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ADOPTION AND DIFFUSION OF DRIP IRRIGATION TECHNOLOGY: 
AN ANALYSIS USING A JOINT DISCRETE AND CONTINUOUS CHOICE FRAME WORK 

The sugar industry is the third largest source of revenue and the single 

most important agricultural crop in Hawaii (HSPA). The agricultural sector 

utilizes about 63 percent of the total water use in the state (DLNR) and the 

sugar industry alone uses more water than all other users combined. About 60 

percent of sug_arcane land in Hawaii is irrigated~ with drip irrigation accounting 

for 82%, furrow for 16% and sprinkler for 2% in 1987 (HSPA). 

Drip irrigation has been in use since early 1970 as a viable alternative 

to furrow and sprinkler methods in Hawaii's ailing sugar industry mainly due to 

its yield-increasing and water-conserving characteristics. With water use 

efficiency as high as 85 to 95 percent, compared to about 50 percent for furrow 

(Shoji) and yield increase as much as 20 percent (Gibso~), the adoption rate of 

drip irrigation has been very rapid, especially since 1980. 

A growing body of literature on adoption models of modern agricultural 

technologies points out the need for identifying heterogeneity in population 

under the so-called 11 threshold" models (Feder et. al.). Caswell and Zilbennan 

(1986) identified land quality and well depth as important factors in the choice 

of irrigation technology. Therefore, studies intended for economic analysis of 

adoption and diffusion of irrigation technology choices should explicitly 

incorporate physical (engineering and agronomic), irrigation-specific features 

of the new technology as well as locational characteristics. 

Furthermore, it is not only important to know whether a new technology is 

likely to be adopted, but it is also equally important to determine to what 

extent it will be used. This paper attempts to determine the factors affecting 

the choice of drip irrigation in Hawaii's sugar industry and assess both the 

magnitude and direction of its impacts simultaneously in a joint discrete and 

continuous choice framework. 
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THE MODEL AND ITS ESTIMATION 

Economic considerations suggest that the propensity to adopt drip 

irrigation in a field depends on expected net gains from such adoption. 

Therefore, the interdependence between yield gains and drip adoption renders 

completeness to model specification. We assume yield rates are different under 

drip and furrow irrigation. aut the choice of drip involves.additional capital 

requirements for equipment and operation. 

Let v0 and VF denote yield per acre under drip and furrow, Xi represent 

a vector of factors relating to locational characteristics of the field (e.g. 

quality, topography, water availability} and Ci represent additional cost per 

acre for conversion to drip. Also, let z. represent a vector of factors 
1 . 

contributing from management and cultural practices (e.g. water and fertilizer 

use, age at harvest, variety}. ihen, if Ri is the perceived return per unit, 

the fie 1 d i will be converted to drip if the yi e 1 d di fferenti a 1 is greater than 

R;. 

(1) 

Perceived r-eturn Ri can be expressed as a function of Xi and Ci; 

R. = a X. + b c. + e1. 
1 1 1 1 

where e1i is a random error tenn reflecting unobserved factors and is N(O, s1e2). 

Since the cost of drip ·irrigation for each field is not available for 

various reasons, the adgitional cost per acre for drip can be best expressed in 

tenns of measurable field attributes and management and cultural practices. 

Therefore, Ci can be expressed as a function of Xi and Zi; 

(2} C. = gl + g2 X. + G3 Z. + e2. 
. 1 l l 1 

. ' . 2 
is the error component and assumed N(O, s2e ). where e2i 

Then from (l) and (2}, the field i will b~ converted to drip if v0 - VF_ 

* > Ri. This criterion may be written in the probit fonn: if Ii -> O, field i 
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will be under drip, othen1ise renain under furrow. Thus, 

Conditional on drip choice (A), the yield rate equations under drip and 

furrow are, respectively: 

(B) Yo;= ado+ adl xdi + ad2 2di + edi 

(.C) Y Fi = afo = afl Xfi + af2 2fi + efi 

where edi and efi are random residuals assumed to be correlated with ei and 

distributed N(O, sd2) and N(.O, sf2), respectively. 

Thus, the model to be estimated consists of three equations: a structural 

form of the drip choice equation (A), and yield rate equations under drip (B) and 

under furrow (C), respectively. In this model, we observe exogenous variables, 

the irrigation choice variable I; and limited dependent variables Y01 and YFi" 

The observed yield rates depend upon the choic~ of irrigationetechnology i.e., 

we observe Y01 , when I;= 1 (drip) and YFi when Ii= O (furrow}, but never both. 

We, thus, have a simultaneous equations model involving qualitative and 

limited dependent variables. The equations (B} and (C) cannot, in general, be 

estimated consistently by the OLS method using observed yield rates, because 

E (ed/Ii = 1) = E (ef/Ii ~ O} , a. 
The estimation problems encountered here are due to dichotomous and 

limited dependent variables, selectivity bias and simultaneous equations. 

Hence, the two-step limited dependent variable (2SLDV) method as suggested by 

Lee (1978) and Heckman (1978) is used to obtain consistent and asymptotically 

efficient estimates of the model. 

The first stage in the estimation is by probit and the second stage is by 

OLS. Substituting (B) and, (C) in A, we obtain the reduced form of the probit 

model 

(D) I;*= 9o + 91 X;' + 9z Z;' - e* 



Consistent estimates of g0, g1, and g2 are obtained by tne probit method. 

Then, after nonnalizing Se *2 = 1, the yield equations in (B) and (C), conditional 

upon irrigation choice, can be estimated as 

(BI) Yo; =ado+ adl xdi + ad2 2di + s -f(k;) + udi de F(k.) 
1 

(CI) y fi = afo + afl Xf; + af2 2f; + 5te 
f(k;) + ufi 
1-F(k.) 

1 

where Ud and Uf are new residuals such that E (Ud/I; = 1) = E (Uf/Ii = 0) = O 

and f(.) is the cummulative distribution of the standard normal random variable 

and f(.) is its density function(Maddala). The terms f(ki)/F(k;) and 

f(k; )/1-F(k;) are selectivity bias adjustment variables. 

Assuming homoscedasticity of error tenns in yield equations, the estimates 

of (B 1 ) and (C') are consistent and asymptotically efficient (Lee). Additionally,. 

Nelson (1984) supports using 2SLOV procedure when there is moderate correlation 

between selectivity variable and exogenous variables (such as our case) rather 

than using MLE procedure which is computationally very expensive and complicated 

(Heckman). 

Next, because our structural form equation (A) contains endogenous 

expanatory variables, we obtain predicted values of Y0 and YF using all the 

observations. Then consistent estimates of d;'s of the structural form 

equation are obtained by the probit ML method. 

THE DATA 

To our knowledge, econometric analysis of irrigation technology choice 

based on panel· data has not been done. For such an analysis, one needs to 

know for each field what type of irrigation technology is used, what the water. 

and other factors of production used are, other agronomic soil and field-related 

characteristic variables, as well as yield. This type of analysis will allow 
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quantification of factors affecting the adoption of new irrigation technology as 

well as the production function parameters~ 

Production-related data from four different plantations on the islands of 

Maui, Kauai and Oahu were collected for the 1975 to 1986 period. A total of 

456 sample field observations (about 10-15 percent) are included in the study 

which are selected on the basis of field location, soil quality, water source 

and irrigation method used. Data on field characteristicsvariables were obtained 

from soil survey by Soil Conservation Service. More specifically, the 

variables included in the analysis are: 

TSA = Ton sugar per acre 

WAT = Irrigation water applied to the crop (inches per acre) 

WAT2 = Square of irrigation water applied to the crop (inches per acre) 

N = Total nitrogen fertilizer applied to the crop (pounds per acre) 

P = Total phosphate fertilizer applied to the crop (pounds per acre) 

K = Total potassium fertilizer applied to the crop (pounds per acre) 

AGE = Age of crop at harvest (months) 

IRM. 
J 

= Irrigation method used (dummy), j = 1 for drip and O for furrow 

PCYCLj = Planting method (dunmy), j = 1 plant crop and O for ratoons 

VAR. 
J 

YEAR. 
J 

TEMP j 

WHC 

GRO. 
J 

OR. 
J 

o. 
J 

ACR 

= Cane variety (dunmy), j = 1 for new improved high-yielding variety 
and O for others 

= Production years, j = 1,2 ••• for 1975, 1976 

= Annual mean temperature (dunmy), j = 1,2 ... (Oc). 

= Water holding capacity of field (inches per inch) 

= Field gradient classification (dummy), j = 1,2 .•• (percent) 

= Soil order classification of field e.g. Molli sol, Oxisol, etc. 
(dunmy), j = 1,2 ••• 

= Plantations(durrmy) 

= Harvested field acreage (to capture scale effect) 
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EMPIRICAL FINDINGS 

Table 1 presents MLE estimates of the drip choice model (Structural Fonn). 

Water use is found to be a significant detenninant in the choice of drip 

irrigation. Increased use of water tends to reduce the probability of adopting 

drip irrigation. Application of phosphate fertilizer seems to have a direct 

bearing on the choice of drip irrigation. This is probably due to the fact 

that special care must be taken to apply phosphate fertilizer through the drip 

system in order to avoid clogging, whereas nitrogen and postassium fertilizers 

generally do not require such adjustments. 

The age of crop at harvesting seems to have a significant effect on drip 

choice and so is the effect of plant crop. Drip is more likely to be adopted 

with plant crop than with ratoon crops, probably_ due to added delay from 

equipment installing and lower yields from the latter. 

Significant positive effect of year indicates the importance of added 

information and experience with the technology over the years in the choice of 

drip irrigation. It is very likely that continued improvements in the technology 

have made it more applicable and affordable. Significance of coefficients on 

acreage indicates that field size is an important consideration in the choice 

of drip. 

It is interesting to note that both Mollisols (ORl), which have relatively 

good property and high fertiiity and Oxisols, (OR2) which have good physical 

property, but poor water-holding capacity and low fertility tend to increase the 

likelihood of adopting drip irrigation. Even though Oxisols appear to impact 

the probability of drip choice more than others, it seems somewhat contrary to 

the perception that drip is likely to be adopted first in poor quality lands 

(Caswell and Zilbennan). Unlike in some of the California fanns, in Hawaii's 

sugar industry, yield increase is of greater concern than water saving in the 

adoption of drip irrigation technol'ogy, especially after 1980. 
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Table l. MLE Estimate of Drip Choice Model (Structural Form) 

Variable 

WT 
ST 
YRC 
ACR 
PCYC 
Dl 
02 
03 
ORl 
OR3 
TEMPl 
TEMP2 
GRDl 
GRD2 
CONST 

MLE Coefficient 

-.00214 
.00008 
.24534 
.00309 

1.11670 
l.73250 

.44516 
l.14220 

.80722 
2.84840 
4.05950 

.67978 

.09622 

.33456 
-8.01260 

Percentage of Correct Prediction= 83. 

*Significant at .05 level of significance. 

Standard Error 

.00104 * 

.00003 * 

.03097 * 

.00110 * 

.18791 * 

.32156 * 

.32650 

.40312 * 

.26603 * 

.44076 * 

.70938 * 

.27923 * 

.36181 

.35214 
l.21760 * 
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Fields in lower-temperature regions, TEMPl {moun~in areas) are more likely 

to adopt drip irrigation t~an higher-temperature regions. So also, fields that 

are relatively s·loped are more likely to· use drip irrigation. 

More importantly, the expected gain in yield due to drip is a significant 

factor in the choice of drip irrigation. This has also been one of the main· 

· motivating factors in the adoption of drip irrigation in Hawaii's sugar industry. 

No significant effects of plantations are found in the drip choice. 

Tables 2 and 3 present selectivity bias adjusted estimates under drip-and 

furrow-irrigated fields. Marginal effects of applied water are significant 

under drip, but not under furrow, due mainly to the much higher irrigation 

efficiency of drip, 85 to 95 percent (Shoji). The effect of the ag_e of crop is 

si gni fi cant under both regimes·, even though the magnitudes are different. Pl ant 

crop and slllll'ler harvest months {May-August) are very significant under furrow, 

but not under drip. New high-yielding variety has a significant yield increasing 
. 

effect under drip but not under furrow. Even though the plantations' effects 

were not significant in the choice of drip, they are significant in production 

decision with varying degrees of importance for both furrow-and drip-irrigated 

fields. Plantations' effects on yield are generally higher under furrow irriga

tion. Both Mollisols and q_>Cisols have yield-increasing effects under furrow, 

but under drip only Mollisols have significant effect on yield. Therefore, it 

reinforces that fact that drip can augment only some of the land quality 

characteri~tics. Soil fertility is a very important factor even under new 

irrigation technology. 

Water holding capacity and flatness of field are significant factors 

contributing to yield under furrow, but not under drip, as expected. 
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Table 2. Production Function Estimates for Furrow-Irrigated 
Fields, (Selectivity Bias Adjusted) 

Variable Coefficient T-value 

WAT .00101 .09 
WAT2 -.00001 -.51 
AGE .42290 5.20 * 
N -.00009 -.03 
p .00045 .37 
K .00045 .41 
ACR .00165 .83 
PCYC .78736 2.41 * 
VAR .06574 .11 
HARVMl l.32350 3.14 * 
HARVM2 l.87950 4.78 * 
HARVM3 1.14800 3.23 * 
HARVM4 1.27400 3.29 * 
D1 3.07990 6.61 * 
D2 3.14990 7.53 * 
D3 3.98700 6.73 * 
ORl 1.38670 3.49 * 
OR3 2.00890 2. 60 * 
WHC .20794 2.39 * 
TEMPl . 76265 . 60 
TEMP2 .71276 1.64 ** 
GRDl .96951 2.85 * 
CONST -6.54160 -2.41 * 

Selectivity 
variable .83028 l.88 ** 

*Significant at .OS level of significance. 
**Significant at .10 level of significance. 

R2 = .53 
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Table 3. Production Function Estimates for Drip-Irrigated Fields, 
Alternative Model (Selectivity Bias Adjusted) 

Variable 

WAT 
WAT2 
AGE 
N 
p 
K 
ACR 
PCYC 
VAR 
HARVMl 
HARVM2 
HARVM3 
HARVM4 
D1 
D2 
D3 
ORl 
OR3 
WHC 
TEMl?l 
TEMl?2 
GRDl 
CONST 

Selectivity 
Variable 

Coefficient 

.02457 
-.00007 

.46303 
-.00510 

.00191 

.00116 

.00194 

.29161 
1.29800 
-.51928 

.48406 
· • 09263 

.49746 
2.52430 
2.81950 
1.82050 
1.62630 
-.52502 
-.01953 
-.43035 
;...32515 

.09132 
-.59347 

.51447 

*Significant at .05 level of significance. 
**Significant at .10 level of significance. 

R2 = .53 

T-value 

1.92 * 
-2.42 * 
7.17 * 

-1.60 ** 
.88 
.82 
.94 
.77 

2.78 * 
-.08 
1.02 

.20 
1.36 
3.16 * 
3.78 * 
1~94 * 
2.47 * 
-.46 
-.13 
-.32 
-.52 

.14 
-.16 

1.71 ** 
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CONCLUSIONS 

Our analysis suggests that besides economic considerations, technical, 

informational, locational and management factors as well as irrigation-specific 

features play a significant role in the adoption and diffusion of drip irrigation 

technology. It is generally recognized that drip irrigation has improved the 

efficiency of water and other water 11 amendments 11 such as fertilizers used in the 

production of sugarcane in Hawaii. More importantly, expected yield increase 

of about 1.9 tons sugar per acre and considerable savings in water and labor 

use are the major contributing factors in the rapid adoption of drip irrigation 

in Hawaii's sugar industry. 

The empirical results based on this farm-level (micro) analysis can be 

extended to analyze the effects of drip adoption on total production, water and 

energy demand and land use at the aggregate level for their policy implications. 

Since drip technology provides comparative advantages on low-quality and high

water-cost lands (i.e., oxisols, less level and porous), relative to furrow, 

introduction of this technology is likely to expand the land use base by making 

it possible to cultivate marginal lands as well. Therefore, given the output 

price, the introduction of drip technology will increase the industry's output 

due to an increase in land use base as well as increased yield from lands 

converted to drip irrigation. 
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