane 

growth. An estimate of total water deficit for the crop cycle can be ob

tained by adding the potential evapotranspiration for all the drought days. 

Effective water use of the plant equals potential evapotranspiration less 

the water deficit. 

Computations of water balance extend from early in the crop cycle to 

approximately six weeks prior to harvest. This provision is made in recog

nition of the practice of allowing cane to ripen without irrigation. Evap

otranspiration in the water balance computation can be estimated using the 

information in Figure 1. The ratio of potential evapotranspiration to pan 

evaporation increases from .4 during early growth to 1.0 at peak use, 

between 6 and 17 months, at which time a full canopy develops. Estimates 

of total water requirements for a 24-month crops can be computed with the 

following formula: 

~APE 

where: APE = annual pan evaporation (2) 

~ = 1.85, 1.72, 1.67, 1.52, etc. 

(An example would be 1.67 APE = .67 x pan evaporation for the first six 

months, 1.0 x pan evaporation for the next 16 months, and 0 x pan evapora

tion for the next two months or 20 + 12 months = 1.67). Estimates of evap

otranspiration rates used in the water balance equation are obtained from 

standard evaporation pans. Three alternative causal relationships can be 
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FIGURE 1. RATIO OF EVAPOTRANSPIRATION TO PAN EVAPORATION 
FOR SUGARCANE AT DIFFERENT STAGES OF GROWTH. 
(ADAPTED FROM TABLE 3311-2 OF CAMPBELL~ 1967.) 

hypothesized from these calculations for measuring the water-yield relation

ship: 

1. Expressing sugarcane yield as a function of moisture deficit. 

2. Expressing sugarcane yield as a function of effective water. 

3. Expressing sugarcane yield as a function of the composite water 

variable Wi defined as the ratio of actual to potential evapotrans

piration. 1 

The composite variable, Wi, as modified for use in this study is de

fined as: 
A(NxS) + R 

e 
E 

P 

actual evapotranspiration 

(3) 

potential evapotranspiration estimated for 
each climatic zone from pan evaporation ob-
servations 

Without abstracting from its usefulness, the water balance approach appears 
to be more suited to experimental research than to general field applica
tion due to the large data input. However, it provides the fundamental 
relationships used in developing equation (3) (see Rankine, 1969). 
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= the percentage of available soil moisture that 
can be used prior to reaching the critical 
moisture stress for a particular soil 

N 

S 

= number of irrigation rounds applied to the 
field 

= available soil moisture storage associated 
with the soil type found in each field 

= effective rainfall which we defined at 75 
percent of the actual rainfall for the climatic 
zone in which the field is located. 

When the composite variable defined without A (the adjustment factor) 

takes a value of 1.0, the water index is adequate for maxi~um sugarcane 

yield. This form also assumes that the crop is always irrigated as soon 

as all available soil moisture has been depleted. It further assumes that 

irrigation can sufficiently restore the soil to field capacity. A ratio of 

1.0 implies that the actual evapotranspiration is equal to potential evap

otranspiration. The rate of stalk elongation was found, in a recent study, 

to be only 4 percent less prior to irrigation than when soil moisture is 

at field capacity (Chang, et al. 3 1963). Research reported by Clements 

(undated) suggests that when more than 40 to 60 percent of the soil moisture 

has been used UPI tension rises rapidly enough to seriously retard growth. 

His primary interest was to determine a level of water application within 

the low tension range where water would have not limiting effect on growth. 

Clements postulated that within these ranges irrigation water could be ap

plied in unlimited amounts provided there is enough soil aeration and 

drainage. No consideration was given to the hypothesized relationship be

tween soil moisture and yield or to plant growth at higher tension ranges. 

However, it appears that the assumption that plant growth is not affected 

by moisture stress may be unrealistic in some applications. This is par

ticularly true where soil salinity levels are high or where plants are 

irrigated with water containing salt. 

Research done by Robinson (1963) and Thorne (1949) and by scientists 

at the Hawaii Agricultural Experiment Station, University of Hawaii, pro

vides information for determining the relationship between soil moisture 

and moisture stress for different soil groups in Hawaii. These relation

ships are presented in Figure 2 below. An inverse relationship between 

moisture stress and available soil moisture is shown for both soil groups 

in Figure 2. The relationships for the soil groups enable flexibility to 
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be introduced into the composite water variable defined in equation (3). A 

hypothetical example of how these relationships work is presented in Figure 

3, assuming that sugarcane is grown on soil group B and that the fields are 
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irrigated when 60 percent of the available soil moisture has been depleted. 

Prior to irrigation, moisture stress is assumed to have reached 1 atmos

phere; if the fields are not irrigated, yields will decline. The percent 

of available moisture then corresponds to the A in equation (3). Since 

this can take on any value between 0 and 1.00 the desired flexibility has 

been achieved. Similar relationships can be constructed for soil group A. 

Figure 4 shows the results of investigations of the relationship be-

4.0 
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FIGURE 4. SUCARCANE GROWTH IN RELATION TO MOISTURE STRESS. 

tween stalk elongation and average moisture stress for sugarcane. 1 In 

these relationships, the rate of stalk elongation falls off at about two 

atmospheres and gives a fair approximation of the relationship between 

moisture stress and sugarcane yield. If the relationships in Figures 2 and 

3 are combined and the available soil moisture is reduced to less than 40 

percent, it appears that on soil group B yield will decrease unless sugar

cane fields are irrigated immediately. For soil group A the critical 

moisture level appears to approximately 80 percent. These figures are only 

approximations because Robinson's estimates did not extend over the entire 

crop cycle. Using the rate of stalk elongation as a measure of sugarcane 

yield is supported by Clements (undated) and research recently conducted 

by the Hawaiian Sugar Planters' Association. Clements found that "growth 

Adapted from Figure 6 of Robinson, 1963. 
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unit" correlates very well with the actual volume of cane harvested. The 

growth unit is defined "as the daily increment increase in the volume of 

cane produced in a field with a full stand, and can be computed by multi

plying daily elongation rate by the green weight per stalk of the sheath 

sample." 

DESCRIPTION OF AREAS STUDIED 

For the purposes of this study, two types of sugar-producing areas are 

recognized: sugar plantations depending heavily on irrigat.ion and sugar 

plantations that depend heavily on rainfall for water supply with irriga

tion used as a supplement. For analysis one plantation was chosen to 

represent each of these types and were designated Study Area I and Study 

Area II, respectively. 

Study Area I is located on the island of Oahu and consists of sugar 

lands that lie between sea level and an elevation of 200 feet. Sugarcane 

is produced on soils that fall into the two main soil groups A and B, des

cribed earlier. The Area I receives an annual rainfall of between 20 and 

30 inches of rain. Fresh water for irrigation is obtained from the Pearl 

Harbor aquifer, a massive Ghyben-Herzberg lens. Immediately below the 

fresh water lens is a zone of brackish water which moves upwards into the 

fresh-water zone if the removal rate exceeds recharge. Current water yields 

from this source appear to be very close to the safe yield of the aquifer, 

but future demand is likely to increase due to the rapid industrial and 

urban expansion presently taking pla~e in the area. 

Study Area II is located on the northernmost coast of the island of 

Hawaii. The land rises from gentle, rolling slopes dented occasionally by 

rainfed gulches to an elevation of approximately 1200 feet above sea level. 

Underlying the sugarcane lands are volcanic rocks of the Hamakua and Lau

pahoehoe series. Two main soil series characterize the area, Humic Latosols 

and Hydrohumic Latosols. Humic Latosols are generally found between sea 

level and 1500 feet and are basically silty clay loams, high in iron and 

aluminum content, but low in organic matter and silica. The Hydrohumic 

Latosols, generally found between 1500 and 2500 feet above sea level, are 

slightly acidic and rich in organic matter. Sugarcane produced in this 

area depends heavily on rainfall and irrigation is used as a supplement. 
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Rainfall generally varies between 40 and 100 inches per year and the area 

suffers from drought. Many of the sugarcane fields from which the data for 

this study were obtained are located in low rainfall areas and until recent

ly had significant variations in sugarcane yield. Water obtained for ir

rigation purposes is collected from the higher slopes and brought to the 

lower areas by means of an irrigation ditch and a pipeline. Portable 

sprinklers that are used for irrigation below the 750' elevation depend on 

gravitational pressure. The area is generally exposed to winds blowing 

predominantly from the north at speeds between 3.5 and 9 miles per hour. 

Temperatures are generally suitable for year-round sugarcane growth. 

VARIABLES AND SOME ASSUMPTIONS OF THE MODEL 

It is customary in estimating production function, to group the causal 

variables into manageable and meaningful categories. 1 In the present study, 

the input variables are classified into two groups. Group one is reflected 

in the composite variable (soil storage capacity, irrigation rounds, rain

fall, evapotranspiration rates, soil moisture stress, and water quality) 

while group two consists of crop age, fertilizer, herbicides, land produc

tivity, variety, and elevation. Management has been assumed constant. 

The full effectiveness of water in sugarcane production requires the right 

combination of these variables, most of which are controllable particularly 

if irrigation is customary. The presence of some variables, such as large 

supplies of water, encourages the addition of more fertilizer, especially 

if fertilizer is relatively inexpensive. 

As previously mentioned, sugarcane requires large amounts of water in 

the earlier growth periods and lesser amounts during the last six weeks of 

the crop. This later period is critical to the development of a high sugar 

content. However, it is also critical that enough water be applied during 

the earlier part of the growing season to obtain maximum cane yields. Fur

ther, the level of water at which cane yield will be maximized is influenced 

Heady and Dillon (1963, p. 220) provides two principles to guide this 
aggregation: 
(1) the inputs within an individual category should be as nearly perfect 

substitutes or perfect complements as possible. 
(2) relative to each other, the categories of inputs should be neither 

perfect substitutes nor perfect complements. 
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by the amount made available to the plant as well as the total amount ap

plied. Availability to the plant is influenced by such factors as salinity 

levels, wind velocity, and temperature. Estimating the marginal values for 

water without being aware of the influence of these climatological factors 

would be naive. However, adequate incorporation requires information not 

available from existing records. In attempting to measure the contribution 

of irrigation water in the present study, the following assumptions are 

made: 

1) The same functional forms of the production relationships apply 

throughout the sugar-producing areas considered. This implies 

that the data collected are observations on the same production 

surface. 

2) Productivity differences between land classes can be accounted for 

by a shift rather than a change in the functional form of the equa

tion. 

3) The composite variable is used to reflect water, soil moisture, 

and climatic conditions and is flexible enough to be adapted to 

both irrigated and unirrigated lands. This composite variable in

corporates the important aspects of the various theories regarding 

the water-crop yield relationship. 

4) There is a definite relationship between sugarcane yield and the 

composite variable during the two stages of grDwth designated as 

early growth and late growth. This composite variable measures 

the adequacy of irrigation water in each stage for distinct soil 

groups as well as over the entire crop cycle. 

SOURCE OF DATA 

Physical input-output data were obtained from the records of the sugar 

plantations chosen. Supplementary data was obtained from the United States 

Naval Air Station at Barber's Point, Environmental Science Services Adminis

tration, and the Hawaiian Sugar Planters' Association, Honolulu. With the 

exception of the section on irrigated lands in Study Area II, all the 

analyses are based on data covering six crop years, i.e.~ the most recent 

six crops for which complete data could be obtained. 
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METHODS Of EMPIRICAL ANALYSES 
Multiple regression techniques were used in fitting several alternative 

production functions to data collected for each study area. The estimating 

equations took the general form: 

a) general quadratic formulation represented by 

Y = bo + blXl + b2X2 - b3X12 - b4X22 + bSXIX2 + ••• bn~ + u (4) 

b) reciprocal relationships represented by 

Y (5) 

Both dependent and independent variables considered in the initial stages 

are listed below in general form: 

TCA = 

where: 

f (A, 

TCA = 
A = 
F = 

V' 1 = 
CY = 
H = 

LQi = 

Wi 

F, V., CY, H, LQi' Wi' F x Wi) (6) 
1 

sugar cane yield in tons of cane per acre 

age of the crop in months 

fertilizer (nitrogen, phosphorus, potassium) in 
pounds per acre 

variety--dummy variable 

crop year (plant--ratoon 1, 2, 3, 4, etc.) 

herbicide (lbs. per acre, cost in dollars per acre) 

land quality based on productivity ratings 
(A, B, C) dummy variable 

a composite variable reflecting water, the effects 
of climatic factors and soil moisture conditions 

the interaction between fertilizer and the composite 
variable 

EMPIRICAL ANALYSIS, AREA I 
For Study Area I, input-output data were collected for 66 fields. Be

cause the standardized evaporation pan was only recently adopted, only four 

years of pan evaporation data were available. The required pan evaporation 

data were estimated by using a procedure developed by Rankine (1969). 

Briefly, this procedure involves fitting a regression line to existing pan 

evaporation, gram calorie, and wind data. Wind data used were obtained 

from a weather station adjacent to the study area. 1 The following estima-

Officers at the Environmental Science Services Administration, Honolulu 
Office suggests the use of this source because none were available with 
the study area. This technique also discussed in a paper by Hogg, 
Davidson, and Rankine (1967). 
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ting equations were obtained for each station. Each subscripted variable 

represents a different pan evaporation station. 

Pe = -3.3345 + .00214Gl + .OO44Wl 
1 (lO.433)a (4.211)a (7) 

P = 3.8838 + .00042GE + .OOO58Wz ez (1.753) (3.410)a (8) 

P = 2.6872 + .00099G s + .OOO62W3 eg (3.700)a (3.699)a (9) 

a t ratios, significant at I-percent level b t ratios, significant at lO-percent level 

Estimates of monthly pan evaporation (Pe) for the fields used in the study 

were obtained by substituting wind speed (W) and gram calorie reading (G) 

into the respective equations that represent the pan evaporation stations 

closest to these fields. Annual pan evaporation for the specific crop was 

derived by adding monthly estimates for the crop and dividing the total by 

two. Potential evapotranspiration was then computed by multiplying the 

annual pan evaporation by the factors 1.71 and 1.52, which are used to define 

the two general versions of the composite variable. 

Even though this technique of estimating pan evaporation appears rela

tively simple, there is enough evidence to support its use as a model for 

short-term prediction. For the most part, the above prediction equations 

have met accepted statistical criteria, as can be seen by the probability 

levels. Further, the estimated pan evaporation values were close to those 

actually observed at the respective stations (see Fig. 5).1 

Statistical Production Functions for Area I 

Several functions were fitted to the physical data obtained for sugar

producing area I. The first phase of the analysis was largely exploratory 

and was intended to determine (1) the functional form of the equation that 

would best indicate the nature of the production surface, (2) whether dif

ferences in land quality were indeed sufficient to cause a shift in the 

functional form of the equation, (3) whether the composite variable as 

1 This approach was developed for this study (Rankine, 1969). 
to other situations may require further refinement. 

Extension 
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defined in the previous section was workable, and (4) the more significant 

variables. All the included variables behaved in the manner expected. For 

example, as production shifted from higher to lower quality land, the esti

mated yield declined for the same input levels. The composite variable 

had a statistically significant effect on yield in most cases and the quad

ratic and reciprocal formulations gave the best statistical fit. Based on 

statistical criteria, th,ese conclusions served as a basis for the next step 

in the analysis. The estimated functions are presented in Appendix A, 

Tables A-I to A-3. 

In phas~ two, attempts were made to bring more explicitly important 

agronomic relationships into the analysis. Soils were separated into two 

groups, A and B. Group A consisted of dark magnesium Clays and related 

soils while Group B consisted of Low Humic Latosols and related soils. All 

soil types that fell either in group A or B were assumed to have the same 

moisture tension-release characteristics. Some of the fields were irrigated 

with brackish water so a further s~b-classification of the fields was made 

to recognize water quality. 1 

For purposes of the study all irrigation water containing 3.24 or more 
grams of sodium chloride per gallon was considered brackish water. 
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The following distinct groupings resulted from the above considerations. 

CLASSIFICATION 

I 

II 

NON-BRACKISH WATER 

BRACKISH WATER 

(A) SOIL GROUP A 
(B) SOIL GROUP B 

(A) SOIL GROUP A 
(B) SOIL GROUP B 

Equations (1) and (4) in Table 1 represent examples of the statistical 

results obtained for fields irrigated with brackish water for soil groups 

A and B when 60 percent and 30 percent of the available soi1 moisture have 

been depleted. Equations (5) and (8) in the same table represent examples 

of the results obtained when similar functions were fitted to data from 

fields that were irrigated with non-brackish water when approximately 60 

percent of the soil moisture had been depleted. In each case, critical soil 

moisture stress is approximately 2 and 1 atmosphere, respectively. 

All the equations shown in Table 1 are adjusted functions. 1 Their 

original forms are presented in the tables in Appendix B. The main difference 

between the tables is that the respective equations were estimated using 

two versions of the composite variable. 

Brief examination of these tables will show that for the most part the 

composite variable was statistically significant for both forms of the 

equation--reciprocal and quadratic. Also there was considerable difference 

in the amount of variation in sugarcane yield explained by the included 

variables. Samples of these equations were tested for auto-correlation and 

multicolinearity. In all cases, the computed values were greater than the 

tabulated values for both the Durbin-Watson Statistic and the Von-Neumann 

Ratios. Since this suggested an absence of serial correlation among the 

residuals, the equations are accepted as significant. 

Results of the tests for interrelationships among the included vari

ables indic&ted that problems appear in the quadratic formulations. As 

expected the linear and the squared term for the same variable were highly 

interrelated. To carry these tests a little further, one equation was 

1 These functions were obtained by inserting the regression coefficients for 
the significant variables into the general form of the respective equations, 
then holding each significant variable constant at its mean and making the 
necessary adjustments in the constant term to get tons of cane per acre 
expressed as a function of the composite variable. 



TABLE 1. ADJUSTED FUNCTIONS FOR FIELDS IRRIGATED WITH BRACKISH AND 
NON-BRACKISH WATER--LAND QUALITY A--CROPS 1955-1966. 

AVAILABLE 
SOIL CRITICAL 

MOISTURE SOIL MOISTURE FORM OF COMPOSITE VARIABLE a 
USED STRESS SOIL 

EQUATION PERCENT ATM GROUP A VALUE W. -1 W.2. W. 
1 1 1 

BRACKISH WATER 
1 60 UNKNOWN A 13.3060 230.7810 -127.2630b (2:836)a (2.242) 

2 100 UNKNOWN A -13.2371 212.9740 
O.983)a 

-86.1990 
(8.365)a 

3 60 UNKNOWN A 144.5810 23.3510 
(5.281)a 

4 30 UNKNOWN B 146.8226 -12.5395 
(4.111)a 

NON-BRACKISH WATER 

5 60 2 A 34.2016 209.1420 -135.5030b (5.569)a (2.143) 

6 25 1 A 131.5057 -7.8806 
O.796)a 

7 60 2 A 133.8507 -14.4979 
O.596)a 

8 60 1 B 127.0533 -14.9842 
(2.586)a 

9 30 .75 B 62.5744 123.3240b -62.1591 
(2.400 (1. 934)a 

a 
t RATIOS SIGNIFICANT AT 1 PERCENT LEVEL t..CNxS) + Re b aW. = t RATIOS SIGNIFICANT AT 5 PERCENT LEVEL 1 1.71 APE 

"iki,;,,''''o _;.,,'L;::;'L_~,"'i ,.~. 

R2 

.39 

.41 

.38 

.54 

.23 

.23 

.22 

.18 

.18 

i-' 
U1 



TABLE 1 (CONT.). ADJUSTED FUNCTIONS FOR FIELDS IRRIGATED WITH BRACKISH AND 
NON-BRACKISH WATER--LAND QUALITY A--CROPS 1955-1966. 

AVAILABLE 
SOIL CRITICAL 

MOISTURE SOIL MOISTURE FORM OF COMPOSITE VARIABLEa 
USED STRESS SOIL 

EQUATION PERCENT ATM GROUP A VALUE W. --1 W. - 2 W. 
l. l. l. 

BRACKISH WATER 
10 25 A 134.0721 -11.3854 

(4.890)a 
11 60 B 130.6813 -16.1116 

(2.33)b 
12 100 A -22.0988 203.7060 -73.9165 

(4.230)a (3.61l)a 

13 30 B 70.0856 -89.8446 -30.4412 
0.430) ( .613) 

NON-BRACKISH WATER 
14 60 2 A 138.6413 -18.3090 

(4.620)a 
15 60 2 B 167.0962 -41.9282 

(5.44)a 
16 60 2 A 54.4082 134.7030 -75.5681 

(1. 944)c (1. 560) 

17 100 33 B 17.1613 141.6560 -55.3461 
(1. 945)c 0.623) 

a 
t RATIOS SIGNIFICANT AT 1 PERCENT LEVEL A(NxS) + Re b a-
t RATIOS SIGNIFICANT AT 2 PERCENT LEVEL W. :: 

1. 52 APE c l. 

t RATIOS SIGNIFICANT AT 5 PERCENT LEVEL 

R2 

.32 

.34 

.43 

.55 

.26 

.36 

.21 

.20 

1-1 
0\ 



chosen from soil group A and used as a sample. A sample of the residuals 

computed was plotted over time to test for lack of dependence for the 

successive errors. Again the results supported the hypotheses that the 

degree of interdependence was not significant. Tables 2 and 3 permits a 

comparison of the actual versus estimated yields using some of the equa

tions presented in Table 1. 

EMPIRICAL ANALYSIS, AREA II 

17 

Two separate statistical analyses were conducted for area II, located 

on the island of Hawaii. Data collected for 1953 to 1966 were sltbdivided 

into two broad groups. Group one included all the observations obtained 

on irrigated fields. Group two consisted of observations from the unir

rigated fields. A majority of the irrigated fields are located in the low 

elevation zones, 100 to 400 feet, while the unirrigated fields are in the 

high elevation zones, exceeding 600 feet above sea level. In some cases, 

unirrigated fields are located as high as 1,700 feet above sea level. 

The variation in elevation was used in turn to separate the unirrigated 

fields into three subgroupings for analytical purposes. These subgroupings 

correspond to the locations of the evaporation pans; 750 feet, 1,125 feet, 

and 1,500 feet above sea level. This additional subdivision provides a 

comparison of one function to a shift variable, and accounts for elevation 

differences with individual functions for each elevation. It was expected 

that differences in solar radiation and other factors associated with 

elevation would bring about a change in the functional form of the statis

tical equations; However, the errors in the predicted yield as well as the 

marginal values were not expected to be significantly different from each 

other. 1 

Fields located in high elevation areas tend to receive less solar radia
tion. It has been established that for every 1,000 feet change in eleva
tion, solar radiation falls off approximately 7 percent (Lateef, 1966, 
p. 9). The amount of solar radiation received by the plant also depends 
on such factors as the cloud cover, the sun's angle and the atmosphere 
turbidity. Solar radiation exhibits a positive relationship with sugar
cane yield. The higher the solar radiation, the higher the expected yield 
other factors remaining constant. Hawaii's among the areas rated highest 
in solar radiation in the world. This factor is at least partly respon
sible for the exceptionally high sugar production in the state. 
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TABLE 2. SAMPLE OF ACTUAL AND ESTIMATED YIELD FOR SUGARCANE PRODUCED 
ON SOIL GROUP A AND IRRIGATED WITH BRACKISH WATER. 

ACTUAL YIELDS ESTIMATED YIELDS DIFFERENCE ESTIMATED YI ELDS DIFFERENCE 
TCA TCA TCA TCA TCA 

115.06 109.66 5.40 108.64 6.42 
103.70 112.30 - 8.60 111.31 - 7.61 
106.66 99.99 6.67 100.66 6.00 
56.72 82.71 -25.99 82.80 -26.08 
72.13 101.19 -29.06 101.84 -29.71 

117.75 108.69 9.06 107.98 9.77 
110.49 97.90 12.59 97.88 12.61 
105.95 110.55 4.60 110.46 - 4.51 
104.56 92.35 12.21 91.84 12.72 
112.,50 114.71 - 2.21 114.63 - 2.13 
123.19 111. 38 11.81 1l0.27 12,92 
11 9.93 112.83 7.10 111.61 8.32 
111. 45 104.23 7.22 104.08 7.37 
124.94 112.74 12.20 111. 52 13.42 
83.15 92.68 - 9.53 93.91 -10.76 
88.62 105.76 -17 .14 105.92 -17.30 

117.98 113.41 4.57 112.31 5.67 
122.74 116.50 6.24 115.07 7.67 
114.43 116.21 - 1.78 114.77 - 0.34 
104.14 118.30 -14.16 119.07 -14.93 
109.01 114.68 - 5.67 113.30 4.29 
131.86 120.17 11.69 124.39 7.47 

TABLE 3. SAMPLE OF ACTUAL AND ESTIMATED YIELD FOR SUGARCANE PRODUCED 
ON SOIL GROUP B AND IRRIGATED WITH NON-BRACKISH WATER. 

ACTUAL YI ELDS ESTIMATED YIELDS DIfFERENCE ESTIMATED YIELDS DIFFERENCE 
TCA TCA TCA TCA TCA 

100.51 102.06 - 1.55 105.77 - 5.26 
75.58 88.67 "':13.09 93.39 17.81 
94.14 86.66 7.48 92.47 1.67 

121.81 107.24 14.57 108.13 13.68 
90.09 99.48 - 9.39 102.01 -11.92 

126.53 108.41 18.12 109.85 16.68 
113.84 110.31 3.53 1l0.16 3.68 
102.60 97.74 4.86 100.95 1.65 
101.40 101. 89 - 0.49 106.82 - 5.42 
98.90 106.16 - 7.85 109.40 -10 .50 

107.09 98.81 8.28 101. 01 6.08 
107.96 107.47 0.49 108.49 - 0.53 
71. 80 99.49 -27 .69 104.26 -32.46 

111. 25 92.97 18.28 98.49 12.76 
81.26 99.56 -18.30 105.44 -24.18 
95.02 103.98 - 8.96 110.70 -15.68 

118.98 106.69 12.29 107.2'3 11.75 
111. 90 100.11 11.79 107.52 4.38 
99.20 108.16 - 8.96 109.96 -10.76 
60.72 95.80 -35.08 97.15 -36.43 
93.18 118.26 -25.08 114.47 -21.29 

102.27 107.81 - 5.54 110.28 8.01 
109.42 94.93 14.49 98.41 11.01 
97.57 90.17 7.40 85.32 12.25 
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As in the case of area I, the amount of pan evaporation data available 

was less than that needed for direct estimation. This limitation was less 

severe in the case of the analysis for the irrigated fields because, like 

pan evaporation stations, the irrigation of sugarcane fields a recently 

introducted practice. There was sufficient data on pan evaporation to cover 

the irrigated crops (two crop years in most cases); however, there was not 

enough pan data to cover the number of crops needed for analyses of unir

rigated fields. The required monthly pan evaporation data for these fields 

was obtained by statistical manipulation of the mean and standard deviation 

of the observations that were available for each station. l Annual pan 

evaporation was then computed for the respective crop year as outlined for 

area I. 

Statistical Results: Area II--Irrigated Fields 

Analysis of the data for irrigated fields proceeded in a number of 

steps. Where possible, the crop cycle was divided into two stages: stage 

one represents the first six months of sugarcane growth and stage two 

represents the next 7 to 18 months of crop growth on the average. 2 When 

the plants are young, the ground cover is incomplete and so less water is 

required for maximum rate of growth. 3 As it gets older and the canopy be

comes fuller, the amount of evapotranspiration increases. Because of this, 

irrigation can be less frequent during the early stages of growth than during 

the late stages. 

The two stage functions proposed above follow the general formulation 

below: 

1 

2 

3 

TCA (10) 

This procedure is discussed at length by Freund and Williams (1964, p. 147). 
The monthly pan evaporation used is basically theoretical, based on the 
assumption that the observations for each month are normally distributed. 

Theoretically, it was possible to break up the crop cycle into at least 
stages (see Fig. 1) rather than two cycles. However, it was not 

felt that the data available for this analysis would support such refine
ment. This contention is also supported by Dr. Jen-hu Chang, Climatol
ogist, University of Hawaii. Chang also indicates that where there is 
high radiation intensity the maximum yield of a crop with incomplete cover 
is usually less than one in which the ground cover is incomplete. 

Chang makes a similar assertion (1968). 
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where TCA = tons of cane per acre 

Wl represents the composite variable for stage 1 

= represents the composite variable for stage 2 

This formulation considers the composite variable defined earlier to be the 

only causal variable or that all other input factors are held constant at 

their mean values. 

Statistical estimation of this 2-stage function followed a piecemeal 

approach. The "quantity of water" applied in each stage of the crop cycle 

was first considered in conjunction with other variables. This was pos

sible because measurements of the actual amounts of water applied were 

available. None of the resulting fitted equations showed the irrigation 

variable to be statistically significant hence, they are not included here. 

This lack of significance appeared to support the hypothesis that a measure 

by itself of the quantity of water applied is not a useful variable with 

which to derive the productivity for water. The "effective water" was then 

considered, where effective water (EW) for each stage is defined as the 

number of irrigation rounds multiplied by the available soil moisture 

storage capacity plus effective rainfall. Again the water variable was not 

significant. 

To this point no consideration was given to the atmospheric demand for 

water or the amount of water used prior to reaching a critical moisture 

stress for soil group B on which the irrigated fields are located. In

corporation of the relationship between soil moisture stress-soil moisture 

for specified soil groups gave the following results: 

TCA = 73.7951 + 2.0883 Age - .2688 Nitrogen (11) 
(2.340)b (3.l50)a 

+ 97.3972 EW1 - 70.8596 EW12 + 353.0918 EW2 
(1. 540) (1.180) (l.640)b 

-223.5776 EW2 2 

(1. 510) 
R2 = .51 F ratio = 4.628 

TCA = 126.4576 + 2.1112 tge = 2.8669 Nitrogen (12) 
(2.500) (3.308)a 
-1 - 2.883 EW1 - 17.8398 EW2- 1 

(1. 400) (1.840)C 

R2 = .47 F ratio = 5.0l~ 



a 
b 
c 

t ratios significant at I-percent level 
t ratios significant at 2-percent level 
t ratios significant at 10-percent level 
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Equations (11) and (12) represent production functions when 30 percent 

of the available soil moisture has been depleted and show substantial im

provements over the results of other water variables described. Effective 

water for stage two is now significant at the 10 percent level. 

The next step was the introduction of potential evapotranspiration into 

the composite variable. As before, the composite variable was constructed 

for two stages of growth as well as for the entire crop cycle. Equations 

(13), (14), and (15) represent three of the relationships obtained when 

the composite variable Wi is constructed for the entire crop. 1 

TCA = - 7.9484 + 2.4141 Age - .3248 Nitrogen + 393.5273~i - 353.6l62Wi2 
(3.l07)a (3.283)a (1.784) (1.687)b 

TCA 

TCA 

F ratio 6.665 (13) 

= -280.9165 + 2.3991 Age - .3229 Nitrogen - 701.0290Wi 
(3.087)a (3.79l)a (1.624)b 

.44 F ratio = 6.663 

= -603.7598 + 2.4500 Age + .8309 Nitrogen - 484.S036Wi 
(3.l99)a (1.033) (1.872)b 

- 43.7985 /Wi IN 
(1.443) 

F ratio = 5.917 

- 1034.7146 ~ 
(1.685)b 1 

(14) 

- 1584.1235 ~ 
(2.2ll)a 1 

(15) 

Equations (13) and (14) represent the relationship when soil moisture 

has been depleted to 40 percent. When available soil moisture was reduced by 

almost 100 percent the relationship shown in equation (15) resulted. For the 

most part, the statistical significance of the regression coefficients are 

within acceptable levels. Crop age and nitrogen are generally more signifi

cant than the other explanatory variables. This is true for all equations 

except equation (15) in which nitrogen is replaced by the square root of the 

composite variable Wi' The reduction in the significance of the regression 

coefficient for nitrogen was evidently caused by the interaction term /Wi1N 
introduced into the equation. The introduction of this variable also results 

in a 3 percent increase in the amount of variation explained. 

1 Selected from Appendix C, Table C-l. The letters associated with the 
various regression coefficients in equations (13), (14), and (15) have 
the same meaning as those at the top of this page. 
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Two equations, (13) and (14) used in testing for interdependency among 

the observations measured the size of error terms and predictive ability of 

the error terms over the production surface. Table 4 compares 20 of the 39 

TABLE 4. SAMPLE OF ACTUAL AND ESTIMATED YIELD FOR SUGARCANE 
PRODUCED ON IRRIGATED FIELDS: AREA II. 

ACTUAL YIELDS 
TCA 

83.11 
92.21 
91.42 
80.31 
72 .31 
66.73 
61.39 
60.23 
72.59 
70.47 
81.05 
80.57 
45.08 
76.75 

105.02 
110.55 
98.75 
77.56 
72.06 
39.81 

ESTIMATED YIELDS 
TCA 

64.05 
61.15 
74.94 
95.10 
87.02 
93.72 
93.40 
72.96 
89.41 
77 .05 
72.66 
92.13 
60.32 
85.71 
84.12 
72 .57 
74.94 
71.99 
69.52 
21.12 

DIFFERENCE 
TCA 

19.06 
31.06 
16.48 

-14.79 
-14.7 
-26.99 
-32.01 
-12.73 
-16.82 
- 7.52 

8.39 
-14.56 
-15.24 
- 8.96 

20.90 
37.98 
23.81 
5.57 
2.54 

18.68 

ESTIMATED YIELDS 
TCA 

79.24 
82.52 
76.47 

102.02 
86.95 
72.05 
82.84 
67.27 
83.32 
72.72 
82.40 
71.29 
54.54 
95.18 
81.35 
84.40 
78.86 
85.89 
75.69 
56.14 

DIFFERENCE 
TCA 

3.87 
9.69 

14.95 
-21. 71 
-14.64 
- 5.32 
-21.45 
- 7.04 
-10.73 
- 2.25 
- 1.35 

9.28 
- 9.46 
-18.43 

23.67 
26.15 
19.89 

- 8.33 
- 3.63 
-16.33 

observations used in fitting these functions with their corresponding pre

dicted values. Examination of the differences between observed and pre

dicted yield may suggest a systematic relationship between the negative 

and positive values. Such appearance is due to the manner in which these 

values were selected. 

Computation of the Durbin Watson statistic and Von Neumann ratios, how

ever, indicate that in general the observations on the included variables 

each year of the study period were independent of each other. 

Equation (16) represents a relationship established when the composite 

variable was used in a function where the crop cycle is divided into two 

stages. 

TCA = 8.9019 + 2.6913 Age - .3233 Nitrogen + 67.0769WiI - 43.7505Wi12 
(3.l84)a (3.599)a (1.505) (1.320) 
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l20.7802Wi2 - 59.4l52Wi22 (16) 
(1.327) (1.270) 

F ratio 4.278 

a t ratios significant at I-percent level. 

In these relationships, soil moisture has been reduced to almost 100 

percent prior to irrigation. As before, the variables, age and nitrogen, 

are statistically the most significant (I-percent level). With the excep-

tion of the W. variable 
1 

at less than 10 percent. 

for stage one, all the others are significant 

The percent variation explained showed a slight 

increase. 

Equation (17) represents the relationship established when available 

soil moisture was assumed depleted to different levels in each stage. In 

stage two, the available moisture is reduced by 60 percent and by 100 

percent in stage one. This was based on the hypothesis that plants would 

tolerate high levels of moisture depletion early in the growing season and 

much lower levels during the late stage. This implies that irrigation 

could be less frequent during the early stage and more frequent prior to 

maturity. 

TeA = 8.6055 + 2.6913 Age - .3233 Nitrogen + 67.0765 Wi
1 

- 43.7505 W1
2 

(3.l84)a (3.599)a (1.505) (1.320) 

201.2890 Wi2 - 165.0324 Wi2 2 (17) 
(1.327) (1.271) 

F ratio 4.278 

a t ratios significant at I-percent level 

In all cases, the regression coefficients for the included variables 

are statistically similar to those for equation (16). This also holds for 

the amount of explained variation in the dependent variable. One apparent 

difference between the two equations lies in the coefficient for the water 

variable in stage two. It is twice as large in equation (17) as it is in 

(16). Yield maximizing Wi (composite water variable) for the two equations 

are as follows: .77 and 1.01 for stage one and stage two, respectively, 

for equation (16), and .77 and .61 for equation (17). For equation (17) 

60 percent of the available soil moisture has been assumed removed during 
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the second stage of growth while in stage one all the available soil mois

ture is assumed to be depleted. A sample of deviations between observed 

and estimated yields based on equations (16) and (17) is presented in Table 

5. Close examination of the tabulated values shows that there is very lit-

TABLE 5. SAMPLE OF OBSERVED AND ESTIMATED YIELDS FOR SUGARCANE 
PRODUCED ON IRRIGATED FIELDS--SUGAR PRODUCING AREA II. 

EQUATION (16) EQUATION (17) 

OBSERVED YIELD ESTIMATED YIELDS DIFFERENCE ESTIMATED YIELDS DIFFERENCE 

82.11 84.10 -0.99 74.72 8.39 
92.21 82.74 9.47 58.27 33.94 
91.42 78.71 12.71 72.58 18.84 
80.31 103.70 -23.39 88.0 - 7.75 
72.31 89.99 -17.68 89.78 -17.47 
66.73 76.29 - 9.56 80.91 -14.18 
61.39 88.54 -17.15 94.21 -32.82 
60.23 61.04 - 0.81 51.42 8.82 
72.59 85.86 -13.27 79.99 - 7.40 
70.47 76.82 - 6.35 33.04 37.43 
81.05 83.58 - 2.53 n .49 3.56 
80.57 82.19 - 2.62 95.35 -14.78 
45.08 56.44 11.36 60.89 -15.81 
n.oo 80.53 - 3.53 76.34 0.66 

105.02 85.04 19.98 87.09 17.93 
110.55 84.88 25.67 70.86 39.69 

98 75 82.39 16.36 79.62 19.13 
n .56 86.50 - 8.94 72.59 4.97 
72.06 79.01 - 7.55 74.66 - 2.60 

tIe basis for choice between both equations in terms of yield prediction. 

These equations were also used to compute the Durbin Watson statistic and 

Von Neumann ratios. The computed statistics did not reveal any strong 

evidence of auto-correlation among the data. 

While these results do not give conclusive evidence to accept or reject 

the hypothesis for the two-stage relationships, they do provide an indica

tion that with more refined data, valuable information could be developed 

on the frequency with which irrigation should be applied in the various 

stages of growth. Though the results were not highly successful in terms 

of strength of the statistical tests, the composite variable appears to 

have the needed flexibility to be used in this context. The overall per

formance of the variable was not too different from that obtained for ir

rigated fields of sugar-producing area I. 
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Statistical Results: Area II--Unirrigated Fields 

Two hundred and sixty-four observations, obtained from 44 fields, were 

used in estimating statistical production functions for the unirrigated 

fields and are distributed as follows: 66 for elevation 1 (750 feet), 168 

for elevation 2 (1,125 feet), and 30 for elevation 3 (1,500 feet and over). 

The composite variable used in this section reflects only the ratio of the 

effective water to the potential evapotranspiration for the entire crop. 

Since no irrigation is practiced on these fields, the effective water is 

based only on the total amount of rainfall received by each field per crop. 

Production functions were estimated for (i) all elevations combined and 

(ii) separate elevations. The original equations estimated appear in 

Appendix C, Tables C-2 and C-3. These that appear below are adjusted 

functions. Mean values for the omitted variables were substituted into the 

regression equations followed by appropriate adjustments in the constant 

values. 

ALL ELEVATIONS COMBINED. 

TCA = 68.3569 + 7.0266 Elevation 1 - 2.5849 Elevation 3 
(3.524)a (1.006) 

- 5.3336 Land Quality C - 4.6763 Wi- 1 

(2.860?a (2.694)a 

F ratio = 19.705 

TCA = 73.6786 + 7.6636 Elevation 1 - 3.3196 Elevation 3 
(3.774)a (1.262) 

- 4.9281 Land Quality C - 8.6300 Wi 
(2.580)a (5.06l)a 

-1 

F ratio = 19.386 

TCA = 38.0072 + 7.3637 Elevation 1 - 2.5035 Elevation 3 
(3.578)a (.9631) 

-5.3637 Land Quality C - 19.1573 Wi + 44.3031 /Wi 
(2.839)a (1.662)d (1.839)C 

F ratio = 18.879 

TCA = -13.4855 + 7.1397 Elevation 1 - 3.2667 Elevation 3 
(3.590)a (1.277) 

+120.6444 Wi 
(6.185)a 

R2 = 

- 81.9293 Wi 2 + 14.1005 Wi! 
(5.723)a (5.644)a 

.39 F ratio = 18.192 

(18) 

(19) 

(20) 

(21) 
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a 
c 
d 

t ratios significant at I-percent level 
t ratios significant at 5-percent level 
t ratios significant at 10-percent level 

Equations (18) and (19) represent reciprocal functions and are based 

on version "a" of the composite variable as defined earlier in Table 1. 

Several alternative functions were derived and found acceptable based upon 

empirical evidence. Only a very small amount of the variation in sugarcane 

yield was explained by the included variables. However, the composite 

variable performed reasonably well in nearly all the various algebraic forms 

as indicated by the statistical significance of the regression coefficients 

in each case. In equations (18) and (19), the regression coefficients for 

the composite variable are significant at the I-percent level. The basic 

difference between equations (18) and (19) is that in the former, fertilizers 

(nitrogen, phosphorus, and potassium) are treated independently while in the 

latter they are grouped together. This accounts for the 3-percent differ

ence in the explained variation as well as the difference between the sig

nificance of regression coefficients where the "t" values are much higher 

in the case of equation (19). 

As was indicated earlier, differences in elevation were introduced as 

shift variables. The effect then is a parallel shift upwards or downwards 

in the entire function, depending on the sign of the regression coefficient 

for elevation. 

Because there were only two types of land quality, the function as 

estimated represents the relationships for the land quality included. If 

the regression coefficient for the included land quality is deleted then the 

remaining variables represent the relationship for the omitted land quality. 

As was expected, the coefficients for land quality C were negative. This 

indicates that lower yields can be expected as one shifts from higher to 

lower quality land. The same effects result with a shift from lower to 

higher elevation. 

The functions presented in equations (20) and (21) show slight im

provements over the preceding ones. Equation (21) is more highly signifi

cant with respect to the regression coefficients, particularly the composite 

variable. 

FUNCTIONS FOR INDIVIDUAL ELEVATIONS. The purpose of using separate functions 

for three different elevations was to test the validity of the equations 
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estimated for all the elevations combined. The result of combining all 

elevations suggests that the fitted equations for any crop year shift in a 

pattern parallel to each other as elevation changes. Because of this, the 

marginal values obtained are identical between elevations. If the theory 

holds, all equations fitted should have similar regression coefficients 

except for the intercept term. Six of the functions fitted to test this 

hypothesis are present,ed below in their adjusted form. 1 

Funations for eLevation 1--750 feet 

TCA = 86.1182 - 9.7902 Land Quality C - 9.8043 Wi- 1 

(2.280)b (3.080)a 
(22) 

R2 = .38 F ratio = 7.511 

TCA = 80.1095 - 10.8849 Land Quality C 5.4704 Wi- 1 (23) 
(2.86l)a (1.905)C 

R2 = .53 F ratio = 11.268 

Funations for eLevation 2--1,125 feet 

TCA = 69.5729 - 2.8006 Land Quality C - 8.6382 Wi- 1 (24) 
(1.330) (3.782)a 

F ratio = 15.625 

TCA -40.0733 - 3.6537 Land Quality C - 123.4489 Wi + 227.ll68~ (25) 
(1.812)C (3.732)a (3.723)a 1 

F ratio = 16.122 

Punations for eLevation 3--1,500 feet and over2 

TCA = -100.1583 - 148.7052 W' + 316.6841 vW7" 1 1 
(1. 714)C (1.743)C 

(26) 

R2 = .42 F ratio = 2.272 

TCA = 15.5972 + 79.2715 Wi 32.1379 Wi 2 

(1.786)C (1.764)c 
(27) 

R2 = .48 F ratio = 2.389 

a b t ratios significant at I-percent level 
t ratios significant at 5-percent level 
t ratios significant at 10-percent level c 

1 

2 

These statistical functions provide several interesting results. The 

The original functions in their fitted form are presented in Appendix C, 
Table C-3 . 

All of the fields used are located on Land Quality D. 
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basic difference between each function is the treatment of the fertilizer 

variable. 1 The regression coefficient obtained for the water variable for 

equat10n (22) is significant at higher probability levels than that of 

equation (23), even though the functional form was similar.2 When the fer

tilizers used enter the equation in combined form, the regression coefficient 

is less significant than when they are entered separately. However, as 

before, the total explained variation in sugarcane yield increases from 38 

to 53 percent. 

Equations (24) and (25) estimated for elevation 2 (1,125) behaved in 

a similar manner. The percent variation accounted for increased from 33 

percent for the reciprocal formulation to 41 percent for the square root 

formulation. The t ratios are, in most cases, higher than those obtained 

previously, despite the similarity among the included variables. 

Only two of the equations estimated for the third elevation (1,500 

feet and over) appear meaningful. These are the quadratic and square root 

formulations. The regression coefficients for the water variable are 

acceptable at the 10 percent probability level in both cases with those for 

the square root equation being slightly higher. The amount of variation 

explained in both cases is 48 percent. 

This change in the behavior of the functional forms of the equations 

supports the contention made earlier that response does indeed differ as we 

move to higher elevations. It appears that high elevations and a low level 

of solar radiation affect yield adversely even though solar radiation was 

not explicitly considered in the analyses. In fact, the estimates of the 

average cane yield produced, as well as their standard deviation, also lend 

support to this contention. The amounts were 65, 61, and 59 tons for eleva

tions, 750, 1,125, and 1,500 feet and over, respectively. Their correspond

ing means and standard deviations for all elevations combined are 61 and 

16 tons, respectively. The functions estimated for the respective eleva

tions are further illustrated in Figures 6, 7, and 8. Figure 9 describes 

one of several algebraic relationships obtained when elevation differences 

2 

See Appendix C, Table C-3 . 

While the two previous definitions of the composite variable still ap
pears valid, effective rainfall/a (annual pan evaporation) and a = 1.52 
or 1.71, the analysis is based on annual pan evaporation multiplied by 1.71. 



1&.1 
II: 
0 
c( 

..... 
1&.1 
Z 
c( 
0 

... 
0 

U) 

z 
0 
~ 

1&.1 
II: 

80 

60 

40 

20 

o 

80 

o 60 
c( 

..... 
1&.1 
Z 
c( 
o 
u.., 
o 

U) 
Z o 
~ 

40 

20 

o 

"""", 
/" 

I' 
I 

I 
I 

I 
I 

I 

TCA = 86.1182 - 9.7902 LQc 

----.... -" .... 

I 
I 
I 
I 
I 
I 
I 
I 
I 

0.2 0.4 0.6 0,8 1.0 

Wi 

FIGURE 6. ELEVATION 750 FEET. 

TCA' -40.0733 - 3.S537 LQc - 123.4489 Wi + 227.IIS8YW; 

,," 
........ .... - ....,. ..... .."..-------

//// 

/_--TCA 69.5729 - 2.8006 LQ - 8.6382 Wj-I 

I 
I 

I 
I 

I 
I 

I 
I 
I 

I 
I 

-I 
9.8043 Wi 

1.2 1.4 

o L-~ __ L-~ ________ ~ ________ -L ________ -L ________ ~ ________ ~ ______ ~ 

o 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

Wi 

FIGURE 7. ELEVATION 1,125 FEET. 

29 



30 

80 

60 

1Il 

TCA = -100.1583 148.1052 Wi + 316.6841 fWi~ __________ _ 

------ ----------",'" 

."."."."."."", 

." 
15.5912 + 19.2115 Wi - 32.1319 Wi

2 

II:: 
U 

'" "- 40 
1Il 
Z 

'" U 

IL 
0 

(I) 

z 20 e 

o 
o 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

Wi 

FIGURE 8. ELEVATION 1~500 FEET AND OVER. 

80 

60 

1Il 
II:: 
U 

'" "-
1Il 
Z « 40 u 

IL 
0 

If) 

Z 

e 
20 TCA = 38.0072 + 7.3631 ELEVI - 2.5035 ELEV3 - 5.3637 LOc - 19.1513 Wi + 44.3031YW: 

o L-________ ~ ________ ~ ________ ~ ________ ~ ________ ~ ________ ~ ________ ~ 

o 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

W' , 

FIGURE 9. ALL ELEVATIONS COMBINED. 



31 

are introduced into the equation as a shift variable. This relationship is 

based on equation (20). 

In order to make sure that the functions can yield reliable estimates, 

tests for interrelationships as well as independence of the included vari

ables and the error terms were again performed. These tests are based on 

two functions chosen from among those fitted for elevations of 750 feet and 

1,500 feet, respectively. As expected, all the functions containing either 

the squared, square root, or interaction variables are highly correlated 

with their corresponding untransformed forms.l There was conclusive evi

dence that the observations as well as the error terms were independent of 

each other. A sample of the magnitude and distribution of the deviations 

between the observed and estimated values are presented in Tables 6 and 7. 

Although some of the differences may appear to be quite large, it should be 

remembered that anyone figure represents deviations for one field which 

averages between 30 and 150 acres of sugarcane. 

Comparison of the fitted curves indicates that more accurate results 

will be obtained if yield predictions as well as marginal values are esti

mated with functions fitted for individual elevations. This conclusion is 

based on the differences observed in the slopes of the equations which in 

turn appear to be largely due to climatic differences. The results presented 

in Tables 7 and 8 also support this contention. 2 Nevertheless, caution 

should be exercised in deriving estimates from these functions. 

PRODUCTIVITY OF IRRIGATION WATER 

This section will use the statistical functions developed to determine 

the marginal productivity of irrigation water and to illustrate the proce

dure for estimating its value as an economic resource. To maximize profit, 

a variable resource will be employed in a given production process until 

the point is reached where the value of its marginal product is equal to its 

price. The revenue obtained from sale of the product reflects the proceeds 

2 

Examples of these results are shown in the correlation matrices presented 
in Appendix C. 

Comparisons were also made between observed and estimated yield using the 
equations fitted for all elevations combined and other individual eleva
tions. The results shown in Tables 7 and 8 are only illustrative. 
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TABLE 6. SAMPLE OF ACTUAL AND ESTIMATED YIELD FOR SUGARCANE 
PRODUCED AT ELEVATION 750 FEET. 

ACTUAL YIELDS ESTIMATED YIELDS DIFFERENCE ESTIMATED YIELDS DIFFERENCE 
TCA TCA TCA TCA TCA 

44.79 56.02 -11. 23 61.08 -16.29 
79.11 65.62 13.49 68.97 10.14 
19.07 44.86 - 5.7 48.36 -29.29 
92.87 67.39 25.48 71.76 21.11 
41.34 58.32 -16.98 47.14 - 5.80 
85.57 62.74 22.83 65.31 20.26 
45.34 65.87 -20.53 53.47 - 8.13 
79.61 60.95 18.66 70.11 9.50 
57.88 65.00 - 7.12 68.88 11.00 

105.37 82.68 22.69 86.40 18.97 
78.76 77 .40 1.36 72.91 5.85 
71.70 70.17 1.53 72.22 - 0.52 
73.10 75.62 - 2.52 67.01 6.09 
84.50 65.11 19.39 75.54 8.96 
61.09 55.57 5.52 54.72 6.34 
74.30 74.45 - 0.15 75.04 - 0.74 
70.90 88.55 -17.65 86.63 -15.73 
71.63 69.94 1.69 71.82 - 0.19 
61.31 80.20 -18.89 72.79 -11.48 
99.~0 72.40 27.00 75.91 23.49 
75.83 79.39 3.56 74.54 1.29 

104.07 75.11 28.96 90.76 13.31 

TABLE 7. SAMPLE OF ACTUAL AND ESTIMATED YIELD FOR SUGARCANE 
PRODUCED AT ELEVATION 1,500 FEET AND OVER. 

ACTUAL YIELDS ESTIMATED YIELDS DIFFERENCE ESTIMATED YIELDS DIFFERENCE 
TCA TCA TCA TCA TCA 

62.94 52.93 10 .01 56.07 6.87 
70.67 62.50 8.17 64.21 6.40 
55.68 57.99 - 2.31 58.01 - 2.33 
65.25 64.14 1.11 62.98 2.27 
37.32 42.94 5.62 43.45 - 6.13 
36.41 55.82 -19.41 54.46 -18.05 
64.85 51.81 13.04 46.13 18.72 
67.98 58.23 9.75 58.27 9.71 
60.21 58.84 1. 37 57.85 2.36 
72 .16 62.00 10 .16 62.34 9.82 
38.17 49.81 -11.64 45.16 - 6.99 
47.58 50.34 2.76 52.98 - 5.40 
56.35 47.55 8.80 46.96 9.39 
62.50 65.17 - 2.67 68.71 - 6.21 
72.92 61.92 11.00 65.56 7.36 
59.11 57.98 1.13 57.04 2.07 
57.81 83.53 -25.72 83.29 -25.48 
44.77 55.95 -11.18 54.34 - 9.66 
52.01 47.57 4.44 53.71 - 1. 70 
75.74 67.77 7.97 68.31 7.43 
66.86 62.07 4.79 65.80 1.06 
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that are available to pay the factors of production for their contributions 

to the total product. If prices remain unchanged, the total revenue obtained 

becomes a function of the output, regardless of the level of production, and 

total cost becomes a function of total inputs used. 

Criteria for Selection of Functions 

There is no one set of rules that is satisfactory for selection of the 

best functions among those developed in this study. There are, however, 

some guidelines for selection which have been used by many researchers which 

can be considered applicable. 

As mentioned earlier, the computed statistic R2 x 100 (coefficient of 

determination) is the percentage variation in the dependent variable explained 

by the fitted equation. Naturally the desired value is as close to 1.00 as 

possible provided other criteria are not violated. A high t-ratio is also 

desirable because it gives an indication of the significance of the regres

sion coefficients. Variables with highly significant regression coefficients 

generally have a much greater chance of influencing the selection of a par

ticular equation than those with lower significance levels. 

To assure the usefulness of a function these criteria must be reinforced 

by theoretical considerations--biologic and economic. Biologic guidelines 

reflecting current agronomic theory have played an important role in develop

ing the estimating procedures used herein and must be considered once more 

in choosing from among alternative functions. The functions that best sat

isfy the biologic constraints are generally the ones that were selected. 

If the function satisfies both the statistical and theoretical criteria 

then the final equation chosen would be the one that comes closest to pre

dicting the observed yields over the entire production surface. Once the 

total product function has been chosen from among the alternatives, the 

derivation of the marginal product is relatively simple. 

Marginal Value Products for Irrigation ~Jater in Various Sugar Producing Areas 

The marginal contribution or marginal physical productivity (MPP) func

tions for irrigation water are the first derivatives of the production func

tions with respect to irrigation water. The several functions estimated 

for each situation were described in the previous section. Those for which 
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the marginal productivities are derived in this section are thought to be 

representative for each condition and have been selected on the basis of 

the criteria established above. The respective functions will be presented 

followed by a brief justification for their selection. 

For sugar-producing area I, the following equations have been chosen 

from which the marginal products of irrigation water will be derived. One 

function has been selected to represent each of the soil groups on which 

sugarcane is produced as well as the type of water used for irrigation 

purposes. 

IRRIGATED FIELDS. 

Bpaokish Fatep.l Soil Group A: TeA = 144.5810 

Soil Group B: TeA = 146.8226 

(28) 

(29) 

Non-Bpaokish Watep.2 Soil Group A: TeA 

Soil Group B: TeA 

138.6413 - 18.3090 Wi- 1 (30) 

167.0962 - 41.9282 Wi- 1 (31) 

Equations (28), (30), and (31) represent relationships established when 

the available soil moisture has been depleted by 60 percent. Equation (29) 

corresponds to a 30 percent depletion of available soil moisture. In all 

cases sugarcane is produced on land quality A. All the other variables have 

been held constant at their mean values. The a values (constants) have been 

adjusted accordingly. The percentage of yield variation explained by these 

relationships varied between 26 and 54 percent. Equation (28), (29), (30), 

and (31) were selected because they appeared to be logically and statistically 

appropriate even though the quadratic equations seemed to function equally 

well. Reciprocal functions were preferred to the quadratic functions mainly 

because of the potentially large errors in prediction if the quadratic equa

tions are used to determine the marginal products. In some cases, the quad

ratic functions accounted for a larger proportion of the variation in sugar

cane yield. Most of the regression coefficients for the included variables 

were significant at the 10 percent probability level or higher. 3 

2 

3 

Table B-1, Equations Sand 6. 

Table B-3, Equations 3 and S. 

From a purely theoretical point of view, the quadratic equations may be 
preferred to the reciprocal functions because they allow the water-yield 
relationship to attain a definite maximum as well as some of the charac
teristics mentioned earlier. 



Because of the physical differences within sugar-producing area II, 

several functions were fitted for a number of situations. The following 

equations were selected to represent each of these situations. 
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As indicated in the section describing the empirical analysis, two sets 

of water-yield relationships were established for the irrigated fields. In 

one case, the composite variable was constructed for two stages of growth 

and used to estimate several alternative functions. Production functions 

estimated in the second case were based on the composite variable constructed 

for the entire crop cycle. In each case, the construction of the composite 

variable was based on observed pan evaporation during the crop cycle, i.e.~ 

from planting to harvest. This differs from the previous cases where the 

atmospheric demand for water was based on annual pan evaporation estimates 

multiplied by some conversion factor. 

Equation (32) is chosen to represent water-yield relationships for the 

irrigated fields when the composite variable is constructed for the entire 

crop cycle. 1 

TCA = -24.3010 + 393.5273 Wi - 353.6162 Wi 2 (32) 

This relationship accounts for approximately 44 percent of the varia-

tion in sugarcane yield on the irrigated fields. The regression coefficients 

for the variables, crop age and nitrogen, were ~ignificant at the I-percent 

level while the composite variable was significant at the 10-percent level. 

These results are based on conditions existing when 60 percent of the avail

able soil moisture has been depleted. Equation (32) was selected from among 

those presented in Appendix C, Table C-l . At a first glance, it may appear 

that other functions would be more representative. The reciprocal functions 

were rejected mainly because of their low statistical significance of the 

water variable. Their elimination left two alternatives--the quadratic or 

the square root formulations. In this respect, equation (7) of Appendix C, 

Table C-l might have been chosen because the water variable did perform 

reasonably well, but it was also rejected because of agronomic theory and the 

relatively large errors in prediction that would result. While the differences 

between predicted yields and observed yields were smallest in the case of 

equation (7), Appendix C, Table C-l, it was still rejected because of the 

interrelated variables. The 3 percent increase in the coefficient of deter-

Adjusted version of equation (14), p. 21, equation (2) ,Table C-l, p. 61. 
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mination was due to the presence of the interaction term IWi x IN which was 

also responsible for the reduction in the statistical significance of nitrogen. 

TWo-Stage Funations--Irrigated Fields. Equation (33) describes the 

water-yield relationship for irrigated fields when two-stage functions were 

fitted to the data. 1 (Available soil moisture has been depleted in each stage 

prior to irrigation.) 

TCA = -.7403 + 67.069 Wi! - 43.7505 Wil 2 + 120.7802 Wh - 59.4152 Wi/ (33) 

UNIRRIGATED FIELDS. 

Elevation 750 Feet. 2 TCA = 80.1095 - 10.8849 Land Quality C 

- 5.4704 Wi- 1 (34) 

Elevation 1,125 Feet. 3 TCA = -40.0733 - 3.6537 Land Quality C 

- 123.4489 Wi + 277.1168 /Wi (35) 

Elevation 1,500 Feet and OVer. See Appendix C, Table C-3 for equations. 

Close examination of these functions will show that, despite the rela

tively significant amount of variation in sugarcane yield which was accounted 

for, the regression coefficients for the included variables were in most 

cases significant at the 10-percent level or less. Perhaps the poorest re

sults were obtained for the reciprocal functions. This automatically re

duces the selection to either the quadratic or square root formulations. 

Equation (36) was selected to describe the water-yield relationship 

for all sugarcane fields located at elevations of 1,500 feet or more. The 

only variables that are significant above the 10-percent level are age and 

water.l+ 

TCA = 15.5972 + 79.2715 Wi - 32.1379 Wi 2 (36) 

It is evident that the inclusion of the squared term in the equation 

introduces multicolinearity and will result in relatively large standard 

errors. 

1 Equation (17) , p. 23 
2 Equation (23), p. 27 
3 Equation (25) , p. 27 
l+ Equation (27) , p. 27 
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Economic Optimum 

The optimum application of irrigation water in a particular area is 

that application which maximizes net revenue with other variables remaining 

consistent at predetermined levels. This net revenue, or profit, is defined 

as the difference between total revenue and total costs for any yield level. 

Total revenue in this case becomes actual yield multiplied by the value of 

a ton of sugarcane in the field. Total cost is the total quantity of ir

rigation water that must be applied, multiplied by its unit cost plus the 

cos t of other productive resources \l7hich are considered fixe,d in this case. 

Net revenue for any yield level is given by Equation (37). 

P = Y PC - I CU - KI 
a e (37) 

in which P = net revenue, PC = field value per ton cane; Ie = level of ef

fective irrigation (N x S), CU unit cost of irrigation application, and 

KI = cost of other inputs. 

Net revenue is maximized when the derivative of this profit function, 

with respect to irrigation water, is set equal to zero as shown in equation 

(38) below. 

fl (Ya) (PC - CU) :::: 0 (38) 

At this point, the value of the sugarcane produced by the last unit of water 

applied just equals its cost 

fl (Ya) PC :::: CU (39) 

In economic literature the incremental yield, Y~, referred to as the 

marginal physical product and its value, (Y~ PC), as the value of the mar

ginal product (VMP). The incremental cost, CU, is the marginal cost of the 

input, MC, and is also a derivative. In these terms, the maximum net return 

is at the point where the value of marginal product just equals the marginal 

cost of the input as specified by equation (39). 

The marginal value product functions (MPP x P) for the selected equa

tions are presented as equations (40) to (48). 

(23.3510 PEp) I (I + R)2 

(12.5395 PEp) I (I + R)2 

( 40) 

(41) 



38 

(18.3090 P Ep) / (I + R)2 ( 42) 

(41.9282 P Ep) / (I + R)2 ( 43) 

( 5.4704 P Ep) / (I + R)2 ( 44) 

(123.4489 - [.5(227.1168) Ep]3/2 / [I + R]1/2) l/Ep (45) 

79.2715 P 2(32.1379 P) I + R 

Ep Ep Ep 
( 46) 

393.5273 P 2(353.6162 P) I + R 

Ep Ep Ep 
(47) 

67.069 P 2(43.7505 P) I + R" 
(48) • --

Ep Ep Ep 

The optimum level of irrigation can be calculated for equation (40) 

by setting MVP equal to the cost of irrigation (CU) , This results in equa

tion (49). 

(23.3510 PEp) / (I + R)2 = CU 

Optimum irrigation is 

I = 123.2510 P Ep - R 

CU 

To apply equation (50) in an actual situation it 

( 49) 

(50) 

necessary to esti 

mate two values: the cost of applying a unit of effective irrigation water 

and the value of an unharvested ton of sugarcane. The cost of applying an 

acre inch of irrigation water in study area I was about $2.16 and in area II 

about $2.27 in 1968. The value, at the farm, of sugarcane is reported by 

Rankine (1969). Subtracting an estimate for harvesting cost would provide 

estimates of the unharvested value of sugarcane in 1968. Other relation

ships can also be derived from these production functions~ e.g. 3 product 

supply curves, short-run marginal cost functions, and derived factor demand 

curves. The methods for deriving these additional functions are outlined 

elsewhere. 

CONCLUS IONS 

Empirical analyses of the data collected were based on a single equa-
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tion least squares regression model. A relatively large number of equations 

were fitted for each situation so that the stability of the regression co

efficients could be tested, especially those for the composite water vari

able. The value R2 indicates that the total amount of variation in the 

dependent variable is explained by the indluded independent variables. 

Decisions to retain a variable in each of the fitted equations is based on 

tests of significance of the coefficients (t tests) and R2 values. In most 

cases, only variables that were significant at the 10-percent level and 

above were retained in the equations. However, the total amounts of varia

tion explained by the dependent variables, tons of cane per acre, were not 

high, varying from about 18 to 54 percent. Consideration was also given to 

the production logic regarding a particular variable. Additional tests were 

applied to establish the presence or absence of multicolinearity and auto

correlation. 

In general, the results of the empirical analyses demonstrated that 

these models provide meaningful measures of the productivity of irrigation 

water. Models were constructed for each of the following cases: irrigated 

sugarcane fields, unirrigated sugarcane fields, a single measure of water 

adequacy for the entire crop, for two stages of growth, and for various 

sugar-producing environments. In nearly all cases, the water variable was 

statistically significant at relatively high probability levels and accounted 

for a significant portion of the total variation in cane yield. 

In general, the results substantiate agronomic theories on the soil

water-yield relationship with respect to sugarcane in that the productivity 

of irrigation water varies with the physical environment as well as the 

availability of water used. 

Further, the study results substantiate the need for higher irrigation 

frequency for fields using brackish water. When irrigating with brackish 

water, soil moisture can be allowed to fall only to somewhere between 40 and 

50 percent of the field capacity before growth is severely retarded. In the 

case of non-brackish water, irrigation is not required until at least 60 

percent of the available water is used up. However, these conditions may 

apply only to the specific soil groups studied. Further work is needed to 

check these results and extend the analysis. Ashton (1956) demonstrated that 

photosynthes~s in cane would not be affected until the moisture content was 

depleted to 40 percent or less. When moisture content is high, soil moisture 



40 

stress is low and when moisture content is low, soil moisture stress is high. 

The results of the analysis for non-brackish water agree with Ashton's find

ings. But the use of brackish water seems to call for more frequent irriga

tion because of the tendency of its salt content to increase the moisture 

stress in soil. 

Productivity differences were particularly significant between the land 

classes in area I with yields decreasing as production shifts from high quality 

to low quality land. As production shifts to lower quality land, there was 

the tendency for yield to decrease. Land productivity differences were 

introduced into the model in this study via a shift variable. Use of this 

procedure results in marginal productivity estimates of irrigation water that 

are identical among land classes A, B, and C. However, differences in mar

ginal products between the various land classes can be developed by analyzing 

each land class separately. Preliminary investigation indicates that this 

would be difficult with present data because one particular land class some

times includes more than one soil group. This makes the inclusion of the 

moisture stress concept complex although a few soil groupings usually domi

nates a given land class. 

Land quality differences played a less significant role in the analysis 

of area II. On irrigated fields, land productivity differences were not 

statistically significant enough to be retained in the equations. On the 

unirrigated fields of area II, the significance of land quality appears to 

be influenced by elevation differences in a manner similar to that in sugar 

area I, i.e., as production shifts to higher elevation, yields tend to decline. 

This is probably due mainly to the influence of solar radiation. The shift 

variable used as a proxy for differences in elevation had significant re

gression coefficients, as well as the appropriate signs. Similar conclusions 

can be made from the equations tted for separate elevations. 

Results of the analysis for the two-stage functions were also encouraging 

despite the obvious limitations. With the exception the water variable in 

the equations, most of the variables included were statistically significant 

at the one-percent probability level. The regression coefficient of the 

water variable, referred to as the composite variable, was generally signifi

cant at the 10 percent or slightly lower level. Further, the coefficients 

in stage two were frequently more significant than in stage one. The low 

statistical significance of the water variable may have been caused by inter-



relationships among the composite variable for each stage since they were 

both included in the fitted equations, but a check of correlation matrix 
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did not reveal any marked interrelationships. Two-stage functions were esti

mated only for the irrigated fields of area II. This procedure provided 

some additional refinement in data treatment. With more observations it ap

pears sugarcane yield could be successfully related to quantity of water and 

effective water applied during different stages of growth, as well as over 

the entire crop cycle. However, in the two-stage function analysis, it was 

assumed that growth in each stage was independent of the other. This may 

be in violation of agronomic theory, but for the present study, the idea was 

purely conceptional and exploratory. If a multistage functions is to be 

meaningful, more data is required and a more sophisticated model should be 

used to show the optimum inter-stage allocation of irrigation water. 

It should be recalled that the composite variable represents a ratio of 

the actual evapotranspiration to the potential evapotranspiration (as defined 

on p. 4). The composite variable also defines a single estimate of the 

adequacy of water for the entire crop cycle or various stages of growth. The 

way in which this variable is defined specifies that maximum sugarcane yield 

is obtained when the effective water is equal to the potential evapotrans

piration, hence, either value can be used to represent the sum of the plant 

requirements throughout the crop cycle when water is not limiting. However, 

current agronomic thought suggests a need to allow for differential effects 

on growth of water deficits occurring at different stages of the crop cycle. 

As shown in the functions estimated, such allowances can be made. It is 

evident that maximum yields can be obtained before or after the ratio becomes 

unity. Without considering the form of the equation, whenever the ratio 

exceeds unity, the amount of water applied was excessive. 

Since the composite variable is a ratio, or an index, this ratio or 

index must be expressed in terms of water quantity before the marginal 

productivity of water can be'derived from the variable. 

The composite variable developed for this study appears to be highly 

suitable for measuring the productivity of irrigation water in quantitative 

dimensions, not only in the case of sugarcane, but for any crop on which 

there is sufficient information that is detailed and accurate. At the 

present, most field records are not as adequate as might be desired. 

The results suggest that for water-management to be effective, especi-



42 

ally in the short run, the various conditions that characterize the produc

tion process should be considered in great detail. It would be incorrect 

to specify certain irrigation practices without considering the likely 

response as well as the price and quality of irrigation water and the price 

of sugarcane if these prices are available. 

Suggestions for improvement would be: to increase the number of meteoro

logical stations (wind, pan-evaporation, rainfall, radiation). This would 

reduce the size of the errors when these data are transferred from the sta

tions to a particular field. More precise measurement of the amount of water 

applied in irrigation is needed so that the composite variable could be more 

accurately defined. 

A logical direction for future research would be one that begins with 

data requirements with a view to reorienting the record systems. Attention 

should be given to the structure of the composite variable. Some method 

should be devised to incorporate the effects of solar radiation and tempera

ture into the variable. These are important factors in sugarcane production 

that. were not considered explicitly in this study. Because even though the 

functional form of the equations that were used in the study performed rea

sonably well, it appears that better fits could be obtained with further 

refinements in data, inclusion of omitted factors, and, forms of the equa

tion. 



43 

REFERENCES 

Ashton, F.M. 1956. "Effects of a series of cycles of alternating low and 
high soil water contents on the rate of apparent photosynthesis of 
sugar cane." Plant Physiology. 1701. 31-. pp. 266-274. 

Campbell, R.B. 1967. Sugar aane~ irri~ation of agriaultupal lands. 
American Society of Agronomy Handbook No. 11. Chapter 33. 

Chang, J., R.B. Campbell, and F.E. Robinson. 1963. 
between water and sugar cane yield in Hawaii. 1I 

Vol. 55. 

"On the relationship 
Agronomy JournaZ. 

Chang, J. 1968. Climate and agriaulture. Aldine Publishing Co., Chicago. 
pp. 201-210. 

Clements, Harry F. Undated. Environmental influenaes on the growth of 
sugar aane. Reprint from Mineral Nutrition of Plants. Univeristy of 
Wisconsin. 

Freund, J.E. and F.J. Williams. 1964. Modern business statistias. 
Prentice Hall, Inc. Englewood Cliffs, N.J. 

Hawaii Crop & Livestock Reporting Service 1968. Statistias of Hawaiian 
agriaulture~ 196? Honolulu, Hawaii. 

Heady, E.O. and J.L. Dillon. 1963. Agriaultural production functions. 
Iowa State University Press, Ames, Iowa. 

Hogg, H.C., J.R. Davidson, and J. Chang. 1969. "Economics of a water-yield 
function for sugar cane." Journal of Ameriaan Soaiety of Civil 
Engineering. 95(lRl):127-l38. 

Hogg, H.C., J.R. Davidson, and L.B. Rankine. 1967. "A composite variable 
for estimating the productivity of irrigation water." Proaeedings of 
the Water Resouraes Committee of the Western Agricultural Economics 
Researah Council. 

Lateef, A. 1966. A study of irrigation water management at Honokaa Sugar 
Plantation~ Hawaii. Unpublished M.S. Thesis, University of Hawaii. 

Rankine, L.B. 1969. Methods for determining the productivity of irrigation 
water for the production of sugar in Hawaii. Unpublished Ph.D. thesis, 
University of Hawaii. 

Robinson, F.E. 1963. "Soil moisture tension, sugar cane stalk elongation, 
and irrigation interval control." Agronomy Journal. Vol. 55. 

Thorne, M.D. 1949. "Moisture characteristics of some Hawaiian soils." 
Proaeedings Soil Scienae of America. 





APPENDICES 





APPENDIX A 





TABLE A-I. PRODUCTION FUNCTIONS FOR SUGAR PRODUCING AREA I CROPS 1955 - 1966. 

LAND LAND LAND b-D-l EQUATION A VALUE AGE CROP YEAR QUALITY QUALITY QUALITY ~<?-l W· 1 1 
A B C 

1955-1966 

1 96.6272 .4433 -.9841 31.5761 24.1180 -23.1769 
(2.147)C (2.469)b (13.941)a (9.831)a (6.672)a 

2 96.6007 .4445 -.9910 31. 5360 24.1080 -26.0191 
(2.153)C (2.437)b 03.936)a (9.826)a (6.665)a 

w· 1 W· 2 
1 

3 32.9450 .4471 -.9869 32.2386 24.8885 52.4999 -13.2209 
(2.157)C (2.466)b (13.209)a (9.391)a O.063)a O.78l)d 

W· - 2 W' 1 1 

4 32.9464 .4471 -.9919 32.2352 24.9899 46.6530 -10.4204 
(2.157)C (2.479)b (13.219)a (9.405)a C3.066)a (1. 778)d 

a SIGNIFICANT AT 1 PERCENT LEVEL (t RATIOS) (NxS) + Re aW· = b SIGNIFICANT AT 2 PERCENT LEVEL (t RATIOS) 1 1. 71 APE 
C SIGNIFICANT AT 5 PERCENT LEVEL (t RATIOS) 
d SIGNIFICANT AT 10 PERCENT LEVEL (t RATIOS) b-D (NxS) + Re W· 1. 52 APE 1 

~:;~:k-";J.*"i<~;io~;;:;:>ii1ii£o~..;;::.., .. ,lIlDt"J Emiiiiiiiil 

R R 

.59 .35 

.59 .35 

--- .35 

--- .35 

F 

41.88 

41.85 

34.27 

34.29 

.j:>. 
<..0 



TABLE A-2. MODIFIED RECIPROCAL FUNCTIONS FOR SUGAR PRODUCING AREA I CROPS 1955 - 1966. 

LAND LAND 
EQUATION C FACTOR A VALUE AGE CROP YEAR QUALITY QUALITY aW9- 1 bW.; R2 

1 
A B 

1 .4 100.9980 .2817 -.8292 30.5915 23.1968 -12.5152 .36 
0.350) (2.089)b 04.192)a (9.880)a C7 .225)a 

2 .4 100.4420 .2862 -.8499 30.5971 23.2536 -13.7227 .36 
(1. 374) (2. 138)b (14. 12?)a (9.847)a C7.094)a 

3 .5 100.6260 .3072 -.8632 31. 0850 23.6858 -1~.6744 .36 
0.480) (2.17?)b 04.231)a (9.970)a Cl.211)a 

4 .5 100.0270 .3117 -.8835 31. 0680 23.7235 -16.0576 .36 
(1. 500) (2.225)b 04.155)a (9.92?)a C7 .073)a 

5 .6 100.0090 .3307 -.8938 31. 3874 23.9839 -16.6125 .36 
0.600) (2.254)C 04.21 ?)a OO.OOO)a Cl . 147)a 

6 .6 99.3935 .3350 -.9133 31. 3549 24.0071 -18.1558 .36 
0.615) (2.299)c 04.135)a (9.949)a Cl . 006)a 

7 .8 98.6249 .3692 -.9430 31.6732 24.2623 -20.0432 .36 
(1. 786) (2.375)b 04.128)a (9.976)a (6.972)a 

8 .8 98.0135 .3728 -.9607 31. 6212 24.2672 -21.8776 .36 
(1. 800) (2.415)b 04.040)a (9.918)a (6.831)a 

a SIGNIFICANT AT 1 PERCENT LEVEL (t RATIOS) a- c (NxS) + Re bW· c (NxS) + Re 
b SIGNIFICANT AT 2 PERCENT LEVEL (t RATIOS) W· = = 1. 71 APE 1 1. 52 APE 1 

c SIGNIFICANT AT 5 PERCENT LEVEL (t RATIOS) 
ALL OTHER t RATIOS SIGNIFICANT AT 10 PERCENT LEVEL 

lJ1 
o 



TABLE A-3. MODIFIED QUADRATIC FUNCTIONS FOR SUGAR PRODUCING AREA I CROPS 1955 - 1966. 

C A LAND LAND 
b W' EQUATION FACTOR VALUE AGE CROP YEAR QUALITY QUALITY a- -2 W· 2 R2 W' W· 1 1 1 1 

A B 

1 .4 38.5919 .2836 -.828~ 31.4845 24.1568 80.9259 -30.7977 .36 
(1. 360) (2.08) 03.719)a (9.702)a (2.791)a 0.420) 

2 .4 36.3847 .2743 -.8162 31. 5055 24.1046 98.4238 -44.3381 .36 
(1. 320) (2.053)b 04.222)a (9.990)a (5.019)a C3.212)a 

3 .5 35.7812 .3090 -.8633 31.9490 24.6084 75.6555 -26.5173 .36 
0.484) (2.168)b (13.623)a (9.68])a (2.999)a 0.630) 

4 .5 34.2600 .3002 -.8500 32.0777 24.6600 88.7890 -35.3762 .36 
0.444) (2.139)b (14.205)a (10.045)a (5.075)a C3.315)a 

5 .6 34.2222 .3325 -.8938 32.2320 24.8773 69.3164 -22.1833 .35 
(1. 600) (2.243)c (13.513)a (9.642)a C3.11])a 0.756) 

6 .6 33.1160 .3242 -.8804 32.4346 25.0019 79.7426 -28.4250 .35 
(1. 560) (2.150)C (14.143)a (10.043)a (5.065)a C3.351)a 

7 .8 33.0694 .3709 -.9419 32.4952 25.1155 57.4079 -15.4100 .35 
0.785) (2.360)b 03.302)a (9.523)a C3.21])a (1.880) 

8 .8 32.3794 .3636 -.9291 32.7818 25.3252 64.7812 -19.0228 .35 
0.752) (2.333)b (13.978)a (9.968)a (4.964)a (3.329)a 

a SIGNIFICANT AT 1 PERCENT LEVEL (t RATIOS) a- c (NxS) + Re bW· c (NxS) + Re 
b SIGNIFICANT AT 2 PERCENT LEVEL (t RATIOS) W· = 1. 52 APE = 1. 71 APE 1 1 

c SIGNIFICANT AT 5 PERCENT LEVEL (t RATIOS) 
ALL OTHER t RATIOS SIGNIFICANT AT 10 PERCENT LEVEL tJ'1 ..... 
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TABLE B-1. PRODUCTION FUNCTIONS FOR ALL FIELDS IRRIGATED WITH BRACKISH WATER 
FOR SOIL GROUPS A AND B: CROPS' 1955 - 1966. 

lAND lAND 
EQUATION C FACTOR A VALUE CROP YEAR QUALITY QUALITY 'Wi W· 2 

~ 
GROUP R2 

A B 

.60 - 8.5228 -1.4741 26.6162 21.9770 230.7810 -127.2630b A .39 
0.834)c (5.702)a (4.190a (2.836)a (2.242) 

2 1.00 -37.4120 -1.4616 28.7317 23.7988 212.9740 - 86.1990 A .41 
0.867)c (6.299)a (4.645)a O.983)a O.365)a 

Wi- I 

3 .12 110.4430 -1. 8298b 22.9457 17.5009 -5.3196a A .29 
(2.145) (4.649)a (3.142)a 0.424) 

4 .25 116.8010 -1.624\ 23.7206 18.7667 -10.3069 A .32 
(1. 948) (4.965)a (3.474)a (4.286)a 

.60 123.4720 -1. 4182 25.7155 21.4945 -23:3518 A .37 
0.759)c (5.590)a (4.112)a C5.28l)a 

6 .30 109.3600 37.4626 38.4404 -12.5395 B .54 
C9.888)a (2.631)a (4.111)a 

.60 109.8990 39.7575 41..1720 -20.3715 B .53 
(9.1804)a (2.792)a 0.821)a 

8 .80 109.2050 40.1787 42.2701 -24.6234 B .52 
(S.850a (2.849)a C3 .642)a 

9 .25 48.0566 -.9771 10.2336 236.4360 -231. 010 A .23 
0.41) 0.683) 0.890 (1.455) 

10 .60 27.1563 -1.0563 10.5975 209.1420 -135.5030 A .23 
(1.513) 0.806) (2.569) (2.143) 

11 1.00 28.2827 -1.0911 10.6858 144.7360 66.2184 A .22 
0.53.3) 0.819) (2.659) (2.270) 

Wi 
-I 

12 .12 119.8480 .9222 10.0833 -4.5857 A .22 
0.339) 0.654) 0.586) 

13 .25 125.019 -1. 0475 10.0093 -7.8806 A .23 
(1. 537) (3.649) C3.796) 

14 .60 128.1490 -1. 2865 10.0280 -14.4979 A .22 
0.877) 0.633) 0.596) 

15 1. 00 126.5320 -1.3848 10.1213 -19.2886 A .21 
(1. 993) 0.629) 0.232) 

a SIGNIFICANT AT 1 PERCENT LEVEL (t RATIOS) c (NxS~ + Re 
b SIGNIFICANT AT 5 PERCENT LEVEL (t RATIOS) 'Wi 1.71 APE c SIGNIFICANT AT 10 PERCENT LEVEL (t RATIOS) 
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TABLE B-2. PRODUCTION FUNCTIONS FOR FIELDS IRRIGATED WITH NON-BRACKISH WATER 
SOIL GROUP B: CROPS 1955 - 1966. 

SOIL 
EQUATION C FACTOR A VALUE AGE CROP YEAR Wi W· 2 

1 GROUP R2 

1 .30 66.4210 -1.4247 123.3240
b 

-62.1591 
(1.032) (2.400 (1.034)C 

B .18 

Wi 
-1 

2 .60 124.7180 .3559 -1.9113 -14.9842 
(1.273) (1. 396) (2.586)a 

B .19 

3 .80 123.3350 .3799 -1. 9882 -17.5927
b 0.354) 0.451) 0.493) 

B .18 

a SIGNIFICANT AT 1 PERCENT LEVEL (t RATIOS) 
b SIGNIFICANT AT 2 PERCENT LEVEL (t RATIOS) 
C SIGNIFICANT AT 5 PERCENT LEVEL (t RATIOS) 

TABLE B-3. PRODUCTION FUNCTIONS FOR FIELDS IRRIGATED WITH NON-BRACKISH WATER 
FOR SPECIFIED SOIL GROUPS: CROPS 1955 - 1966. 

LAND LAND SOIL 
EQUATION C FACTOR A VALUE CROP YEAR QUALITY QUALITY VARIETY *W

i 
-1 GROUP R2 

A B 

1.00 154.6865 -1.1053 -7.0320 -34.8872 A & B .27 
(1. 780)c (2.05)b C6.340)a 

2 .25 127.6432 -1.8192 7.1349 7.1234 A .21 
(2.850)a (2.590)a O.610)a 

3 .60 137.3089 -1.6854 7.3674 -18.3090 A .26 
(2.720)a (2.7na (4.620)a 

4 1.00 140.9430 -1.6760 7.1781 -29.4910 A .28 
C2.740)a (2.740)a (4.900)a 

5 .60 167.0962 -41.9282 
(5.440)a 

8 .36 

5 .80 170.7154 -54.4825 
(S.840)a 

8 .40 

7 1.00 172.1573 -65.9184 
C6.060)a 

B .41 

a SIGNIFICANT AT 1 PERCENT LEVEL (t RATIOS) *Wi 
c (NxS) + Re b SIGNIFICANT AT 2 PERCENT LEVEL (t RATIOS) 1. 52 APE c SIGNIFICANT AT 10 PERCENT LEVEL (t RATIOS) 
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TABLE B-4. .PRODUCTION FUNCTIONS FOR ALL FIELDS IRRIGATED WITH BRACKISH WATER 
FOR SPECIFIED SOIL GROUPS: ·CROPS 1955 - 1966. 

- -1 
SOIL 

EQUATION C FACTOR A VALUE LAND QUALITY LAND QUALITY *Wi GROUP R2 
A B 

1 .12 108.0432 21. 8818 
(4.280)a 

17.9732 
C4.010)a 

6.8693 
C4.690)a 

A .31 

2 .25 111.7362 22.3359 
C4.410)a 

19.4523 
C4.320)a 

-11.3854 
(4.890)a 

A .32 

3 .60 110.5260 23.5454 
C4.580)a 

20.7803 
(4.490)a 

-19.1651 
C4.400)a 

A .29 

4 .30 100.7198 26.8099 8.7119 - 8.8542b B .34 
(6.81) a (1.450) (2.320) 

5 .60 102.8432 27.8390 8.9838 -16.1116 B .34 
(6.840)a 0.490) (2.33)b 

6 .80 102.6994 28.0575 8.7220 -19.8906 B .34 
C6.790)a 0.450) (2.270)c 

a SIGNIFICANT AT 1 PERCENT LEVEL (t RATIOS) 
*Wi 

(NxS) + Re 
b SIGNIFICANT AT 2 PERCENT LEVEL (t RATIOS) = 1. 52 APE 
c SIGNIFICANT AT 5 PERCENT LEVEL (t RATIOS) 

TABLE B-5. QUADRATIC FUNCTIONS FOR FIELDS IRRIGATED WITH BRACKISH WATER 
SOIL GROUPS A AND B: CROPS 1955 - 1966. 

LAND LAND SOIL 
EQUATION C FACTOR A VALUE CROP YEAR QUALITY QUALITY WI 

- 2 GROUP R2 W. 
A B 

l 

1 .80 -15.7604 -1. 4039 26.9000 22.2864 221. 5370 -110.1250 A .39 
(1. 754) (5.796) (4.2]2) 0.018) (2.424) 

2 1.0 -46.6312 -1. 3739 29.1318 24.1953 203.7060 - 73.9165 A .43 
(1. 768) (6.440) (4.761) (4.230) 0.611) 

3 1.0 41.2818 40.9001 44.1795 39.5664 - 6.2003 B .53 
(8.45]) (2.963) (1. 286) ( .601) 

4 .30 41. 7407 38.3449 37.5784 89.8446 30.4412 B .55 
(9.988) (2.584) 0.430) ( .613) 

a SIGNIFICANT AT 1 PERCENT LEVEL (t RATIOS) 
b SIGNIFICANT AT 2 PERCENT LEVEL Ct RATIOS) 
c SIGNIFICANT AT 10 PERCENT LEVEL (t RATIOS) 
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TABLE B-6. ADJUSTED FUNCTIONS FOR FIELDS IRRIGATED WITH NON-BRACKISH WATER 
lAND QUALI TY A: CROPS 1955 - 1966. 

LAND LAND SOIL 
EQUATION C FACTOR A VALUE AGE CROP YEAR QUALITY QUALITY W. -2 GROUP R2 W. 

A B 1 1 

.60 47.7902 -1.1774 10.5773 134.7030 - 75.5681 A .21 
0.661) 0.737) (1. 944) (1. 560) 

2 1.0 47.6313 -1.1890 10.6893 95.7955 - 38.5475 A .20 
(I.650) 0.764) (2.073) (1. 725) 

3 .30 27.4992 .2902 -1.7119 261. 5210 -213.267 B .21 
0.027) (1. 234) (1. 755) 0.392) 

4 1.0 14.0118 .4131 -1. 9694 141.6560 - 55.3461 B .20 
0.475) 0.419) (1. 945) 0.623) 
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TABLE C-l. PRODUCTION FUNCTIONS FOR IRRIGATED FIELDS--SUGAR PRODUCING AREA B. 

EQUATION 

TCA = - 7.9856 + 2.4141 AGE - .3248 NITROGEN + 787.3272 W. - 1414.9822 W. 2 

O.lOna (3.823)a (1.785)b 1. (1.687)b 1 
(1) 

F RATIO = 6,666 it = .30 

2 TCA = - 7.9484 + 2.4141 AGE .3248 NITROGEN + 393.5273 Wi - .353.6162 Wi 2 

0.10na 0.823)a 0.784)d 0.68?)b 

F RATIO = 6.665 it = .60 

3 TCA = 7.8825 + 2.4142 AGE - .3248 NITROGEN + 235.9695 Wi - 127.2184 Wi 2 

(3.107)a (3.823)a (1.784)b (1.687)b 

F RATIO = 6.665 it = 1.00 

4 TCA - 280.6714 + 2.3991 AGE - .3229 NITROGEN - 1401.1018 Wi + 1462.3447 IWi 
(3.087)a (3.791)a (1.624)b (1.684)b 

(4) 

F RATIO = 6.662 it = .30 

5 TCA - 280.9165 + 2.3991 AGE - .3229 NITROGEN - 701.0290 Wi + 1034.7146 IWi 
(3.087)a (3.791)a (1.624)b (1.685)a 

(5) 

F RATIO 6.663 it = .60 

6 TCA = - 281.1631 + 2.3991 AGE .3229 NITROGEN 420.9053 Wi + 802.0161 .'Wi 
0.087)a (3.790)a (l.625)b Cl.686)b 

(6) 

F RATIO 6.664 it = 1.00 

7 TCA - 603.7598 + 2.4500 AGE + .8309 NITROGEN 484.5036 Wi + 1584.1235 ~ - 43.7985 /Wi IN (7) 
(3.199)a (1.033) (1.872)b (2.211)a 1 (1.443) 

F RATIO 5.917 it = 1.00 

8 TCA = 118.5810 + 2.3971 AGE - .3400 NITROGEN 4.2353 W·-l 
(3.041)a (3.975)a (1.248)1 

F RATIO 7.989 it = .30 

9 TCA = 118.5809 + 2.3971 AGE - .3400 NITROGEN - 8.4705 W~l 
(3.041)a (3.975)a (1.248) 1 

F RATIO 7.989 it = .60 

10 TCA 118.5809 + 2.3971 AGE - .3400 NITROGEN 14.1175 
O.04l)a O.975)a (1.248) 

F RATIO 7.989 it 1.00 

a t RATIOS SIGNIFICA~T AT 1 PERCENT LEVEL 
b t RATIOS SIGNIFICANT AT 10 PERCENT LEVEL 

(8) 

(9) 

(10) 
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TABLE C-2. PRODUCTION FUNCTIONS FOR SUGAR PRODUCING AREA B--UNIRRIGATED FIELDS 
ALL ELEVATIONS COMBINED. 

EQUATION 

TCA 28.4072 + 1.8766 AGE - .1418 NITROGEN .0112 PHOSPHORUS - 5.3637 LAND QUALITY C 
(5.367)a (6.712)a (1.314) (2.839)a 

(1) 

+ 7.3637 ELEVATION 1 2.5035 ELEVATION 3 - 19.1573dW + 44.3031 ~ 
(3.578)a (.9631) (1.662) (1.839)C 1 

F RATIO 18.879 

2 TCA - 28.4136 + 1.8767 AGE - .1418 NITROGEN .0112 PHOSPHORUS - 5.3669 LA~D QUALITY C 
(5.367)a (6.711)a {1.314) (2.839)a 

+ 7.3633 ELEVATION 1 - 2.5033 ELEVATION 3 17.0232dW. + 41.7573 ~ 
(3.578)a (.963) (1.662) 1 (1.839)C 1 

F RATIO = 18.878 

3 TCA = 61.1148 + 1.7410 AGE .1419 NITROGEN - .0207 P~OSPHORUS + .6786 CROP YEAR 
(5.139)a (6.621) (2.492) (1.320) 

+ 7.0266 ELEVATION 1 - 2.5849 ELEVATION 3 - 5.3336 LAND QUALITY C 4.6763 Wil 
(3.524)a (1.006) (2.860)a (2.694)a 

F RATIO 19.705 

4 (4) TCA = 61.1149 + 1.7409 AGE - .1419 NITROGEN .0207 P~OSPHORUS - 5.3335 LAND QUALITY C 
(5.139)a (6.621)a (2.492) (2.860)a 

+ .6786 CROP YEAR + 7.0266 ELEVATION 1 - 2.5849 ELEVATION 3 - 5.2608 Wi 1 

(1.320) (3.524)a '(1.006) (2.694)a 

F RATIO 19.705 

5 TCA = 47.6410 + 1.8649 AGE - .0328 NPK + 1.3581 tROP YEAR - 4.9281 LA~D QUALITY C 
(5.481)a (6.126)a (2.345) (2.580)a 

(5) 

+ 7.6636 ELEVATION 1 - 3.3196 ELEVATION 3 - 8.6300 Wil 
• (3.774)a (1.262) C5.061)a 

F RATIO 19.386 

6 TCA - 2.1768 + 1.8111 AGE - .0334 NPK + 1.3519 CROP YEAR 4.7108 bAND QUALITY C 
(5.065)a (5.426)a (2.137)c (2.428) 

+ 7.3282 ELEVATION 1 - 3.1900 ELEVATION 3 - 18.3870 W. 61.4274b~ 
(3.516)a (1.190) (1.552) 1 (2.523) 1 

F RATIO = 15.702 

7 TCA = - 19.6395 + 2.1964 AGE + 1.6146 CROP YEAR - 4.9452 LAND QUALITY C + 7.1397 ELEVATION 
(6.288)a (2.665)a (2.670)a (3.590)a 

(7) 

- 3.2667 ELEVATION 3 - .0353 NPK + 120.6444 W. - 81.9293 w. 
(1.277) (6.003)a (6.185)a 1 (5.723)a 1 

F RATIO 18.192 

8 TCA = 162.1953 + 2.2774 AGE + 1.7083 CROP YEAR - 6.3772 LAND QUALITY C + 8.6792 ELEVATION 
(6.466)a (2.854)a (3.396)a (4.356)a 

(8) 

- 3.2195 ELEVATION 3 + .1196 NPK - 12.7069 INPK - 90.2624 W. 44.5170 ~ + 5.2545 !NPK 
(1.264) (2.669)a (5.505)a (4.960)a 1 (1.42) 1 (3.427)a 

a t RATIOS SIGNIFICANT AT 1 PERCENT LEVEL 
b t RATIOS SIGNIFICANT AT 2 PERCENT LEVEL 
C t RATIOS SIGNIFICANT AT 5 PERCENT LEVEL 
d t RATIOS SIGNIFICANT AT 10 PERCENT LEVEL 

F RATIO = 17.626 



TABLE C-3. PRODUCTION FUNCTIONS FORUNIRRIGATED FIELDS AT SPECIFIED 
ELEVATIONS. 

EQUATION ELEVATION 750 FEET 

TCA = 50.2458 + 2.3757 AGE + 1.4247 CROP YEAR - 9.7902 LAND QUALITY C - .0352 NPK 
(2.872)a (1.086) (2.279)c (2.893)a 

(1) 

9.8043 wi! 
O.079)a 

F RATIO = 7.511 

2 TCA = 100.0132 + 1.8564 ~GE .2733 NITROGEN - .2733 P~OSPHORUS + 1.2707 CROP YEAR 
(2.517) (5.177)a (1.758) (1.137) 

(2) 

- 10.8849 LAND QUALITY C - 6.1543 Wi 1 

(2.86l)a (1.905)C 

F RATIO = 11.268 

3 TCA = 10~.0131 + 1.8564 ~GE - .2733 NITROGEN - .0257 P~OSPHORUS + 1.2706 CROP YEAR 
(2.516) C5.177)a (1.758) (1.114) 

0) 

- 10.8849 LAND QUALITY C - 5.4704 Wil 
C2.861)a (1.905)C 

F RATIO = 11.268 

TCA = 33.4032 + 2.046 ~E + 4.671 CROP YEAR - 7.3455 LAND QUALITY C 
(2.478) (2.567)a C1.719)d 

(4) 

- .0820 NPK + 20.3198 W. + 14.9727 IW7 
C3.726)a (.817) 1 (.295) 1 

F RATIO 7.646 

5 TCA = 83.2301 + 1.7595 ~GE - .2891 NITROGEN - .0569 PHOSPHORUS + 2.7142 ~ROP YEAR 
(2.326) C5.346)a (2.040)c (1.720) 

- 9.9212 LAND QUALITY C + 10.4672 W. + 3.7518 IWi 
(2.567)a (.488) 1 (.081) 

F RATIO 9.784 

6 TCA 83.2281 + 1.7595 ~E .2891 NITROGEN .0569 PHOSPHORUS + 2.7142 CROP YEAR 
(2.326) (5.346)a (2.040)c (1.720)d 

(6) 

9.9213 LAND QUALITY C + 11.7736 W. + 3.9836 IW7 
(2.567)a (.488) 1 (.081) 1 

F RATIO'" 9.784 

7 TCA 140.7817 + 1.8645 SGE .8145 N!TROGEN - .0663 P~OSPHORUS + 3.0614 CROP YEAR 
(2.451) (1.698) (2.338) (1.923)c 

(7) 

+ 8.6607 SAND QUALITY D + .0010 N2 + 10.3505 W. + 1.4488 W~ 
(2.218) (1.086) (.757) 1 (.375) 1 

F RATIO = 8.785 

8 TCA = 140.7817 + 1.8645 ~GE - .8145 N!TROGEN - .0663 PVOSPHORUS + 3.0614 ~ROP YEAR 
(2.451) (1.698) (2.338) (1.924) 

(8) 

+ 8.6607 SAND QUALITY D + .0010 N2 + 9.2008 0 + 1.1423 W. 2 

(2.218) (1.086) (.757) (.375) 1 

F RATIO = 8.785 

9 TCA = 166.1693 + 2.3016 AGE + 4.7466 CROP YEAR 7.4982 ~AND QUALITY C 
(2.814)a (2.604)a (1.786) 

(9) 

.0959 NPK - 83.4128dW.-75.2238 IW7 7.2952!NPK + 9.6696 1W7!NPK 
(.435) (1.697) 1 (.766) 1 (.752) (2.155)C 1 

F RATIO 5.38 
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TABLE C-3. PRODUCTION FUNCTIONS FOR UNIRRIGATED FIELDS AT SPECIFIED 
ELEVATIONS (CONT.). 

TCA = 11.8018 + 2.2759 AGE + 4.7510 CROP YEAR - 7.5091 LAND QUALITY C 
(2.084)a (2.604)a (1.778)d 

(i0) 

- .0820 NPK + 105.4258 w. 05.2557dW. 2 + 1l.0765dW. 3 

(3.737)a (2.317) 1 (1.847) 1 (1.890) 1 

R2 = .47 F RATIO = 5.54 

ELEVATION 1,125 FEET 

TCA = 53.6681 + 1.6078 AGE + 1.2601 ~ROP YEAR - 2.8006 LAND QUALITY C 
(3.911)a (1.804) (1.330) 

- .0381 NPK 8.6382 Wil 
(5.071)a (3.782)a 

F RATIO 15.625 

TCA 70.4413 + 1.4614 AGE - .1591 NITROGEN - .0227 PHOSPHORUS 
(3.543)a (5.667)a (2.077)c 

+ .6659 CROP YEAR 3.7099 ~D QUALITY C 4.0612 W7 1 

(1.082) (1.781) (1.512) 1 

R2 = .37 F RATIO 15.853 

TCA 70.4410 + 1.4614 AGE - .1590 NITROGEN .0227 PHOSPHORUS + .6659 CROP YEAR 
(3.543)a (5.667)a (2.077)c (1.082) 

- 3.7099 ~ QUALITY C - 3.6099 W~1 
(1.7813) (1.512) 1 

F RATIO 15.853 

TCA - 107.8076 + 2.0612 AGE + .9555 CROP YEAR - 2.8545 LAND QUALITY C 
(4.876)a (1.400) (1.400) 

.0286 NPK - 151.5035 W. + 291.9912 ~ 
(4.467)a (4.013) 1 (4.891)a 1 

F RATIO = 15.954 

TCA = - 51.2290 + 1.9241 AGE - .1423 NITROGEN - .0204 PHOSPHORUS 
(4.555)a (5.142)a (1.930)c 

+ .4747 CROP YEAR - 3.6537 ~D QUALITY C - 109.752i W. + 214.1675 ~ 
(1.795) (1.812) (3.732) 1 (3.723)a 1 

F RATIO = 16.122 

TCA = - 51.2075 + 1.9240 AGE - .1423 NITROGEN .0204 PHOSPHORUS 
(4.556)a (5.143)a (1.930)c 

+ .4746 CROP YEAR - 3.0537 LAND QUALITY C - 123.448~ W. + 227.116~ ~ 
(.795) (1.8123)d (3.732) 1 (3.723) 1 

F RATIO = 16.122 

ELEVATION 1500 FEET 

TCA = 27.9860 + 2.0339 ftGE + 1.5891 CROP YEAR - .0238 NPK - 4.9570 Wil 
(2.438) (.850) (1.331) (.543) 

F RATIO 2.575 

TCA 29.3548 + 1.7569 AGE - .0014 NITROGEN - .0418 PHOSPHORUS + .5368 CROP YEAR 
(1.920)c (.031) (1.236) (.370) 

- 7.3365 W7 1 

C. 70D 1 

F RATIO = 2.086 

(11) 

(12) 

(13) 

(14) 

(16) 

(In 

(18) 
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TABLE C-3. PRODUCTION FUNCTIO\IS FOR UNIRRIGATED FIELDS AT SPECIFIED 
EELEVATIONS (CONT.). 

TCA 29.3548 + 1.7569 AGE .0014 NITROGEN - .0418 PHOSPHORUS + .5369 CROP YEAR 
(1.920)c (.030) (1.236) (.370) 

- 6.5213 W~l 
C. 703) 1 

F RATIO = 2.086 

155.2374 + 2.7280 AGE + .6869 CROP YEAR - .0101 NPK - 139.2270 W. + 295.3592 ~ 
(2.880)a (.360) (.520) (1.590) 1 (1.602) 1 

TCA 

F RATIO 2.642 

TCA = - 167.6882 + 2.5414 ~GE + .0165 NITROGEN - .0280 PHOSPHORUS + .2499 CROP YEAR 
(2.490) (.372) (.328) (.17]) 

132.122~ W. + 298.440a ~ (1.713) 1 (1.743) 1 

F RATIO = 2.272 

TCA = 49.5272 + 1.8588 AGE - .3674 N6TROGEN .0913 P~OSPHORUS + .5020 CROP YEAR 
(4.364)a (2.326) (1.825) (.837) 

TCA 

TCA 

TCA 

+ 4.0866 LAND QUALITY D + .0004 N2 + 66.1333 W. - 36.3086 W. 2 

(2.017)c (1.433) (3.491)a 1 (3.616)a 1 

F RATIO = 14.061 

.3674 N!TROGEN - .0193 P~OSPHORUS + .5019 CROP YEAR 
(2.326) (1.825) (.837) 

+ 4.0867 LAND QUALITY D + .0004 N2 + 58.7722 W. 
(2.017)c (1.433) (3.490)a 1 

F RATIO = 14.061 

28.6821 W. 2 

O.616)a 1 

+ .9188 CROP YEAR 4.6529 LAND QUALITY C + .0961 NPK 
(1.361) (2.19)c Cl.90])c 

- 8.0693 INPK - 155.419~ W. + 248.9661 ~ + 1.7905 ~ 
(2.921)a (4.758) 1 (3.287)a 1 (.893) 

F RATIO = 10.71 

+ .9157 CROP YEAR 2.6120 LAND QUALITY C - .0277 NPK 
(1.337) (1.269) (4.276)a 

+ 231.4134 W. - 212.208J W. 2 + 60.1721 W. 3 

(3.133)a 1 (2.498)5 1 (1.969)C 1 

F RATIO = 10.83 

TCA - 167.7734 + 2.5418 ~GE + .0165 NITROGEN - .0280 PHOSPHORUS + .2498 CROP YEAR 
(2.490) (.372) (.828) (.177) 

- 148.705a w. + 316.684! ~ 
(1.714) 1 (1.743) 1 

F RATIO = 2.272 

TCA 4.9962 + 2.5184 ~GE - .3182 NITROGEN - .0132 PHOSPHORUS + .5513 CROP YEAR 
(2.525) (1.197) (.384) (.390) 

+ .00043 N2 + 79.2715dW. - 32.1379dW. 2 

(1.265) (1.786) 1 (1.764) 1 

F RATIO = 2.389 

TCA = 4.9935 + 2.5184 ~GE - .0318 NITROGEN - .0131 PHOSPHORUS - .5513 CROP YEAR 
(2.525) (1.197) (.384) (.390) 

(19) 

(20) 

(21) 

(22) 

(23) 

(24) 

(25) 

(26) 

(27) 

(28) 
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TABLE C-3. PRODUCTION FUNCTIONS FOR UNIRRIGATED FIELDS AT SPECIFIED 
ELEVATIONS (CONT.). 

+ .00043 N2 + 70.4641dW. - 25.3932dW. 2 

(1.265) (1.786) 1 (1.764) 1 

F RATIO = 2.389 

TCA = 509.4773 + 2.2069 AGE + 3.0671 CROP YEAR + .4311 N~K - 71.6871 W. 
(2.180)c (1.338) (1.760) (.740) 1 

- 68.6758 ~ 33.5509 INPK + 7.9962 ~ INPK 
(.167) 1 (1.486) (.779) 1 

F RATIO = 2.05 

TCA = 83.1936 + 2.5906 ~GE + .3965 CROP YEAR - .0106 NPK - 286.2273 W. + 297.7720 W. 2 

(2.698) (.205) (.542) (1.006) 1 (1.177) 1 

- 89.6834 W. 3 

(1.317) 1 

F RATIO = 2.01 

a t RATIOS SIGNIFICANT AT 1 PERCENT LEVEL 
~ t RATIOS SIGNIFICANT AT 2 PERCENT LEVEL 
c t RATIOS SIGNIFICANT AT 5 PERCENT LEVEL 
d t RATIOS SIGNIFICANT AT 10 PERCENT LEVEL 

(29) 


