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Abstract

This study estimates shadow prices of irrigation water to farmers in Thai
agriculture using both cross section farm level data and time series national data. Static
primal (production function) models are specified and estimated using farm level and
national level data, and static dual models (of output supply and input demand) are
specified and estimated with the national level data.

Empirical results from the farm level analysis are based on survey data on
agricultural production in crop year 1991/92 in the Huai Mae On irrigation project area,
located in Sankampang district in the province of Chiang Mai. The estimated marginal
value of irrigation in rice production in the 1991 wet season is 673 baht per rai (or
approximately 230 Cdn.$ per hectare). Of the major five crops (garlic, shallot,
groundnuts, soybeans, and cucumbers) produced in the 1992 dry season, the estimated
marginal value of irrigation is highest in garlic production (2,010 baht per rai or 684
Cdn.§ per hectare) and lowest in soybeans production (195 baht per rai or 66 Cdn.$ per
hectare).

Empirical results from the national level analysis (based on time series data from
1969 to 1990 for the wet season and 1975 to 1990 for the dry season) vary substantially
across alternative models. Point estimates of the marginal value of irrigation water in rice
production vary from 1,457 to 7,519 and 487 to 1,148 baht per rai (or from 495 to 2,560
and 165 to 390 Cdn.$ per hectare) in wet season and dry season, respectively.

Although econometric analysis is limited to static models, this study also extends
the theory of shadow prices for resource stocks in dynamic models. This is achieved by
extending recent analyses of dynamic envelope theorems. A comparison of formulas for
shadow prices in static and dynamic models suggests conditions under which static
models may provide a reasonable approximation to shadow prices in dynamic models.
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Chapter 1. Introduction

L1 Background of the Study

LL1 A Brief Overview of the Current State of Water Resources in Thailand
Water, once perceived as an abundant renewable resource in many countries, is rapidly
becoming a scarce resource due to pressures from increasing development and population.
In Thailand, excessive use of groundwater for domestic and industrial uses has made
Bangkok one of the fastest sinking cities in the world. Subsidence rates for land exceed
10 centimetres per year in the areas with extensive groundwater use (Phantumvanit,
1987). Groundwater quality in the Bangkok Metropolitan area has been further degraded
by salinity and lack of proper waste disposal. Surface water is also increasingly polluted
due to disposal of domestic and industrial wastes into rivers.

In the countryside of Thailand, water resources have continuously been diverted
from crop irrigation to supply industries and urban centres and to produce more
hydroelectric power. With the industrial sector presently booming, agriculture’s share of
water has declined significantly. In fact, irrigation water shortages are common especially
in the dry growing season.

While conflicts among competing uses for water are growing, rapid urbanization,
higher incomes and tourist development also indirectly raise the demand for water over
the long run through increased demand for environmental amenities. As income continues
to grow and the environment of the cities deteriorates, demand for national parks and
golf courses is likely to increase. These trends can be attributed in large part to recent

economic growth and industrialization.



1.1.2 Significance of Agricultural Water Use

Thailand has experienced dramatic structural changes during the past 30 years, moving
from a subsistence agrarian economy to a rapidly industrializing country. The share of
agriculture in GDP has declined from approximately 40% in 1961 to 13% in 1991.
Agriculture is projected to account for only 8% of GDP by the year 2000. In contrast,
the share for manufacturing and industry has jumped from about 19% of GDP in 1961
to 39% in 1991 and is expected to reach 40% by the year 2000 (Office of the National
Economic and Social Development Board; Panayotou et al., 1991).

Nevertheless agriculture remains the major use of water: 90% of fresh water
consumption is attributed to agriculture, while 6% and 4% is attributed to industrial and
domestic sectors, respectively. The decline in the importance of agriculture might suggest
that the demand for water in agriculture will decline, which may tend to offset the rising
demand for water outside of agriculture. However, this may not be the case (Sethaputra
et al, 1990). Since expansion of the agricultural land base is increasingly difficult,
further expansion of agriculture must depend on more intensive use of land. In turn this
would lead to an increased reliance on irrigation. Moreover, farmers have no incentive
to conserve water since it has been typically provided free of charge.

Since agriculture will remain the major use of water in the foreseeable future, a
closer examination of problems in agricultural water use and of mechanisms for
improving irrigation water management is apparently critical. More efficient water
management is necessary to help curb the water crisis and to help increase the agricultural

sector’s productivity.



1.2 Problem Statement

Irrigation water management in Thailand has focused on expanding the supply of water
rather than on mechanisms for efficient allocation of water. Since irrigation appears to
be critical to increases in agricultural productivity, the government has tended to respond
to agricultural water shortages by expanding irrigation facilities. The amount of land
irrigated has increased almost threefold during the past 30 years, expanding from
9,536,440 rai' in 1961 to 27,182,473 rai in 1991. By 1992 the imrigated area accounted
for approximately 20 percent of the total agricultural land.

Government research and expenditures on irrigation has been limited to
construction of irrigation facilities, especially development of the main systems. Little
attention has been given to other factors such as water allocation, users’ organization,
legal and institutional framework for water use. As a result, irrigation efficiency of on-
farm water use may on average be as low as 30% (World Bank, 1985, and Sethaputra et
al,, 1990).> This is mainly atributed to surface losses due to inadequate water
management and distribution, runoff, seepage and deep percolation at the farm level.
Deterioration of irrigation facilities (dams and canal) due to inadequate attention and

maintenance by users has also been apparent.

' 1 rai = 0.16 hectare = 0.396 acre.

* Irrigation efficiency (Ei) can be defined as:

Et-R
*
Wg
where Et represents the total amount of water required for crop growth, R denotes the amount of effective

rainfall, and Wg is total irrigation water application. Basically, irrigation efficiency consists of two major
components: conveyance or distributional efficiency and on-farm water application efficiency.

Ei = 100
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Demand management’ to increase efficient use of water has not yet been seriously
practised in Thailand despite the growth in demand in recent years and the apparent
wasteful use of water. Quantity control has not generally been exercised as an instrument
in allocating irrigation water to maximize the benefits, Only during periods of drought
have authorities requested cooperation from farmers to reduce the cultivated area in the
dry season or to grow crops that require less water.

Prices have seldom been imposed to allocate water among different sectors. Prices
charged for residential, state enterprise, and industrial uses have been low due to the low
cost of raw water supplies. Irrigation water has generally been provided free of charge.
A partial exception is in Northern Thailand where farmers are required to contribute to
the administrative costs of water users’ organizations but there are no direct ::harges for
water use. If the marginal factor cost of water to farm users is zero, then rational farmers
would try to employ water at a level where the marginal value product of irrigation water
equals or approaches zero. This equilibrium does not reflect the social opportunity cost
of water.

The existing inefficient use of irrigation water, the rapidly growing demand for
other competing uses plus the fact that expansion of any new large-scale water resource
development project is moving up on a rising supply curve have indicated the need for_
improved irrigation water performance. Demand management is apparently perceived as

most desirable in making more effective use of scarce water.

* Demand management involves measures employed to allocate water within the sector and also among
competing sectors (e.g., agricultural, industrial, and domestic uses) (o fimit waste and induce efficient use
and conservation. This issue will be addressed in greater details in Chapter 2,
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Since past policies have been oriented toward expansion of irrigated areas justified
on the basis of social and political goals, economic assessments of the actual impact of
irrigation on agricultural production have not generally been available. Research on the
economic value of irrigation water and alternative uses is necessary for establishing
pricing policies, use regulations, and also investment criteria. Nevertheless this research
has not been conducted,

1.3 Objectives of the Study

The primary objective of this study is to estimate by econometric methods the private
economic value (shadow price) of irrigation water using both national level and farm level
data. The secondary objective of this study is to estimate the impacts of irrigation on
supply of crop outputs and also demand for labour and fertilizer. Due to data limitations
it is necessary to employ static methods of analysis, and data on water use is not directly
available. Thus a third objective of this study is to compare static and dynamic methods
for calculating the marginal value of irrigation water and irri gated land in order to relate
the restrictive measures of marginal value constructed here to more general measures.
Specifically, this study will address the following objectives:

(1) to construct and compare measures of the shadow price of irrigation water and
irrigated land in theoretical static and dynamic models of the firm with irrigation.

(ii) to estimate by econometric methods and compare the private values of irrigation water
in Thai agriculture using static economic models with both farm and national level data.
(iii) to estimate by econometric methods the impact of irrigation on crop output supply

and variable input demand.



1.4 Scope and Research Methodology

This study primarily attempts to estimate irrigation water productivity or a private shadow
price of irrigation water by using both a farm level and a national level data set. The
farm (micro) level analysis is conducted using data for farms in a particular irrigation
project. Thus the results of this study are conditional on the particular environmental and
management conditions at this site. The Huai Mae On (HMO) irrigation project, located
in Sankampang district, Chiang Mai province in Northern Thailand is studied here. A
map of Thailand with the study location is shown in Fig. 1.1.

Since response to irrigation presumably varies with the level of rainfall and its
seasonal distribution, the econometric analysis is attempted for both wet and dry seasons.
Cross section survey data employed in the farm level analysis were collected for the 1991
wet season and 1992 dry season from 103 farmers using irrigation water from the HMO
project. The survey was assisted by Sankampang deputy-district and subdistrict
agricultural officers, a former graduate student from Maejo University and several
undergraduate students from Chiang Mai University.

Although there are obvious advantages to analyzing farm level rather than national
level data, it is difficult to generalize from a sin gle irrigation project to the nation. For
this reason national data was also analyzed in spite of the inevitable errors in aggregation
and inconsistencies with such data. Secondary time series data from the crop year
1969/70 to 1990/91 are generally employed in the national level analysis.

Static models are estimated assuming both primal and dual specifications. Primal

(production function) models are specified and estimated using farm level and national
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level data. Since there is little price variation in the cross section farm level data set, dual
models (of output supply and factor demand) are specified and estimated only with the
national level data. The econometric analysis is employed using SAS (version 6.07) and
SHAZAM (version 6.2).

Since there are various distortions related to the Thai agricultural sector, the
private value of irrigation water (to farmers) is not generally equal to the social value of
irrigation water (to society). Nevertheless it is essential to calculate farmers willingness
to pay for irrigation because any market-related irrigation policy will not be adopted by
farmers unless it is profitable to them. Private values of irrigation water can be
interpreted as farmers’ willingness to pay for irrigation. Issues crucial to appropriate
pricing policy for irrigation water also include methods of charging farmers and
controlling water use, but these and other matters are beyond the scope of this study.

Concerning the other objectives of the study, calculation of impacts of irrigation
on crop output supply and specified inputs is relatively simple once the econometric
models have been estimated. The theoretical analysis of shadow prices in dynamic
models and their relation to statics is conducted within the framework of dynamic
envelope theorems. Several of these dynamic envelope theorems are original to this
study.

1.5 Outline of the Study
This study comprises nine chapters. Chapter 2 provides an overview of irrigation
development and irrigated agriculture in Thailand. Policies relating to irrigation water

development and management are emphasized. Chapter 3 discusses the theoretical static



models which will be employed to estimate the economic water value and to evaluate the
impacts of irrigation in the empirical investi gations. Chapter 4 compares shadow prices
to the firm for irrigation water and irrigation land in theoretical static and dynamic
models. Chapters 5 and 6 present and discuss various empirical models that will be used
in investigating the productivity of irrigation water and evaluating the impacts of
irrigation in Thai agriculture. The empirical results and their qualifications for farm level
and national level analyses are then discussed in Chapters 7 and 8, respectively. The
thesis then concludes with Chapter 9. This chapter provides a summary of the study,
major research findings, and their implications for policy. Recommendations for future

research are also noted.



Chapter 2. Irrigated Agriculture in Thailand

2.1 Introduction

This chapter discusses irrigation water resource development and irrigated agriculture in
Thailand. The chapter begins with an overview of the agricultural sector. Mention is
made of a basic but very critical transformation Thailand is experiencing, a transformation
from an agricultural economy to a newly industrialized country. Despite its relative
decline in terms of GDP, agriculture remains the dominant sector. An overview of Thai
irrigation development and the current state of the regional Thai irrigation network is
presented. This is followed by a discussion of crop diversification. Basic data on
.agricultural land use are provided. Irrigation water management policy is discussed at
some length since this may be the key factor affecting irrigation performance.

2.2 The Agricultural Sector

Thailand is situated in Southeast Asia, with a total area of approximately 321 million rai.
The country experiences a tropical humid climate.! The average annual rainfall is
approximately 1,550 millimetres, varying from an average of 1,300 millimetres in the
North to an average of 2,400 millimetres in the South. Ninety percent of total rainfall
occurs between May and October. The substantial amount of rainfall due to the
monsoons, together with an excellent river network, favourable temperature and

topography, and fertile soils have made most parts of Thailand highly suitable for

' Three major seasons in most regions of Thailand include the cool season from November through
February (when the temperature ranges from 15 to 25 degrees celsius), the hot season from March to May
(28 to 38 degrees celsius) and the rainy season from May to October. In the southern part of Thailand, the
rainy season normally lasts through December.
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comimercial rice cultivation.

Historically, agriculture has played an extremely important role in all regions.
When the First five-year National Economic and Social Development Plan was initiated
in 1961, the agricultural sector absorbed over 85 pefcent of the total labour force and

contributed about 40 percent of gross domestic product (GDP) (Table 2.1).

Table 2.1 Shares of GDP and Employment by Sector

Unit: Percent

Year GDP/ Agriculture Industry Services
Employment

1961 GDP 39.19 19.32 41.49
Employment 87.4 n.a. n.a.

1971 GDP 23.90 27.04 49.06
Employment 79.17 5.33 15.50

1981 GDP 21.36 30.10 48.54
Employment 71.96 9.63 18.41

1991 GDP 12.64 38.58 48.78
Employment 62.96 13.97 23.07

Source: National Economic and Social Development Board (NESDB)

Rice production has traditionally formed the core of the Thai economy. Nearly
90 percent of total agricultural land was devoted to rice production in the wet season.
Rice is still grown by almost every farmer if soil quality and climatic conditions permit.
Rice has not only been the staple grain of the nation, but also the most valuable
agricultural export commodity. Rice has typically been the country’s largest single source

of foreign exchange since the early 1900s. After World War II and prior to 1970, rice
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contributed about 15-20 percent of total export earnings. Agricultural diversification
began in the 1970s, leading to a decline in the relative contributions of rice to 10 percent
of export earnings in the 1980s. Nevertheless the absolute volume of rice exports has
continued to increase. High quality and low production costs have enabled Thailand to
preserve its comparative advantage in the world rice market.

Over thirty years have passed since the inception of the First five-year Plan in
1961. Today Thailand is no longer an agricultural country with a few major agricultural
export commodities. Due to the rapid structural change and industrial growth, Thailand
is apparently becoming a newly industrialized country (NIC). However, industrialization
and economic growth do not always indicate a sustainable growth process. In the case
of Thailand, even though the agricultural sector’s share in the GDP has dropped to only
13 percent in 1991, the agricultural sector still employs more than 60 percent of the total
labour force (Table 2.1). These figures suggest unbalanced growth and inequality of
income distribution. As a result, the decline in agriculture’s share of GDP does not
necessarily imply that agricultural growth is no longer essential to the overall
development process. In fact, with the majority of the population still engaged in
agriculture even though the sector is shrinking, agricultural growth apparently deserves
more attention if a healthier economy is to be attained.
2.3 Irrigation Development
2.3.1 Historical Development of the Irrigation Network
In agricultural production processes, water is obviously an essential input. Even though

Thailand receives considerable annual rainfall for agricultural purposes, the uncertainty
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and uneven distribution of rainfall among regions and over time has often resulted not
only in water shortages but also flooding. It has been estimated that farmers whose crops
rely only on natural rainfall achieve reasonable output in 3 out of 5 years, but in the other
2 years substantial losses result from delayed and inadequate rainfall or (less frequently)
flood damage (Cowley, 1982). Unstable water conditions in agricultural production may
provide a rationale for irrigation.

Irrigation, as defined by Clark (1970), is an application of water by a human
agency to assist crop growth. In this respect, Thai farmers have been practising simple
irrigation for centuries, long before any of the government’s direct involvement in the
sector. The existence of simple irrigation systems in Thailand can be traced back to as
early as A.D. 657 (Surarerks, 1986).

Direct government involvement in irrigation probably began in 1902 when the
Canal Department was established to develop and maintain inland waterways, control
floods, and build and operate minor irrigation works. However, during that very early
development period, irrigation was still not capable of controlling water. The system only
consisted of a number of small canals constructed mainly for transportation. These canals
were also used to drain water for wet season rice cultivation when the annual flooding
occurred.

The successive droughts of 1911 and 1912, led to the development of modern
irrigation projects. The main objective (and perhaps the only objective) was to increase

rice production in order to meet the needs of a growing population and an expandin g rice
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export market. The first large-scale irrigation project,? the Rama VI Dam on the Pa Sak
River, was completed in 1924.

In 1927 the Canal Department was reorganized and renamed as the Royal
Irrigation Department (RID) with more authority in irrigation development. From the
early 1930s to the 1960s the RID focused its efforts on extensive investment in large-
scale irrigation systems® mainly to assist wet season rice production. More than twenty
irrigation projects were constructed during the period of the Great Depression and World
War 1. As before, almost all of the traditional irrigation technology was designed for
extensive wet season rice production.* Cultivation in the dry season was not substantially
enhanced until completion of two large multipurpose storage dams, i.e., the Bhumiphol
and the Sirikit Dams in 1964 and 1972, respectively.,

2.3.2 Present Irrigated Area and Prospect for Expansion

RID data® indicates that the total irrigated area in Thailand increased by almost 6 percent

*In Thailand, irrigation projects are normally classified into large-, medium-, and small-scale projects.
Large-scale irrigation projects are those with capital construction cost over 20 million baht, and these usually
have service areas exceeding 80,000 rai. Medium-scale projects are those with construction cost ranging
from 4 to 20 million baht or service areas between 6,250 (o 80,000 rai. Small-scale projects usually cost
less than 4 million baht and have service areas less than 6,250 rai. (1 Canadian dollar=18.37 baht (October,
1594)).

* Gravity-flow irrigation systems predominate in the Thai irrigation network. Conceptuoally, water
supplies from upstream to downstream levels are controlled by water regulating structures and gates. Water
is delivered through the main irrigation canals which are successively branched into smaller and smaller
channels until it reaches farm turmouts (gates at the farmer's field). The excess water at the field is then
drained through the channels and is either returned to the system or led away to prevent flooding in the
lower areas.

¢ Flooding irrigation method is normally practiced for paddy rice cultivation. The traditional system
was specifically designed to spread supplementary water into the rice growing areas as much as possible
and only provide the drainage shortly before rice harvesting season begins.

* There have been considerable inconsistencies of data available from various sources regarding
irrigated areas.
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per annum during the 1960s and by approximately 4 percent in the 1970s and early1980s.
The rate of increase in irrigated area dropped to 1.6 percent during the second half of the

1980s (Table 2.2).

Table 2.2 Agricultural Irrigated and Rainfed Areas
unit: 1000 rai
Year Agricultural Irrigated Rainfed
Land Area Area

1960 61,682.8 9,536.4 52,146.4
1965 78,817.0 10,977.0 67,840.0
1970 92,833.1 12,511.5 80,321.6
1975 112,211.3 15,005.7 97,205.6
1980 118,998.9 18,690.4 100,308.5
1985 128,603.5 23,889.2 104,714.3
1986 129,845.0 24,447 1 105,397.9
1987 131,202.6 24,975.7 106,226.9
1988 131,772.8 25,755.5 106,017.3
1989 131,831.2 25,989.0 105,842.2
1990 132,124 .4 26,487.9 105,636.5
1991 133.076.2 27,182.5 105.893.7

Source: Agricultural  Staistics of Thailand, Ministry of Agriculture and

Cooperatives (MOAC), and Irrigated Agricultural Branch, RID.

Currently, the Thai irrigation network consists of approximately 600 large- and
medium-scale projects operated under RID supervision, and more than 4,000 small-scale
projects operated by farmers. It should be noted that the irrigation systems developed
thus far have been based almost entirely on the use of surface water rather than

groundwater.
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At present, Thailand has approximately 27.2 million rai of irrigated land,

accounting for about 20 percent of total agricultural land. It should also be noted that

these figures are generally based on the maximum designed irrigation service area when

the systems were constructed and this generally overestimates the area actually irrigated.

The actual irrigated area in the wet season normally varies from 60-70 percent of the total

irrigated land, and only about 25 percent of the total irrigated area has sufficient water

for dry season cultivation (Table 2.3).

Table 2.3 Shares of Wet and Dry Season Irrigated Areas Actually Benefitting
from Irrigation, 1984-91
Irrigated Area (1000 rai) Shares (%)
Year Total Wet Season Dry Season Wet Dry
Season Season
1984 22,866.12 16,067.59 5,687.62 70.27 24.87
1985 23,889.15 16,660.78 5,546.21 69.74 23.22
1986 24,447.08 16,854.94 5,986.44 68.94 24.49
1987 24,975.73 17,029.31 6,263.05 68.18 25.08
1988 25,755.53 16,863.02 6,263.05 65.47 24.32
1989 25,989.01 17,580.31 7,092.60 67.65 27.29
1990 26,487.93 16,567.43 7,459.71 62.55 28.16
1991 27,182.47 16,849.95 5,659.36 61.99 20.82
Average 25,199.13 16,809.17 6,244.76 66.85 24.78
Source; Irrigated Agriculture Branch, RID

Even though the fraction of land that is irrigated appears to be relatively low,

further expansion of irrigation in Thailand would incur high construction costs (Table 2.4)
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and apparently also high environmental costs. The principal factor that may have
accounted for the dramatic increase in construction cost is that the most suitable sites for
constructing dams and their networks were the first to be selected for irrigation. New
projects on less suitable sites involve longer canals and more extensive drainage systems.

Table 2.4 Average Investment Cost of Large- and Medium-Scale Irrigation
Projects in Thailand (at 1986 Prices)

Year Numbers of Investment Service Average
Projects Cost Area Cost
(million baht) (rai) (baht/rai)
1956-65 127 8,356 8,150,025 1,025
1966-75 103 11,552 3,579,670 3,227
1976-86 252 33,803 6,213,932 5,440
Total 482 53,711 17,943,627 2,993
Source: Ammar Siamwalla and Viroj Na-Ranong, 1990.

With respect to environmental consequences, the conservation movement in
Thailand has played an increasing role in decisions regarding pdblic irrigation. The most
recent plan to construct a large-scale multipurpose dam (the Nam Choan Dam), proposed
by the Electric Generating Authority of Thailand (EGAT) in 1980, has received
considerable public attention. Even though the government authority has attempted
several times to illustrate that the benefits from the project would outweigh the costs, the
project has been strongly and severely opposed by local people, environmentalists, and
several other interest groups. As written by Suraphol Sudara, one of the leading

environmentalists in Thailand,
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It is often said that we do not appreciate the value of things until they are

lost. But regret will not do us any good because it will be too late...every

dam that we have built resulted in complete destruction of forests... [Thai

people] have allowed our resources to be destroyed until the present

generation...has to cope with hardship and poverty resulting from degraded
natural resources. Only then do we realize that a virgin ecosystem must

retain its integrity (Sudara, 1987; p 36).

Due to serious confrontations between conservationists and developers, no large-scale
water resource development projects have been implemented in recent years. The outlook
for further large-scale irrigation development seems to be rather limited.

2.3.3 Regional Distribution of Irrigation

Table 2.5 shows the distributions of agricultural land and irigated land among the
country’s four regions, i.e., the North, the Northeast, the Central, and the South (Fig. 1.1).
As clearly indicated, irrigation has been concentrated in the North and Central regions,
These two regions account for approximately 75 percent of the total irrigated area in the
kingdom.

As shown in Table 2.5, the share of agricultural land in the Northern region is
about one fifth of the total. The region is relatively well-equipped with irrigation
services, with about one fourth of its total agricultural area irrigated. The Northeast
accounts for two fifths of total agricultural land in Thailand, but only 7 percent of
agricultural land in the Northeast is irrigated. Water resource conditions in the Northeast
are the poorest in the country. The higher lands often suffer from drought while the
lowlands along the rivers generally flood. Poor moisture holding capacity resulting from

low quality soil texture, in combination with irregular rainfall, apparently contribute to

the low level of irrigation development in this region. The Northeast has only 16 percent
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of the total irrigated land in Thailand.

Table 2.5 Agricultural and Accumulated Irrigated Areas by Region, 1991
Region Agricultural Regional Irrigated Regional Irrigated
Area Share of Land Share of land as %
Agricultural Irrigated of Ag.
Area Area Land
(1000 rai) (%) (1000 rai) (%)
North 29,394.3 22.09 7,083.2 26.06 24.10
Northeast 57,718.5 43.37 4,371.1 16.08 7.57
Central 28,629.5 21.51 13,013.7 47.87 45.46
South 17,333.9 13.03 2,714.5 9.99 15.66
Whole 133,076.2 100 27,182.5 100 2043
region
Source: Agricultural Statistics of Thailand, MOAC.

In contrast, the Central region is the most prosperous region of Thailand. Most

land in this region are flood plains or lowlands which are ideally suited for commercial

rice production. The region enjoys the most extensive development of irrigation and

drainage systems with 45 percent of its agricultural land under irrigation.  Almost 50

percent of the country’s irrigated land is in this region.

The Southern region is a peninsula. The region experiences a tropical climate

which provides adequate moisture and humidity throughout the year. Unlike other parts

of the country, the South usually receives more than average rainfall which frequently

results in flooding. Approximately 15 percent of agricultural land in this region is

irrigated.
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It should be emphasized that both the availability of water supplies and land
quality have been largely responsible for the geographical distribution of Thai irrigation
projects. One important implication for subsequent production analysis is that the
differences in productivity between irrigated and non-irrigated land, holding other inputs
constant, may be attributable to not only the contribution of irrigation water but also to
differences in land quality.

2.4 Cropping Pattern and Diversification

Prior to analyzing the contribution of irrigation water in agricultural production, it is
instructive to review cropping patterns during recent years.

2.4.1 Expansion and Diversification on Total Cultivated Land

After the post World War 1 period, there has been substantial increase in agricultural land
area. Agricultural land increased in area by 5 percent in the 1950s, 45 percent in the
1960s, and by 25 percent in the 1970s and the 1980s. As a result, forest lands have been
significantly reduced from 54 percent of total land area in 1950 to only 27 percent in
1990.

In addition to rice, the planted area of other major crops has increased
substantially. Maize, cassava, sugarcane, soybeans, and mungbeans played important
roles in this expansion, with total area planted to these crops increasing tenfold from 1950
to 1990. While the share of total agricultural land planted to rice declined from 67
percent in 1950 to 51 percent in 1990; the share of vegetable and upland crops rose from
only 9 percent to 25 percent during the same period. The area planted to these Crops

increased by over 600 percent during this period (Table 2.6). This process of

20



diversification® occurred in response to more diversified market demand and to
government policy favouring agricultural diversification in order to counter unstable
agricultural prices in world markets.
2.4.2 Diversification on Irrigated Land
Our brief review of the macro picture of cropping patterns illustrates two facts. First,
there has been substantial growth in cultivated area during the post World War II period.
Most of the post World War II agricultural growth can be attributed to increases in
agricultural land area rather than increases in yields. Second, there has been substantial
diversification of crops. In addition to rice, several upland crops have played an
increasingly important role in expansion of the agricultural sector. However, crop
diversification in Thailand has occurred primarily in rainfed areas. A relatively limited
amount of diversification has been experienced on irrigated lands (Tables 2.7 and 2.8).
As shown in Table 2.7, rice is still the principal crop on irrigated land especially
in the wet season. During the § years from 1984 to 1991, approximately 14 to 15 million
rai of irrigated land was still planted to rice annually. Althougﬁ the planted area had not
significantly changed in absolute terms, the share of rice on irrigated land had slightly
declined from 90 percent in 1984 to 85 percent in 1991. Only 10 to 15 percent of
irrigated area had been diversified to other crops such as fruits, vegetable and other

upland crops in the wet season.

® Due to a lack of data, the discussion here could not be supplemented by comparisons of cropping
patterns in the wet and dry seasons.
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Table 2.6 Agricultural Land Uses, 1950-90
unit: 1000 rai
Year Rice Upland Fruits Wood | Unclassified Total Rice Areas of
Crops and Land Land Agricultural | Area as | Upland
and Trees Left Land % of Crops &
Vegetable Idle Total | Vegetable
Ag. as % of
Land | Total Ag.
Land
1950 | 37,374.5 | 5,038.96 | 5,769.36 | 5,365.5 2,148.12 55,696.59 67.10 9.05
1955 36,8814 | 4,745.20 | 5,238.24 | 5.301.3 4,028.47 56,194.77 65.63 8.44
1960 | 37,127.1 | 6,905.63 | 6,144.93 | 5,335.8 5,169.34 60,682.83 61.18 11.38
1965 | 40,493.3 | 13,495.25 | 10,432.2 | 4,962.1 9.434.07 78.817.09 51.38 17.12
1970 | 59,171.1 | 13,977.64 | 9,430.29 | 4,559.5 5,694.49 92,833.11 63.74 15.06
1975 71,239.2 | 20,310.71 | 10,412.5 | 5,039.5 2,372.13 109,374.16 65.13 18.57
1980 | 73,562.9 | 26,072.23 | 11,142.3 | 3.064.4 2,636.00 116,478.10 | 63.16 22.38
1985 73,902.4 | 32,078.41 | 13,463.5 | 3,749.7 2,378.17 125,572.29 | 58.85 25.55
1990 | 74,191.4 | 36,561.93 | 19,534.8 | 7,684.3 6,484.76 144,457.26 | 51.36 25.31
Source: Agricultural Statistics of Thailand, MOAC.
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Table 2.7 Trrigated Land Uses in the Wet Season, 1984-91

unit: 1000 rai

Year Rice Upland Vegetable | Sugarcane Fruits Trees Fish Total
Crops Farm

1984 14,478.99 173.74 84.14 494.93 392.67 253.19 | 189.93 16,067.59
1985 14,886.95 169.58 141.76 411.28 585.17 253.44 212.60 16,660.78
1986 14,918.85 115.99 152.81 469.91 618.46 3‘39.‘00 239.92 16,854.94
1987 15,107.06 129.92 146.15 490.94 579.52 297.78 277.94 17,029.31
1988 14,691.36 131.86 160.36 728.96 570.18 252.62 327.69 16,863.02
1989 15,550.18 131.25 128.52 646.33 644.83 231.37 247.84 17,580.31
1990 14,427.70 110.41 121.94 685.70 715.19 187.18 319.31 16,567.43
1991 14,371.52 138.12 116.87 838.11 789.76 294.12 301.46 16,849.95
Average 14,804.08 137.61 131.57 595.77 611.97 263.59 264.58 16,809.16

% 88.1 0.8 0.8 3.5 3.6 1.6 1.6 100.0

Source: Irrigated Agriculture Branch, RID
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Table 2.8

Irrigated Land Uses in the Dry Season, 1984-91

unit:1000 rai

Year Rice Upland Vegetable | Sugarcane Fruits Trees Fish Total
Crops Farm
1984 3,794.41 785.59 160.22 335.80 348.46 158.29 104.86 5687.62
1985 3,557.34 671.30 171.53 309.23 505.56 148.79 182.21 5546.21
1986 3,476.76 707.70 209.03 383.08 644.62 343.15 222.10 5986.44
1987 3,182.23 700.80 186.54 624.77 647.42 321.55 263.48 6263.05
1988 3,518.49 700.80 186.54 624.77 647.42 321.55 263.48 6263.05
1989 4,373.28 706.41 65.66 680.01 619.10 268.12 268.03 7092.60
1990 4,591.15 710.60 187.31 669.98 805.35 194.46 300.92 7459.71
1991 3,074.52 678.81 182.03 676.50 717.09 128.51 201.92 5659.36
Average 3696.02 707.75 168.61 538.02 616.88 235.55 225.88 6188.71
% 59.7 11.4 2.7 8.7 10.0 3.8 3.7 100.0
Source: Irrigated Agriculture Branch, RID.




Diversification on irrigated land in the wet season has been relatively limited
partly because most irrigation systems were designed to serve only extensive rice
production (as noted earlier). These irrigation systems generally did not provide the
ability to control water at the field level which is required by other crops. Rice is
produced best under constant flooding. In contrast upland crops require considerably less
water, but they do require much better water control and drainage. This is beyond the
capability of the existing irrigation system (World Bank, 1985). The potential for wet
season crop diversification on irrigated land is likely to remain low unless the rrigation
system is modified to provide a higher degree of water control and better drainage.

The main objective of the government in its irrigation program has been to ensure
the rice crop in the wet season which is the principal source of farm incomes. Irrigation
for dry season cropping appears to be of secondary importance. Planting area has varied
with the water supply remaining in storage reservoirs at the beginning of the dry season.
In periods of low rainfall, cultivated area in the dry season can be dramatically reduced
if these water supplies are low.

Although paddy rice is the dominant crop under irrigation in the dry season, its
share is much lower than in the wet season (Table 2.8). Annual rice area is about 3 to
4 million rai, accounting for about 60 percent of the total irrigated land in the dry season.
The remaining 40 percent of irrigated land in the dry season is under other érops.
According to the World Bank (1985), farmers continue growing rice in the dry season
primarily because the economic return is higher than for alternative upland crops such as

soybeans, groundnuts, and mungbeans. Even though rice requires more water than do
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other crops, it tends to be more profitable in spite of low market prices for rice.” This
is in part because farmers are not charged for irrigation water.
In addition, physical conditions have also constrained dry season crop
diversification on irrigated land. As the World Bank points out,
..in terms of soil and drainage only some 15 percent of Thailand’s
irrigated soils are well suited for upland crops (a further 16 percent has
limited potential) and that in fact most irrigation project sites were
originally chosen on the basis of suitability for rice rather than diversified
crops. This implies that about 85 percent of irrigated dry season land is
suitable only for paddy (World Bank, 1985; p 50).
2.4.3 Rice Production and Contribution of Irrigation
Since rice is the principal crop grown on irrigated land in both wet and dry seasons, the
econometric analysis of irrigation performance in Thai agriculture at the national level
will be limited to rice production. On that basis, attention now will be focused on the
past contribution of irrigation to rice production.
Table 2.9 suggests that higher rice productivity is associated with irrigated land.®
Even though irrigation accounts for only 25 percent of total wet season rice area, it is
associated with 40 percent of total rice production. Average rice yield on irrigated land

during the past three decades is more than double yields on rainfed land. Dry season rice

yield on irrigated land is especially significant: its average yield is almost 3 times

” Government policy maintains domestic rice price at low levels because rice is the main determinant
of the cost of living and the consumer’s real income. This issue will be addressed in more detail in Section
2.5.

® Irrigation is often considered a land conserving technology. In other words, irrigation reduces the

amount of land required for producing a given output. Notice that in this context, data on yield reflect the
average productivity of the entire input package rather than Just the influence of irrigation.
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Table 2.9

Rainfed and Irrigated Rice Production, 1961-90

Average
Area/Production/Yield 196170 | 1971-80° | 198190 | 1961-9¢7

Planted Area (1000 rai)

Wet season paddy area® 43211 52271 59053 51511.7
Rainfed paddy area® 32478.6 40240.8 444441 31.54.5
Irrigated paddy area® 10732.4 12030.2 14608.9 124572
Irrigated area as % of total wet season 248 23.0 247 24.2
area

Dry season paddy area® n.a 2481.3 4239 3457.8

Dry season area as % of total {wet+dry n.a. 4.5 6.7 6.3

seasons) area

Production (1000 ton of paddy rice)

Wet Season production® 10480 14535 17034 14016.3
Rainfed® 6222.3 9284.4 101624 8556.3
Irrigated? 4257.7 5250.6 6871.6 5460
Irrigated paddy production as % of 40.6 36.1 40.3 39.0
total wet season paddy production

Dry Season production® n.a. 1282.3 2397.2 1901.7

Dry season paddy production as % of n.a. 8.1 12.3 f1.9

total (wet+dry seasons) production

Yield (kilogram/rai)

Wet season 241.1 278.1 288.2 269.1
Rainfed 189.2 230.9 2278 216.0
Irrigated 3972 435.6 470.4 434.4

Dry season n.a, 516.5 567.8 545.0

* Time series data for dry season starts in 1973.
! ® Agricultural Statistics of Thailand, MOAC. All rice areas in dry season are presumably irrigated,
¢ Calculated as residual i.e., total less irrigated.
: I Irrigated Agriculture Branch, RID.
¢ Paddy rice production is rice production before threshing and milling (ratio of milled rice to
paddy rice is approximately 0.65).

27



higher than normal yields on rainfed land in the wet season. These dramatic differences
typically stem from the fact that most dry season rice is planted in a relatively small
irrigated area which is adequately supplied by irrigation water and is well equipped with
better water control and drainage systems. The security of reliable water control leads
farmers to invest relatively more in modern inputs such as high yielding varieties and
fertilizer, which usually results in substantially higher yields.

Apparently, the level of modern inputs used in Thai agriculture is still among the
lowest in the world (FAO). The modern high yielding varieties (HYVs) of rice, i.e., the
R.D (Rice Department) varieties, have not been very successful for the major wet season
rice crop especially in rainfed areas. This is partly because the intensive technologies
including heavy use of fertilizer, better water control and proper farm mana,;j,cment are
normally recommended for HY Vs. Unfortunately, a policy environment that includes
substantial rice export taxes and protection of the domestic fertilizer industry has
discouraged such practices. On the other hand, the government has also adopted other
policies that partially offset export taxes and protection of the fertilizer industry: irrigation
water subsidies (to zero or near zero cost), rice farm price supports, cheap fertilizer
programmes, etc.’

It is very difficult to determine the net effects of these various policy instruments.
However, several relevant rice policies and implications for irrigation will be further

discussed in the following section.

? Numerous detailed analyses on Thai rice policies are available in the literature. See for example,
Siamwalla et. al. (1990), Sicular (1989), and Feeney (1982).
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2.5 Irrigation Water Management Policy
Irrigation water management in Thailand as elsewhere appears to fall into two broad
categories, i.e., supply management and demand management.
2.5.1 Supply Management
As discussed earlier, major investments in large-scale irrigation projects dominated the
Thai policy agenda for decades. During the first three National Economic and Social
Development Plans (1961-66, 1967-71, and 1972-76, respectively), the highest priority
in agriculture was placed on extensive large-scale irrigation development. During the
1960s and 1970s, irrigation works accounted for approximately 80 percent of all public
investment in the agricultural sector. Nevertheless the performance of irrigation projects
was questionable. It was widely recognized that thousands of farms in several irrigation
service areas were unable to benefit from the systems due to early concentration on
constructing major facilities and insufficient development of the distributional facilities.
During the Fourth Plan (1977-81), while new large-scale water resource
development still continued, several small-scale irri gation projécts were initiated largely
in the Northeast where large-scale projects were not economically feasible. Along with
constructing new dams and reservoirs, an attempt was also made to complete the
distributional systems to ensure more efficient use of the existing irrigation systems.
However, physical construction was emphasized to such a degree that administrative,
operational and institutional problems were ignored. To date, farmers still perceive that
irrigation systems belong to the government and it is the responsibility of the government

to provide not only a sufficient supply of water but also to carry out maintenance work
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at all levels. In addition, since irrigation water is provided free of charge, most farmers
receiving irrigation have viewed irrigation water as free and unlimited resource, so they
do not economize in its use. This has made it even more costly for the government to
supply irrigation water.

These limitations together with a decrease in agricultural prices have made large-
scale irrigation projects unprofitable. As a result, the government during the Fifth and
Sixth Plans (1982-86 and 1987-91, respectively) changed its focus to increasing
development of medium- and small-scale multipurpose projects with greater emphasis on
low income rainfed areas. Groundwater development projects have provided an
alternative to surface irrigation. Of most importance, emphasis has been placed on
encouraging local participation in irrigation development and management. These
schemes are continuing under the current Seventh Plan (1992-96), and there is more
attention to environmental consequences. Now an environmental impact assessment must
accompany the planning for any water resource development project. In the Seventh Plan,
water resources development has shifted from an individual project approach to a river
basin approach in an effort to reduce conflicts among competing uses and to make
effective uses of water resources at the macro level.

Obviously, the extensive expansion of irrigated area has reached its practical limit.
As an alternative to supply expansion, the RID now emphasizes improvements in
administration and operation of existing irrigation systems. Computerized systems of
water scheduling and monitoring now assist in allocating water to different uses within

large-scale projects. A program of institution strengthening, especially for Water User
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Organizations, has also been emphasized. All these programs which aim at controlling
water supply represent a prudent step towards increasin g efficient use of irrigation water.
It is important to note that improving control of irrigation water supply is not only
a means to increase efficiency of water use but also is a prerequisite to effective water
pricing (Srivardhana, 1984; World Bank, 1985; and Asian Development Bank, 1986).
2.5.2 Demand Management
Inadequate control over the distribution of irri gation water supply is not entirely
responsible for the poor performance of the existing public irrigation systems. The
deterioration and low efficiency of these systems also stem partly from the peculiar nature
of irrigation water supplies' and perhaps more importantly from the policy of fully
subsidizing irrigation water. This policy primarily benefits wealthier farmers.
2.5.2.1 Pricing Instrument
Charges for irrigation water use have never been imposed in the public irrigation system.
The policy has somehow been justified on the basis of equity. The legal basis for cost
recovery of irrigation systems was first provided in the Public Irrigation Act of 1942, The
maximum fee that could be collected from users was raised from 0.50 baht/rai to 5
baht/rai in 1964 when the Act was amended. These proposed fees have never actually
been levied due to political difficulties. Only small fees have been imposed on industries
using irrigation water. Moreover these proposed fees are extremely low and outdated.
Although no direct charges for irrigation services provided by the RID have been

levied on farmers, for many years the government maintained substantial taxes on rice

' This issue will be addressed in greater details in the next chapter.
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exports.  Accordingly, many have argued that irrigation subsidies (i.e., government
provision of irrigation at zero cost) are partially offset by this export tax, the so called
rice. premium.'"  The rice premium was first introduced in 1956 as a source of
government revenue and finally abolished in 1986 due to depressed world prices. The
premium rates varied by grade of export rice and were intended primarily to maintain
artificiaily Iow and stable rice prices for domestic consumers. During the first 10 year
period of 1956-1966, the rice premium was as high as 40 percent of export prices which
implied a tax of slightly over 80 percent of the farm gate prices. Thereafter the premium
rates gradually declined until finally abolished.

Since there is some correlation between the benefits from irrigation and surplus
from rice production, using export taxes or other taxes on marketed output as a method
of cost recovery for irrigation investment does target in part the beneficiaries of irrigation.
However, this does not imply that output taxation is a substitute for irrigation fees. By
depressing the farm level price of rice, the rice export premium tended to increase the
relative profitability of other crops; and to some extent this would encourage crop
diversification. Similarly, irrigation water charges would encourage diversification since
rice requires considerably more water than do alternative crops with the exception of
sugarcane (Doorenbos and Pruitt, 1977).

However, a tax on output cannot be a substitute for irrigation water fees unless

irrigation water is always used in fixed proportion with other inputs. In other words, a

"' The rice premium was levied on rice exported to world markets.  Basically, it was used as

flexible tool of market intervention to achieve a variety of objectives: keeping domestic prices low,
improving the terms of trade for Thailand, and raising government revenues,
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tax on output generally does not alter the proportions between water and other inputs in
production so that marginal returns to water are equal to opportunity costs. Output taxes
cannot be a substitute for user fees in achieving an efficient allocation of water.

Of course, in a second best economy with many distortions, it is not clear that an
optimal policy involves pricing irrigation water to farmers at its marginal cost or marginal
return in alternative use. Nevertheless, it seems clear that zero user fees for irrigation
water is not part of an optimal second best policy because it fails to encourage
conservation of water by farm users.

Charges for irrigation water is a controversial and highly political issue. There
have been several legislative attempts to amend the Irrigation Act for higher irrigation
charges, but those have been unsuccessful including the recent attempt in 1992. The 1992
proposal would increase irrigation water fees for agricultural water uses to 15 baht per
rai for wet season cultivation, 20 baht per rai for dry season, and 30 baht per rai for
agricultural activities that use irrigation water for the entire year.,

Despite political failure in legislating urigation water fees, many economists
consider water pricing schemes as the best means of increasin g irrigation efficiency and
financing irrigation projects. In Thailand, rapid economic growth in recent years has led
not only to a significant increase in total demand for water but also to more intense
conflicts among competing uses. As a supplement to other methods, water pricing has
frequently been identified as a means to encourage more proper use of water resources.
As Sethaputra et al., argue,

Water pricing is critical for meeting water shortages and managing
growing demands...it helps determine the optimal sectoral allocation of
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water...it encourages reduction of waste and promotes efficient water use,

thereby limiting demand, and it recovers the cost of supply, thereby

making funds available for expanding the supply...Shielding the users from

rising supply price of water guarantees either growing water shortages,

growing water subsidies or a combination of the two (Setrapufra et, al.,

1990; p 17).

The intention of the government to collect irrigation fees was again stated in the current
Seventh Plan. Charges are suggested to cover only operating and maintenance costs of
the irrigation system in order to induce more efficient use of water.

2.5.2.2 Quantity Control Instrument

In the absence of user fees, quantity controls have implicitly or explicitly been employed
to ration the supply of irrigation water between farms. Explicit quantity controls are often
adopted during periods of drought. The general approach has been to set a ta;get for the
dry season cropping area reduction, generally referred to as the dry season area reduction
or the DSAR approach. Unfortunately, inadequate water for irrigation in the dry season
seems to continue even during periods of normal rainfall. The problem appears to be
more severe in the Central region due to the rapid growth of demand for water in other
competing uses.

In theory price and quantity controls may be substitutes in achieving on efficient
allocation of water resources (e.g., see Baumol and Oates, 1988 for an introduction to the
extensive literature on price versus quantity controls for achieving efficient levels of
resource use or pollution). Nevertheless the effects of price and quantity controls may

differ substantially in practice. The optimal mix of price and quantity controls may

depend largely on the particular institutions. These issues deserve a comprehensive



analysis which is beyond the scope of this study.

2.6 Summary

This chapter has provided an overview of irrigation development and irrigated agriculture
in Thailand. The main conclusions are as follows.

In the past, agricultural growth in Thailand has been achieved mainly through land
expansion (largely by clearing forest land) rather than by yield increases. However,
future expansion of land is no longer possible due to high environmental costs involved.
Yield increases appear to be the only alternative for brin ging about agricultural growth.

Crop diversification from rice has been experienced, but it has occurred primarily
on rainfed land rather than irrigated land. Rice is the principal crop grown on irrigated
land for both wet and dry seasons, accounting for 88 and 60 percent of irrigated area in
the wet and dry season, respectively.

There have been substantial investments in irrigation systems following the World
War II. Despite extensive investments, irrigated area presently accounts for only 20
percent of the total agricultural land. Moreover only 13 ana 5 percent of the total
agricultural land actually benefits from irrigation facilities in the wet and dry season,
respectively. Agricultural growth through extensive expansion of irrigated area is now
limited due to rising construction and environmental costs.

The provision of zero or near zero charges for irrigation water supplies represents
an important subsidy to the agricultural sector. Given rapid economic growth in Thailand,
the related issues of water pricing and efficient use of irrigation water will be of growing

importance in the future.

35



Chapter 3. Theoretical Framework

3.1 Introduction

This chapter provides a basic theoretical framework for the study. It discusses the
derivation of the implicit value of irrigation water and evaluation of the impacts of
irrigation in agricultural production. The concept of market failure in irrigation water
supplies is first discussed. This suggests that a decentralized market pricing system which
reflects the marginal value of water will not normally exist to allocate water among uses.
Then various methodologies for evaluating the economic value of irrigation water are
presented. The theoretical and empirical literature related to the valuation of irrigation
water is reviewed. Then static theoretical models for estimating water values and
evaluating the impacts of irrigation are discussed both within a primal framework (a crop
production function) and a dual framework (a system of input demand and output supply
relations).

3.2 Market Failure in Irrigation Water Supplies

It has been well recognized that irrigation water has several physical and economic
attributes that lead to market failure and nefficiency. As noted by Young and Haveman
(1985), water is a fugitive resource flowing from one property to another. This makes
it difficult to establish and enforce property rights. By its nature, irrigation water is
accessible to many users but belongs to no one until it is withdrawn and put to use. In
principle prdpcrty rights can in effect be established through a system of metering water
to users, but in practice this is impossible on irrigation systems serving many small

holdings. Even when property rights are established through communal management, the
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cost of effective enforcement is relatively high.,

Scarcity of water resources implies that water consumption by one farmer reduces
the possibilities for consumption by others. Since the amount of water 1s relatively
limited, especially in the dry season, this suggests that irrigation water takes on a positive
economic value. In this case, the absence of property rights can generate market failure.

Irrigation water resource development usually exhibits economies of scale where
relatively high investment is needed in building physical facilities, conveyance, and
distributional systems. In addition, costs of water storage and extensive delivery systems
(such as canals, ditches and dikes) from control regulators to farm turnouts tend to be
high. These indivisible costs are not variable with the amount of water consumed.
Obviously, the marginal cost of supplying irrigation water to an additional user is low
compared to average cost. Thus, even if marginal cost pricing leads to an efficient
allocation of water, it cannot fully finance irrigation projects. Even though economists
have proposed the use of water markets to improve the allocative efficiency of water
resource (Weinberg, Kling, and Wilen, 1993), irrigation water is seldom allocated through
the market mechanism in the same manner as other resources and commodities.

3.3 Economic Value and Pricing of Irrigation Water

In most countries irrigation water supplies are publicly provided and highly subsidized.
Users are often charged only for the cost of transferring water from its source to the farm
or cost of contro] and distribution. However, even these costs often have been subsidized.

If there was sufficient water to satisfy all users at a zero price, then any positive

price would unduly restrict water use. However, such circumstances certainly do not
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prevail in Thailand at present. Scarcity should be reflected in user costs if water is to be
used efficiently. In the absence of market prices, irrigation water supplies can be valued
using either a cost or benefit approach.'
3.3.1 Cost Based Approach
A conventional pricing rule is that price should be equal to marginal cost. However, in
industries such as irrigation with decreasing average costs, marginal cost pricing would
result in substantial losses since overheads will not be covered. Unless the government
subsidizes losses, marginal cost pricing of irrigation water cannot be expected from a
private enterprise. In contrast average cost pricing would permit firms supplying
irrigation water to avoid losses, but this would exclude some users who would be willing
to pay the marginal cost, i.e., average cost pricing would unduly restrict the use of water.
3.3.2 Benefit Based Approach
In contrast to the cost based approach, irrigation water can also be valued on the basis of
benefits obtained from using irrigation water supplies (at the margin benefits and costs
should be equal). The most two common methods include the residual valuation approach
and the estimation of a production function.

The residual imputation approach is based on two major assumptions. First, the
market prices of all other inputs except the one to be valued are equal to its marginal
value product. Secondly, the total value of output can be divided into shares such that

each input is paid according to its marginal productivity, i.e., the total value of output is

! Several approaches can be used to derive an economic value of irrigation water. More extensive

discussions on economic rates of irrigation water can be found in, for example, Ansari (1968): Young and
Haveman (1985); Gibbons (1986); and Chaudhry and Young (1990).
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equal to cost of production when factor prices equal marginal value products at
equilibrium. It is well known from Euler’s theorem that this condition holds if the
production function is constant returns to scale.

The residual imputation concept used to value irrigation water supplies can be

mathematically expressed as

n-1

TVP = Z;MVP,.X,. + MVP X (3.1)

where TVP represents the total value product of a given output. X, represents the i input
(i=1,...,n-1) and MVP, denotes the known marginal value product or wage of inputi. The
irrigation water supply and its marginal value product are represented by X, and MVP,,
respectively.

From (3.1), the shadow price of irrigation water or the residual attributable to
water can then be computed using farm budget studies. Mathematical programming can
also be employed to derive the imputed value of irrigation water. However, programming
studies have emphasized determination of the optimal allocation of a given water supply
to irrigated crops rather than deriving the economic value of water. Nonetheless the
implicit value of irrigation water is indicated by the solution to the dual corresponding
to the water scheduling problem. Recent empirical studies that explicitly address
valuation of irrigation water using mathematical programming are in Bernado et al. (1988)
and Chaudhry et al. (1990).

As noted by Young et al. (1985), the residual imputation approach has serious

limitations. The assumptions of static profit maximization and a constant returns to scale
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production function are restrictive. Moreover, if one or more variable inputs are omitted,
the economic value of irrigation water derived from the residual approach will be
exaggerated. Qualitative inputs affecting crop production such as managerial ability are
likely to be omitted in such computations. In this respect, the residual return to irrigation
water may be overstated.

As an alternative to the residual imputation approach, valuation of irrigation water
is also commonly based on econometric estimates of production functions. The marginal
physical product of irrigation water is calculated as a first derivative of the estimated
production function. Under certain conditions this can provide a measure of the marginal
value of irrigation water. Numerous studies of water production functions have been
conducted by agronomists and soil scientists within the framework of contgolled field
experiments. |

Yaron (1971) made a distinction between seasonal and dated crop water production
functions. The seasonal water production function relates yield to quantity of water used
during the growing season assuming optimal sequencing of water application over time.
The dated water production function is more complicated because it takes into account
the dynamic response at each instant during the growing period (Hexem and Heady,
1978). In other words, yield depends on the time and method of application as well as
the quantity of water.

The dynamic crop response function or dated production function typically is
expressed as either an additive or multiplicative function over time. The additive

production function (Moore, 1961} assumes that crop yield in each period is relatively

40



independent, i.e., a serious water deficit in one period only influences crop growth during
that period. This assumption is often Very restrictive.

A multiplicative production function over time permits an interaction of water use
for different periods in the determination of final crop outputs. Pioneering works on
multiplicative dated production functions are by Hall and Butcher (1968), Jensen ( 1968)
and Hanks (1974). The time framework considered is often arbitrary and has frequently
been chosen to coincide with the physiclogical growth stage or sometimes as a weekly
or monthly interval. There are at least two water variables that are commonly used in the
development of water production functions: evapotranspiration® or relative
evapotranspiration (Jensen, 1968; Doorenbos and Kassam, 1979; and Rao, 1988) and
irrigation depth or total (volume of) field water supply (Stewart and Hagan, 1973; and
Gulati and Murty, 1979).

A generalized water production function was developed by Hexem and Heady
(1978). Using experimental data, the yield responses to water were estimated in
interaction with fertilizer applications and dummy variables representing variations in
climate and soil types. Doorenbos and Kassam (1979) utilized available information from
locations worldwide to quantify the effects of water stress on several crops. Relative
yield is specified as a function of relative evapotranspiration or the ratio of water deficit,

which varies with climate. They emphasized that other variables which interact with

? Conceptually, crop evapotranspiration is the actual water or moisture required for crop growth,

comprising two relevant parts, i.e., the amount of water evaporated from soil surface and the water
transpired by the plant. The value of maximum water requirement for each crop (crop potential
evapotranspiration-ET,) usually depends on several climatic factors such as sunshine duration, wind speed,
relative humidity, etc. Several methods can be used in determining ET, (see Doorenbos and Pruitt,1977).
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water in determining crop yield are not incorporated into the relationship; so the equation
is valid only for high yielding varieties that are well adapted to the environment and are
grown in large fields under optimal agronomic practices and adequate supply of all inputs.
| Relatively few empirical studies of water production functions have been done by
economists. A major problem in such cases is obtaining an accurate measure of water
consumption. For instance, water as measured by the number of irrigations in the crop
year assuming an average of three inches per irrigation was employed in estimating the
value productivity of irrigation water in Pakistan using farm survey data (Hussain, 1985).
A recent economic study of crop water production functions using survey data was
presented by Kulshreshtha, Schuetz, and Brown (1991). They estimated seasonal water
production functions for several crops in Saskatchewan agriculture. The water variable
used in the model was inches of seasonal water application, i.e., the sum of rainfall and
irrigation water. Fertilizer and dummy variables representing differences in location, farm
size, field size and type of irrigation were included in the models.

In the irrigation literature, generalized water production functions are often
developed in order to mode! intraseasonal or interseasonal optimal allocation of water.
Given estimates of water response functions, marginal analysis or mathematical
programming is subsequently employed to simulate the optimal quantity of water use for
irrigated crops over the entire season or within discrete time intervals during the planning

period. Relatively few studies explicitly analyze the value of irrigation water.
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3.4 Theoretical Economic Model

3.4.1 Conceptual Basis

In the present study, estimates of a static production function (primal approach) and a
system of input demand and output supply equations (dual approach) are used to compute
the economic value of irrigation water. The impacts of irrigation on levels of output and
variable inputs are also derived. This section briefly discusses three fundamental
conceptual difficulties with these approaches. These problems are measurement of
irrigation water use, importance of location and timing, and social versus private valuation
of water.

3.4.1.1 Problems of Measuring the Water Variable

Obtaining an accurate measure of irrigation water used in crop production is extremely
difficult. Even in controlled experiments, losses from deep percolation, seepage, and
evaporation pose some difficulties in measuring water use. Since controlled experiments
generally are not feasible in economic research, water consumption is often approximated
in empirical studies (see for example, Hussain, 1985).

Data on water use was not available in the present study. As a consequence,
irrigation productivity or the shadow price of irrigation water in this study will generally
be approximated by the difference between irrigated and non-irrigated land productivities.
However, it is worth reemphasizing that the productivity of irrigated land is likely to
reflect not only the water supplies made available by irrigation facilities but also the
superior quality of (irrigated) land. Nevertheless data are not available to differentiate the

impacts of those two components of productivity for irrigated land. As a result, estimates



of marginal value of irrigation water could be inflated, especially in the case of inferences
from national time series data.

3.4.1.2 Marginal Productivity of Irrigation Water in Relation to Location and Timing
Crop production functions can be expected to vary greatly with climate, rainfall, and soil
fertility. Moreover, the marginal productivity of irrigation water presumably is also
sensitive to the levels of other inputs such as soil nutrient levels, quantity and quality of
seed, labour, and management skills.

Due to these physical complexities of the site specific crop response to water
application, the performance of irrigation systems may be best evaluated as a project
study approach at the farm level. In the present study, the farm level analysis or micro
analysis of irrigation water value is conducted usin g a static production function
framework.> Cross section farm survey data on agricultural production at the particular
irrigation project is employed as a case study analysis where the economic value of
irrigation water is explicitly derived from the estimated crop production functions.

Even though the contribution of irrigation water may be best assessed at a micro
level, such an analysis for a particular location is unlikely to be representative for the
nation. Consequently it is also useful to conduct an analysis using data aggregated at the
national level in spite of inevitable problems due to aggregation. The national or macro
analysis is based on secondary time series data.

In addition to spatial variation in impacts of irrigation water, crop response to

* Although a dynamic or dated preduction function is more realistic than a static medel, a dynamic
production function is not estimated here. Complexities of the biological crop growth process in each
environmental condition make it very difficult to accurately model dynamic process in empirical studies
(Kulshreshtha et al., 1991).
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irrigation also varies with rainfall and its seasonal distribution. As a result, the marginal
value of irrigation will be estimated separately for both wet and dry growing seasons in
farm level and national level analyses.
3.4.1.3 Private and Social Values of Irrigation Water
As was discussed in Chapter 2, input and output prices in Thai agriculture are subjected
to extensive distortions through government intervention. As a consequence, market
prices for both inputs and outputs may not reflect their social opportunity costs or values.
The principal example is government stabilization policies in the Thai rice market where
rice farm prices have been maintained below world price levels. In contrast, several
measures such as import quotas and price supports have raised soybeans prices above
market equilibrium levels. Fertilizer and irrigation subsidies also distort input markets,
Since no attempt has been made to correct for these distortions in the present
analysis, the marginal values of irrigation water calculated here are estimates of private
rather than social values of irrigation, i.e., these are estimates of farmers’ willingness to
pay for irrigation (within a static framework). The net effect of extensive price distortions
on the difference between private and social values of irrigation is not clear and beyond
the scope of this study.
3.4.2 Primal Approach: Econometric Estimation of Crop Production Function
As discussed earlier, specification of a crop production function may permit assessment
of marginal returns to irrigation water. Unfortunately, data on amount of water
consumption is not available at the macro level and cannot be obtained with any accuracy

from interviews at the farm level in the present study. As a result in the case of macro
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data, the productivity of irrigation water will be approximated as the difference between
the productivities of irrigated and non-irrigated land. In addition, the impacts of irrigation
on levels of outputs and variable inputs can be calculated within the static framework.
The methodology can be outlined as follows.

3.4.2.1 Private Marginal Value of Irrigation Water

Let Y = f(X, Ia, Ta) be a concave production function where a vector of variable inputs
(X) are employed in producing a single output (Y) given irrigated land (Ia) and total
agricultural land (Ta) as quasi-fixed inputs.  Assuming static competitive profit
maximizing behaviour, a farmer solves the following short-run maximization problem

(conditional on Ia, Ta)
max 7w = P X, la,Ta) - WX (3.2)
X

where output and input prices are represented by P and W, respectively. Solving (3.2),

the first-order conditions (FOC) for an interior solution are

P X Ia,Ta)fdX - W = 0 (3.3)

The corresponding variable input demand (X") and the output supply (Y) equations are

X = X(P,W,Ia,Ta) (3.4)
Y* = Y(P,W.Ia,Ta) (3.5)

and in turn short-run profits are
T(P,W,la,Ta) = P f (X (P,W,la.Ta),la,Ta) (3.6)

-WX (P,W.la,Ta)
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Differentiating (3.6) with respect to irrigation land Ia (with total land Ta constant)

on(P,W,la,Ta)/dla = P 9fX " Ia,Ta)/ola (3.7)
+P [0fX,Ja,Ta){8X -W)0X */ola

and substituting the FOC for profit maximization (3.3) yields

on(P,W,la,Ta)/dla = P 3RX *la,Ta)/dla (3.8)
This result (3.8) is an application of the static envelope theorem (e.g., Takayama, 19%5).
Thus the net benefit associated with converting a unit of non-irrigated land to irrigation
is equal to the difference between the marginal value product of irrigated and non-
irrigated land, evaluated at the equilibrium level of inputs X"

However, it must be reemphasized that the economic value or the shadow price
of irrigation water to the farmer can be computed as the marginal value product of
irrigation water (as in (3.8)) only when static short-run competitive profit maximization
holds. The relation between this shadow price and corresponding shadow prices under
dynamic equilibrium and/or risk aversion is discussed in the next chapter.
3.4.2.2 Impacts of Irrigation on QOutput and Variable Input
The effects of an additional unit of irrigation on equilibrium levels of output and variable
inputs can also be calculated from estimates of the production function. The impacts of
irrigation on output and variable inputs can be computed from the partial derivatives of
the FOC with respect to the quasi-fixed input, Ia (Lau, 1976).

For example, total differentiating the FOC (3.3) with respect to Ia yields
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PfyxdX*ola +Pf,, =0 3.9)

and in turn (assuming fy has an inverse)

OX(P,W.la,Ta)3la = -[f, (X *Ja,Ta)]™.
Jx X" 1a,Ta)

(3.10}

The effect of irrigation on output can be calculated simply as

oY(P,W la,Ta){0la = J(X*.Ia,Ta) 60X (ola
+ fi.(X ", 1a,Ta)

(3. 1D

It should be noted that the numerical solution for the impacts of irrigation on output and
inputs using this approach can only be derived when the production function is non-linear,
i.e., f44(*) is nonzero.

3.4.3 Dual Approach: Restricted Dual Profit Function

The shadow price of irrigation water and impacts of irrigation on output and inputs can
be evaluated within a dual framework as well as a primal framework.

3.4.3.1 Private Marginal Value of Irrigation Water

A restricted dual profit function is defined by the following short-run competitive profit

maximization problem conditional on Ia and Ta:

n(P,W,la,Ta) = max PY-WX
X
st F (Y,X,Ja,Ta) = 0

(3.12)

where m(-)represents a restricted dual profit function or short-run profit function when

quasi-fixed inputs such as irrigated land and total land (Ta and Ta, respectively) are
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present.  F(Y,X,la,Ta)=0 denotes a continuous transformation function relating

multioutputs (Y), variable inputs (X), Ia and Ta. Input and output prices are denoted by

W and P, respectively,
Properties of the dual profit function (n()) are well known (see for examnple,

Chambers, 1988, Varian, 1992). By applying Hotelling’s lemma, the system of estimating
equations for variable input demands and output supplies conditional on quasi-fixed inputs

can be derived as follows:

X(P,W]a,Ta) = -3n(P,W,la,Ta)faW, i=1,..n (3.13)

Y(P,W.,]a,Ta) = an(P,W,Ia,Ta)laﬁ J=1,..m (3.14)
Static competitive profit maximization implies, in addition to Hotelling’s lemma, that the
profit function (w)is linear homogeneous and convex in prices P, W. In turn (3.13)-
(3.14) are homogeneous of degree zero in prices P, W and satisfy restrictions
corresponding to a symmetric positive semi-definite Hessian matrix of = in P, W. These

restrictions (plus monotonicity) correspond locally to the hypothesis of static competitive

short-run profit maximization.

In order to estimate the shadow price of irrigation water (9n(-)/dla), two different
approaches can be employed. First, the profit function n(P,W,la,Ta) can be estimated
simultaneously with the input demand and output supply equations ((3.13) and (3.14)).
The shadow price of irrigation water can then be inferred directly from the estimated n (")

equation simply by differentiating the profit function with respect to Ia:
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3n(P,W,la,Ta)/dla = W,, (3.15)

where W,, represents the shadow price or the economic value of irrigation water
associated with the conversion of one unit of non-irrigated to irrigated land at the margin.

Alternatively, the shadow price of irrigation water can be derived directly from
estimates of the system of input demand and output supply equations ((3.13) and (3.14)).

In this case, the shadow price of water can be calculated as

on(P,W.la,Ta){dla = POY(P,W la,Ta)/ola (3.16)
-WoX(P,W.Ia,Ta)/ola

In principle the two approaches lead to the same results for the shadow price of irrigation
water (On/dla), although there are differences between the two approaches in terms of
econometric estimation (hence the two approaches will provide different consistent
estimates of the shadow price) and hypothesis testing. The advantage of the second
approach is that it does not necessarily require direct estimation of the profit function.
Direct estimation of this function may not be feasible due to the large number of
coefficients in this equation relative to equations for derivatives of the function.

An advantage of the dual approach is that the conditions for static competitive
short-run profit maximization behaviour can be tested more easily than in the primal
approach. The behavioral hypothesis implies the following symmetry or reciprocity

conditions (for integrability):

~0X,(P,W,1w)|oW, = ~BX (P, W,Iw)/oW, (3.17)
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OY(P,W,Iw)[oP, = BY(P, W,Iw)/oP, (3.18)

~0X(P,W,Iw)|oP, = BY(P,W,Iw)[aW, (3.19)

These symmetry conditions are easily tested by standard methods. Testing of
homogeneity and convexity conditions is also possible but is more problematic (Clark and
Coyle, 1994),

Note that calculation of the shadow price for irrigation in the primal approach
(3.8) depends critically upon this behavioral hypothesis. In contrast, calculation of the
shadow price for irrigation by the dual approach as in (3.16) depends less critically on
this hypothesis: output supply and input demand equations can be estimated (without
imposing reciprocity) even if the behavioral hypothesis is rejected.
3.4.3.2 Impacts of Irrigation on Qutput and Variable Input
In contrast to the primal approach, calculation of the impacts of irrigation on levels of
outputs and inputs is relatively straightforward within the dual framework. The impacts
of irrigation on output (8Y “(P,W,Ia,Ta){0la) and on variable inpﬁts (0X*(P,W Ia,Ta)/dla)
can be inferred directly from the estimated output supply and input demand equations
((3.13)-(3.14)).
3.4.4 Optimal Allocation of Irrigation Water in Static and Dynamic Models
This section summarizes relations between shadow prices for water at different time
periods assuming an optimal allocation of water over time. Both static and dynamic

models of resource allocation are considered.
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3.4.4.1 Static Analysis

Consider a two-period model for the profit maximizing competitive farm-firm in static
equilibrium. All prices are given and known with certainty in both periods. The firm
seeks to maximize the present value of profits over the two periods given an initial stock
of water W:

Maxn = = +—1—-'F.’
KR U q4r 2 (3.20)

5.t WU1+WU25 Wo

where m=p; fi(X;,L,L-WU)-wX,, p, and w; represent output price and vector of variable
input prices (i=pericd 1,2), and r is the discount rate. The crop production function is
denoted by f, (-). X, L, WU represent vector of variable inputs, land (quasi-fixed) input
and irrigation water use per unit of land, respectively. Note that for simplicity there are
no costs (in terms of evaporation or storage) to deferring water use to the second period.

Suppose that the production function is differentiable in WU and there is an

interior solution for WU (WU,">0, i=1,2). The first order conditions include

dn [OWU, = 1%,3“2’6"’”2 - -
) .
p, 10w0, = —Lop, apjowu,

Given that irrigation water is provided at zero cost, the profit maximizing firm
would allocate water such that the equilibrium marginal value product of irrigation water
in the first period is equal to the discounted equilibrium marginal value of irrigation water
in the second period. This implies that the marginal value (shadow price) of irrigation

water in the two periods would differ only by the rate of interest.
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If storage costs are significant, then the relation (3.21) is modified simply as
follows: discounted marginal returns net of storage costs are equal between time periods
assuming an optimal allocation of water and differentiability of the production function.
This result also extends in an obvious manner to dated production function where crop
output depends on timing as well as quantity of water applications. For example,
consider a static model analogous to (3.20) but with 365 periods rather than two periods.
Suppose that the production function is differentiable. Then, for any time periods where
positive amounts of irrigation water are used in the optimal plan, the discounted marginal
value products of irrigation water are equal.

Thus the key assumption in deriving the relation (3.21) between the shadow prices
of water for different time periods given an optimal allocation scheme is that the
production function is differentiable with respect to water use, However, the realism of
the assumption is not clear. Although crop response generally is modelled in terms of
differentiable production functions, it has also been suggested that yield plateaus and
nonsubstitution of nutrients may arise when a nutrient is below a critical level (see Paris
for a discussion of the von Liebig hypothesis). Perhaps such reasoning applies to water
as well as nutrients.

Nondifferentiability of crop production functions with respect to water seems most
likely to arise in the context of a dated production function, when plants are most
sensitive to moisture stress during formation of the reproductive organs and flowering (De
Datta, 1981). Economists have occasionally assumed that critical levels of water are

required at various stages of plant growth, and that impacts of water above the critical
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levels at these stages may be negligible. For example, Yaron et al. specified crop yield
as a function of the number of critical days (defined as the number of days with moisture
below a critical level) for each stage of plant growth. However, there is little empirical
knowledge regarding dated production functions (Vaux and Pruitt, 1983; Kulshreshtha et
al.). Moreover it has been argued that such models by economists are contradicted by
present knowledge in agronomy (Vaux and Pruitt).

3.4.4.2 Dynamic Analysis

An illustration of a dynamic irrigation water management problem is

T
max [{p X, WULL)-wX)e "dt
G, wue) Ly (3.22)
st. W, = R-WU,-8W,

t

w0) = W,
Here R= amount of rainfall in period t, 8= rate of depreciation of the water stock (e.g.,
percolation, evaporation and seepage), W,= water stock per unit of land in period t, W =
initial stock of water, X;= level of variable inputs in t, WU = level of water use in period
t per unit of irrigated land, and L= amount of irrigated land (constant over t).

Define the current value Hamiltonian

H = P X, WULL)-wX +A (R-WU, -8 W) (3.23)
where A, is the current value shadow price of the stock of irrigation water. Dynamic

maximization implies
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The percentage change in the current value shadow price along the optimal path is r+8.
This is similar to the result for the static model, where it was assumed that the rate of
evaporation from the reservoir equals zero (§=0). This result depends on the assumption
that (i) the transition equation is linear in (or independent of) the stock of water W,, and
(ii) the objective function f () is independent of W,.

3.5 Summary

In this chapter, several physical and economic attributes of irrigation water were
highlighted. The resulting market inefficiency and the apparént increasing scarcity of
water serve as the rationale for an empirical study of the economic value of frrigation in
agricultural production. Various approaches employed in valuing irrigation water supplies
have been reviewed. The static primal approach (based on direct estimation of a
production model) and the dual approach (based on estimation of a system of input
demand and output supply equations) can provide frameworks for estimating the marginal
value of water or irrigated land and evaluating impacts of irrigation of levels of outputs

and inputs.
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Chapter 4. A Comparison of Shadow Prices in Static
and Dynamic Models

4.1 Introduction
The general methodology for calculating shadow prices for resource stocks in static
models is well understood. For example, assuming a competitive profit maximizing firm
in static equilibrium, the shadow price of irrigated land (benefits to the firm of a marginal
increase in the stock of irrigated land) is equal to the equilibrium marginal value product
of irrigated land. Under the same assumptions the shadow price of irrigation water is
equal to the equilibrium marginal value product of irri gation water. These results can be
viewed most generally as an application of the static envelope theorem. This envelope
theorem can be applied to specify shadow prices of resource stocks in a wide variety of
static models (e.g., under noncompetitive behaviour or risk aversion and uncertainty).
However an analogous methodology has not been developed for calculating
shadow prices in dynamic models, even though resource management probicms are often
viewed more appropriately in a dynamic than static setting. Dynamic envelope theorems
have only been developed recently (Caputo 1990 a,b,c; LaFrance and Barney). Caputo
has shown that the primal-dual method of analyzing comparative static properties of
static models extends in a relatively simple manner to dynamic optimal control models.
This generalizes the envelope theorem from a static to a dynamic setting. However, when
the parameter to be perturbed is an argument of a transition equation, these dynamic
envelope theorem results are expressed in terms of Lagrange multipliers for transition

equation constraints in the dynamic problem. Since static envelope theorem results for
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the risk-neutral firm are not generally expressed in terms of Lagrange multipliers, these
formulations of dynamic envelope theorems for the firm obscure to some extent the
relation between static and dynamic envelope theorems. In turn this obscures to some
extent the relation between shadow prices in static and dynamic models.

The first purpose of this chapter is to develop dynamic envelope theorem results
that provide an alternative measure of shadow prices when the parameter to be perturbed
is an argument of a transition equation. These results define shadow prices in terms of
derivatives of objective function and transition equation terms along an optimal path
without any reference to Lagrange multipliers. This helps to clarify relations between
shadow prices in static and dynamic models. These dynamic envelope theorem results
are derived by a relatively simple modification of the primal-dual methodology of Caputo.
The second purpose of this chapter is to illustrate applications of envelope theorems in
several highly simplified theoretical static and dynamic models of the firm that can be
related to management of irrigation.

This chapter is organized as follows. First, application of the well known static
envelope theorem is illustrated for several general static models (competitive behaviour
under risk neutrality, and risk aversion). Second, dynamic envelope theorems are
discussed: Caputo’s results are summarized, and then his methodology is extended to
provide alternative measures of shadow prices when parameters are arguments in
transition equations. Third, dynamic envelope theorems are applied to several dynamic
models of the firm with irrigation (competitive behaviour under risk neutrality and risk

version), Fourth, specifications for the purposes of econometric estimation of the
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dynamic models considered here are discussed briefly. Fifth, conclusions from the
dynamic envelope theorem resuits are drawn within the context of modelling the shadow
price to the firm of irrigated land and irrigation water.
4.2 Static Models
4.2.1 Risk Neutrality
Assume a single period production function Yo = £ (x,L,WU_L), where y=crop output
in period t, x, =vector of variable inputs in t, L=land input (irrigated) in t, and WU =water
use in t per unit of irrigated land. Here it is assumed that current period output y,
depends on current period water use per acre WU, but not on lagged water use
WU, ,,....WU, .

Suppose that the firm is in a static, competitive profit maximizing equilibrium
conditional on a fixed amount of irrigated land and water per acre, i.e., the firm solves

the following maximization problem:

nwL,WU) = max p oL WU L )-ws, 4.1)
X2

where p =output price, w =vector of variable input prices, and n(p,w,L,WU,) denotes the
corresponding dual profit function. The shadow price of an additional unit of irrigated

land is

an (p}w’L;! WI]‘)ISL = p a.f (x:!L‘!j ” Lt)laL
pWU, o (x,,L,TWU)/8TWU

(4.2)

‘where x,” is the solution to problem (4.1), and total water use is denoted as TWU,
(TWU=WU_L). The shadow price of an additional unit of water per acre of irrigated
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land is

3n(p,w,.L,WUNBWU = p &f (x,".L, WU L)OWU (4.3)
Both of these results are obtained by applying the standard static envelope theorem to the
profit maximization problem (4.1) (e.g., Takayama). These results can be derived
assuming either that the initial levels (L,WU) are positive or zero. If initial (L,WU) are
zero, then the results can be established directly from standard first order conditions for
an interior solution x,">>0 to (4.1) (Samuelson). If initial (L, WU) are positive, then
these results follow from the standard primal-dual analysis of model (4.1) (Hatta;
Silberberg).
Substituting (4.3) into (4.2),
on(p,w,L,WU)/OL = p &f (x,,L,TWU /oL 4.4)
+HWU, [L) 8rn (p,w,L, WU )/OWU
The first term on the right hand side of (4.2) and (4.4) is the equilibrium marginal value
product of the land holding total water use TWU constant, i.e., it is the equilibrium
marginal value product of an additional unit of land that is not irrigated (or, more
precisely, does not change total water use). In sum, we are interested in measuring the
marginal value (shadow price) of an additional unit of irrigation water rather than the
marginal value of an additional unit of land per se. Thus (4.3) provides an appropriate

measure of the shadow price of irrigation, and (4.4) indicates that the shadow price of

additional irrigated land overstates the shadow price of irrigation if aﬂx,',Lt,T WU )feL >0,

i.e., if the marginal product of nonirrigated land is positive.
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The above results indicate that shadow prices for irrigation and for irrigated land
are measured essentially in terms of equilibrium marginal value products. This is the
standard intuitive approach to measuring the value of irrigation to farmers in static
models. However, it is important to note that these results depend critically upon the
assumption of static competitive profit maximization as in 4.1).

Alternatively suppose that water use has a multiperiod effect on crop production.
Then the production function should be represented as y= f(x,L,WU,L,WU, R
L,,...WU, L) where the application of water in a particular period influences production
over a total of s periods. Then the static envelope theorem implies that the shadow price

equation (4.3) is modified as follows:

s-1
an(.)/aWUt =p E (1/1 +r)u af (xt:u’Lt’ WUnu‘Lt)/an]Hu (45)
u=0

where 1 denotes a discount rate.

4.2.2 Risk Aversion

Suppose that there is uncertainty regarding parameters of the model (e.g., water use or
output price) and the firm is not risk neutral. For example the firm may choose variable
Inputs x in period t so as to maximize expected utility from the random variable profits
7, where profits are random due to uncertainty regarding WU,. Then instead of (4.1) the

firm solves

ipw.L,q) = max EUlp fix,L, WU L)-wx] (4.6)

x20

where g= vector of moments for the random variable WU, and EU denotes the
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expectations operator (EU(m)= J 7 ($)$(s)ds for probability ¢(s) of n(s)). Then the static

envelope theorem implies that the shadow price for additional irrigated land is measured

as follows rather than as in (4.2);

OV(p,w.L,q)/0L = BEU[p fix,",L,WU L))/3L (4.7
In order to simplify the above result, assume a linear mean-variance utility
function U= En-(0/2) VRt where En, Vi denote mean and variance of profits, respectively,
and o is the coefficient of absolute risk aversion. Also assume a Just -Pope technology
y= a(x,L)+b(x,L)"%, where e= (WU-EWU)-L. The mean and variance of the random
variable WU are EWU and VWU, respectively, so Ee=0, Ve=VWU L% In turn the mean
and variance of output are Ey= a(x,L), Vy= b(x,L)L*VWU. Then the expected utility

maximization problem reduces to

V(p,w,Lt,q,) = max p a(x,L)-wx-(«f2)p Zb(x,L)LZVWU (4.8)

xx0

Applying the static envelope theorem, the shadow price for additional irrigated land is

Vp.w,L,q)/OL = p Balx,',L)/AL-(a/2)p? 8b(x," L)AL L? VWU
—ap? b(x,,.L)L, VWU

4.9)

In the case of risk neutrality (0:=0), this reduces to (4.2) for a Just-Pope technology.
4.3 Dynamic Envelope Theorems

The static envelope theorem has recently been generalized to optimal control models by
Caputo and by LaFrance and Barney. Caputo demonstrates that the static primal-dual

analysis extends to optimal control models in an obvious manner, and this leads to a
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dynamic envelope theorem. A brief summary of Caputo’s results is presented here. It
is useful to distinguish between two cases where the exogenous parameter of interest (e.g.,
irrigated land L) does and does not enter a transition equation. Then new dynamic
envelope theorems are developed for the case where parameters are arguments of
transition equations.

4.3.1 Transition Equation Is Independent of Parameters (Caputo)

The dynamic primal-dual analysis is simplest when the parameter of interest does not
enter a transition equation. This case is developed in Caputo (1990a). For example

consider the general optimal control problem

J(B,xy) = max f Fxx,u.t,B)dt
i) g (4.10)

st X = glxun
0 =x,x@) 20 V¢

where x is a vector of state variables, u is a vector of control variables, %(¢)=9x(¢)/t and

B is the vector of exogenous parameters (excluding the initial levels of the state variables,
Xp) that are time independent (e.g., exogenous prices p,w are assumed to be constant over
the horizon t=0,...,7). The important assumption here is that the parameters B do not
enter the transition equations X(f)=g(x,u,1).

A distinction between the state variable(s) x, and parameters B can be made in the
context of resource management models. X, can be defined as the initial level of a capital
input or resource stock which can be depleted through use or augmented by decisions

endogenous to the model. This includes the case of irrigation water. In contrast, B
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consists of a set of parameters that are not altered by processes endogenous to the model.
This includes prices that are exogenous to the firm, and it can also include resource stocks
whose levels are treated as exogenous to the firm. Since this thesis is directly concerned
with the management of water rather than land, it is useful to abstract from issues such
as soil erosion and treat land as a fixed input. In sum, x, can be defined as the total stock
of water in the firm’s irrigation system (per unit of irrigated land), and B can include the
total amount of irrigated land for the firm.

Define the primal-dual

G(BxpX) = J(Bxo)- [ Fxsbu,t;p)ds (4.11)
t=0

where X={(x(8),(0),u(®))}, i.e., X denotes a path for the endogenous variables over O<t <T.

Suppose that X, solves problem (4.10) given (B, xy,). Then (4.10)-(4.11) implies that

(@) G(BArx(MsXA) =0 (4.12)
®  GBayX) 20 forall B

The inequality follows from the fact that X, 1s feasible for a problem (4.10) conditional
On X4, irrespective of B. This fact depends on the assumption that § does not enter the
transition equation. Equation (4.12) implies that 3, solves the following minimization

problem
min G(BryX,)  ~ B*=p, (4.13)

Assuming that B,>>0 (i.e., all elements of the vector Ba of exogenous parameters for the

optimal control problem (4.10) are nonzero), then (4.13) implies Staqdard first and second
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order conditions for an interior minimum:

0GB o X )IP = 0 (4.14)

[O°G(B 4x0,,X )/OBP] symetric positive semidefinite (4.15)
If the dimension of B is Mx1, then (4.14) provides M first order conditions and the

dimension of the Hessian matrix in (4.15) is MixM.

Evaluating (4.14) for an element B; of B implies, by (4.11),
UBxIOB, = [BFG:* O (O *(),5:B)/B, dt (4.16)
=0

where {(x*(8),% *(),u *(®))} denotes the path of the endogenous variables at solution to the

optimal control problem (4.10). The proof of this dynamic envelope theorem is formally
identical to the proof of the static envelope theorem by the primal-dual method (Hatta;
Silberberg). Moreover the result is very similar to the static envelope theorem when
parameters do not enter constraints (e.g., Hotelling’s Lemma). In both cases the objective
function is differentiated with respect to the exogenous parameter holding the levels of
endogenous variables constant at their equilibrium levels, but the objective function is
defined for a single period in the static case and over multiple periods in the dynamic
case.

One difference in practice between these static and dynamic envelope theorems
is that the change in the state variables (X) is often omitted from the objective function

in static models but included in the objective function of dynamic models (typically as
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costs of adjustment). However, in principle the change in state variables can also be
included in the objective function of a static model (as a parameter rather than as an
endogenous variable); so static and dynamic envelope theorems need not differ in this
respect.

4.3.2 Transition Equation Is Not Independent of Parameters (Caputo)

An essential distinction between static and dynamic envelope theorems arises when the
transition equation is not independent of parameters. The optimal control problem (4.10)

can be modified as follows:

J(Bxp) = max [ Fxiu,5B)dr
@
st i) = glxuhp)
@ =x, x(0)20 V¢

(4.17)

In contrast to (4.10), the transition equation depends on parameters f: X(6)=g(x,ut;p).

This somewhat complicates the primal-dual analysis. For example, if the primal-dual is
defined as in (4.11) then (4.12b) no longer holds because X, generally is no longer
feasible for all B (B influences the transition equation and hence the feasible set for X).
In turn (4.13)-(4.16) would no longer hold.

A primal-dual analysis of (4.17) is developed by Caputo (1990b). Define the

primal-dual for (4.17) as

G(BxpX) = JBxp- [ Fauiusp)dt  (BxpX)es (4.18)
=0

where the set S consists of all (B,x,,X) satisfying the transition equations X(0=g(xut;p),
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initial conditions x(0)=x,, and x()=0 for all t. If X, solves (4.17) given (BasXon), then

G(Ba%0s:Xa)=0 and G(B,x4,X,,) = O for all B such that (Bxgu»X,)eS. Thus B, solves

min  G(Bxy,X,) = p*=B, 4.19)
ﬁES(xm,XA)

where BeSix,,,X ) 18 equivalent to the restriction (B, x»X,)ES. Expressing these

restrictions in Lagrange form, problem (4.19) implies that B, solves

min HBxgpXph) = JB.r0)- [ Flry0) 0u,0.5P)a
t=0
- f Ay (Og0x 4,1, (0,5B) 3 ,(1)]de (4.20)
=0

- [y de
=0

where A, is the path {A(t)} at solution for the Lagrange multipliers of the transition
equations X(f)=g(x,u,t;B) when the optimal control problem (4.17) (or the corresponding

Hamiltonians) are expressed in Lagrange form. Similarly 1, is the path {n(t)} at solution

for the Lagrange multipliers of constraints x(020 for all t. Since 1,(t)x A(0)=0 for all t and

does not have B as an explicit argument, the term }’q AOx,(0de in (4.20) can be ignored
=0

in  further primal-dual analysis. Integrating }).A(t)iA(t)dt by parts
=0

[d(Ax)dt=Ax+iA=A()x(t)-A0)x(0)= f A@x@dr+ [$#(OA@®dr) and substituting into (4.20),
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min H(B X ph ) = J(Bxo,)~ [ Fx 00,0500
=0

(4.21)
- [ MOBG O, OBt~ [ 4, 0%, (Ddlt+1,(5x,(x) -, 0%, ©)
=0 =0
Then, proceeding as in (4.14)-(4.15), B,>>0 implies
[PH(B 4%, X 1 )/OPOB]  symmetric positive semidefinite (4.23)
The first order conditions establish a dynamic envelope theorem:
AUB/3P, = [BF(:" (%) "(0)5B)/OB, dt
=0 (4.24)

« [ A @det*@u"O4)0p, de
t=0

A dynamic envelope theorem result can also be obtained for the initial level of the
state variable, x,>0. Modify the above Lagrange H(") (4.20) to ﬁ(ﬁ,xOA,X A ghgy) DY
subtracting the term Ay, (x,,- x(0)) from the right hand side of (4.20), where A,, is the

equilibrium value of the Lagrange multiplier corresponding to the constraint x(0)=x, in

the optimal control problem (4.17). Then, proceeding as in (4.14)-(4.15), x0,>0 implies

BH(B XX 1,4 1,20,)/%,=0 and in turn

A (Bx)fex, = Ay (4.25)

ie, the shadow price of x, is equal to the equilibrium value of the corresponding
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Lagrange multiplier.

Equation (4.24) indicates that the dynamic envelope theorem is much more
complex than the static envelope theorem when the parameter J3; enters a transition
equation. In this case, the marginal impact of {3, on the value of the firm’s objective
function depends in large part on the equilibrium marginal impact of B, on the transition
equations, weighted by equilibrium values of Lagrange multipliers for the transition
equations. The magnitudes of these multipliers may be difficult to approximate from

static models.
4.3.3 An Alternative Approach: X Or X Enters the (bjective Function

A simple modification of Caputo’s primal-dual analysis can provide additional insight into
envelope theorems and shadow prices when exogenous parameters enter transition
equations. Consider the optimal control problem (4.17) where parameters B and of course

X, influence transition equations. Note that, given the initial level of state variable(s) Xo

and transition equations #(f) =g(x(®),u(®),t;p) for all t, the time path of state variable(s) x
(and hence %) over all t is determined by the time path of the controls u over all t. In

other words, x(s) and ¥(s)) are determined by the choice of controls u over the interval

t=(0,....s), given x, and B. This relation can be written in compact form as
x;=¢1(U,:xo:Bst) and i;=¢2(U¢rxc,pst)’ where U,=(u0,...,ur) and lllz(‘)=8(llll('),u,,t;l3- If

X or X are arguments of the objective function term F(9), then the optimal control

problem (4.17) can be rewritten as
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Bz = max [ Fy,(Uwo B AU, 2 B.0,5) dt 4.26)
=0
st. ¢, 20 V¢

where substituting Y, (U,x,,B,0) for x, and Y, (Upxo,B,1) for %, in the objective function
term F(x,%,u,t,B) in effect restricts the feasible set (@ x(®2@®)} to satisfy the
constraints () =g(x(#),u(®),;p) for all t and x(0)=x,.

However it is important to note that the substitution in (4.26) is valid only if x orz
enters into the objective function term F(+) for problem (4.17). If 8F(:)/8x=0 and
OF(:){0x=0, then the choice of {u(t)} for (4.26) is in effect unconstrained by the transition

equations and x,. F(-) does depend on x and # in the standard dynamic theory of the

competitive firm with adjustment costs, where both the state variable capital and net (or

gross) investiment enter directly into the objective function. On the other hand, there are
many problems where x and % are not arguments of F(?). This is the case in dynamic
irrigation models considered below.

Suppose that x and % are arguments of F(-). Then define the primal-dual

GBxpU) = J(Bx)~ [ Fy, (U B0 U iy B, BME (427)
t=0

where U=u(?), i.e., U denotes a path for the endogenous variables u over O<t<t. The

term - } N O, (U,x,B,0dt Where {1°(t)} are equilibrium levels of Lagrange multipliers for
=0
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the constraints (920 V t in (4.26), can also be included on the right hand side of
(4.27), and G=G(B,x,Un"*). However, assuming 1">>0 (inequality constraints x(t)>0

are never binding at solution to a problem (4.17)), adding this term to (4.27) would not

change results of the following primal-dual analysis.

Suppose that X, =@ %), u(®)}, solves problem (4.17) given (B,,x,,) or

equivalently U, solves problem (4.26) given (B,,x,,). Then (4.26)-(4.27) imply

@ G(ByroU,) = 0 (428)
B GPBxU) =0 for all (Bxp

The inequality follows from the fact that (@) U, is feasible for a problem (4.26)
irrespective of (B,x,), and (b) the substitution of ¥, () and vy, (1) for x and # in
(4.27)implies that the path(s) {(x(9)%(H))} implicit in the integral [F()dt for (4.27) are
feasible for the specified (U,B,x,) and the transition equations. This is true even though

B as well as x, enter the transition equations. Equation (4.28) implies that (BasXos) solves

the following minimization problem

I;lin GBHUp) = (Bx)"=(B,%qy) (4.29)
o

and in turn (given (B,,x,,)>>0)

aG(pAsxm:UA)/aB =0 (4.30)

G(B 15U, )%, = O @31)
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PGB 4%, U, /OPOx, symetric positive semidefinite (4.32)

where (4.32) refers to the Hessian matrix of G(Bas%oa,U,) with respect to B and x,.
The first order conditions (4.30)-(4.31) imply the following dynamic envelope

theorem results:

A(BIBP, = [dF(xe* @)% @ *(),5B)/0B, dt
t=0
+ [ dFG (0,5 @ (0.5B)/0x, 3w (U, 30,208, dt (4.33)
=0

+ [ dF G @O0 O50)3%, d,(U,' 3, B.0/38, dr
t=0

VB, = [dFG @5 O 0).B)/x, QU (U, B0 xdl
t=0 (4.34)

+ [dFG O O ©,60)3%, 3,(U, %0 B0/t
t=0

where {(x*(8),%*(8),u *(#))} denotes the path of the endogenous variables at solution to the

optimal control problem (4.17) or equivalently (4.26). The envelope relations (4.33)

reduce to Caputo’s result (4.16) when parameters B do not enter the transition equations,
i.e., oY, ()/8p=0 and oy, ()/6p =0.
When parameters B do enter the transition equations, then (4.33) presents an

alternative to Caputo’s result (4.24), Equation (4.24) defines aJ(Bx,)/0B in terms of

derivatives of the objective function term F(?) and transition equation g(-) along the

equilibrium path, and Lagrange muitipliers A" for the transition equation along the optimal
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path. In contrast, Equation (4.33) defines aJ(B,x)/OP in terms of derivatives of the

objective function term F(") along the optimal path and in terms of derivatives of the
functions y,(+) and y,(") relating {x(t)} and b} to the equilibrium control vector
{u'(®)}, %, and B. In principle the functions y,(*) and y,(*) can be constructed directly
from knowledge of transition equations () =g(x(®),u(®),t;p). Thus an essential difference
between the two dynamic envelope theorems, from the viewpoint of approximating
aJ(P,x,)/0P, is that (4.24) requires approximation of the equilibrium path for both
controls {u'(t)} and Lagrange multipliers {A’(t)} for transition equations; whereas (4.33)
requires approximation of the equilibrium path for controls but not for Lagrange

multipliers.

The initial level of the state variable, Xy, always influences the transition equations.
An earlier result (4.25) related the shadow price J(B,x,)/0x, to a Lagrange multiplier.
In contrast, Equation (4.34) relates this shadow price to derivatives of the objective
function term F(') along the optimal path and to derivatives of the functions () and
v,() relating {x(t)} and ()} to the equilibrium control vector {u"(D)}, x, and B. This
result clarifies that the general idea of the static envelope theorem extends to the dynamic

shadow price for x,, with certain modifications.

4.3.4 An Alternative Approach: X And X Do Not Enter the Objective Function

Now suppose that the state variables and rate of change in the state variables (x,%) are

not arguments of the objective function term F(?). Then the analysis (4.26)-(4.34) is no
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longer valid. However, an alternative modification of Caputo’s primal-dual analysis of
static models is valid, given that some control variables (denoted as u) are arguments of
F(?). This approach will be developed next.

In contrast to the previous section, the transition equations and initial conditions
for the optimal control problem (4.17) are used to define the path for the control variable

{u(t)} as a function of parameters (B.x,)} and the paths of other endogenous variables
{x(®2(H)}. The transition equations () =g(x(f),u(t),t;B) can be inverted as follows

(assuming 3g(:)fdx = O for all x):

u® = ¢x@®x(0.5p) (4.35)
This result implies that, for any {(x(f),#(5)} and B, there exists a corresponding {u(t))

(assuming elements of u can be negative) such that {(x(),4(2).u(9))} satisfies initial

conditions (B, x(0)) and transition equations.

Equations (4.35) can also be used to indicate certain changes in feasible paths
{(x(0,2@),u®)} in resp‘onse to changes in initial conditions (B,x(,-). Given a particular path
{x(t)}; that is feasible for an optimal control problem (4.17) conditional on a particular
(B,x,)4, there exists a corresponding path {u(f)},. If the parameters B change and the

particular path {x(t)}; was to remain unchanged, then there would be a compensating
change in {u(t)}. This relation between feasible u, x, * and B is specified by (4.35).

If u, is an argument in the objective function for the optimal control problem and
the transition equation is invertible in x, then (4.17) implies the following calculus of

variations problem:
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J(Bxy) = max f Flx %, ¢0x,%,58),5B) dt
ey =0

st x(0) = x,
¢() 20 Vv

(4.36)

where ¢(?) is substituted for u, in F(?). The restriction $(3 = 0 can be dropped from

(4.36) if u, <0 is feasible. Provided that u, is an argument of F(+), this substitution in

effect restricts the maximization problem in (4.36) to the feasible set {(u(0),x () X))}
satisfying the transition equations x,=g(x u,t;p,) and x(0)=x,,. Thus solutions to

problems (4.36) and (4.17) are equal if u, 1s an argument of F(").

Define the primal-dual

G(B3) = J(B.x)- [ Flix, o, 00x,%,B.0,8:8) dt (4.37)
=0

where X={x(#) V 2. The possible inequality constraints $()20 V ¢ (u(®)20 V 1) can be
ignored in defining the primal-dual by the same reasoning as in (4.27). Given parameters

(Basxon), let {(xA(t),JEA(t),u L, (1)} denote a solution to the optimal control problem (4.17).

Then (4.36)-(4.37) imply

@ GB, X =0 (4.38)
(®) G@B,X) =0 for all B

The equality (a) is obvious. In order to show (b), note that
JBx) = [Fa)* 40", 6G0)" 40)",8,0,58) de (4.39)
=0
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by (4.36) where {(x(9)",%(8)",u(®)*} solves (4.16) given (B.x,), and

[ Fox(e) 3 (6) b (:(6) 30, B.1),1:B) e (4.40)
=0

is a feasible value of the objective function for (4.36) given (B,x,,). If feasible u are
restricted to be non-negative, then the restriction ¢() 2 0 is satisfied by requiring B to
be in the neighbourhood of B,. Equation (4.38) implies that B, is a global solution to the

following minimization problem

méin G(B.Xy) = PB’=B, (4.41)

and in turn (given B,>>0)
OGP X /0B =0 (4.42)
FG(B,,X )/0BAB  symmetric positive semidefinite (4.43)

The first order conditions (4.42) imply the following dynamic envelope theorem

results:

ABx)/3B, = [AF(x* (400" (0),5B)/0P, dt
=0 (4.44)

+ [ OF G (0.5 @ @583, 3b(x, %, B.0/0B, di
=0

where {(x *(£),% *(),u *(t)} denotes the path of the endogenous variables at solution to the

optimal control problem (4.17) or equivalently (4.36). The envelope relations (4.44)
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reduce to Caputo’s result (4.16) when parameters B do not enter the transition equations,
ie., 8d()/ap= 0.

The above primal-dual analysis can also be extended to the case of a change in

the parameter x,. Given parameters (B,,x,,), let X L =lx(0,%(0) V >0} denote a solution
to the calculus of variations problem (4.36). Construct the primal-dual

G(P %% X) = J(B,xo)—;[OF{x,,t,,da(x,,x,,ﬁ,r),t;p}dt. As in (4.38b) evaluate G(*) for a change in

parameter x, from x,, with X constant at solution X 4 &iven (B,,%,,). Then the change
in X, must be the negative of the change in x,, Thus G(p A,xm,xm,)f =0 and
G(B X0, +Ax0,iGA—Axa,f 120 forall ax,. In turn 3G(B 4704 %0y —Axo,}f A)/B(Axo)i% =0

However, essentially the same relation can be derived directly from the following

Hamilton-Jacobi equation for the optimal control problem (4.17):

~QJ(Bx)/3r = max F(xx,u,0;8)+aJ(B,x)/dx, g(xu,0;p) (4.45)

where u, at solution to (4.17) also solves (4.45). Assuming an interior solution u, >>0
for (4.45) and F(*), g(?) are differentiable in u, the first order conditions for a solution

to (4.45) yield

OF (xo,% it -0; B)/Ou +BJ(B xo)/ B, Bg(xyueg,0;B)u = 0 (4.46)

This provides a simple solution for the shadow price AJ(-)/8x, in terms of derivatives of

76



F(*) and g(*) with respect to u, evaluated at the first period solution (XgXgotie) " -

4.4 Dynamic Models with Irrigation

The above discussion indicates how the specification of the transition equation(s)
influences calculations of shadow prices for irrigation in dynamic models. As before the
crop output production function may be specified as ye = f(x,L,WU,L,), where y,= crop
output in period t, X, = vector of variable inputs in t, L= land input (irrigated) in t, and

WU,= water use in t per unit of irrigated land. Costs of adjustment internal to the firm

can also be incorporated by specifying W'Ut orL': as arguments of the production function.

The initial stock of water per unit of irrigated land is W(0) = W,. The transition equation

for the stock of water per unit of irrigated land can be specified as either

W) = g(We), WU, 4.47)

or

W) = gWO,WU@LLED) (4.48)
In the first case the amount of irrigated land L(t) does not influence the equation of
motion for the stock of water per unit of irrigated land, so the shadow price of irrigated
land (@J(?)/3L) can be calculated as in (4. 16). In the second case, where L does enter the

equation of motion for the stock of water per unit of irrigated land, the shadow price of
irrigated land is calculated in a more complex manner as in (4.24), (4.33) or (4.44). The

shadow price of the initial stock of water W, can be calculated as in (4.34) or (4.46).
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4.4.1 Shadow Prices Under Certainty When the Transition Equation is Independent
of Irrigated Land
Suppose that all parameters are known by the firm with certainty, and define the

following optimal control problem:

TowWoLRr) = max  [{pfix,L,WU,L)-wx) e "dt

o (4.49)
st. W, = R-WU-8W,
W) = W,

Here R= contribution of rainfall in period t to stock of water, 8= rate of depreciation
(evaporation) of the stock, and R= (Ry»-.,R,). For simplicity, costs of adjustment are not
specified.

In this model the transition equation for the stock of water per unit of irrigated
land is specified as independent of the amount of irrigated land as in (4.47). In other
words, the amount of irrigated land available to the firm can be increased without directly
reducing the stock of water per acre of irrigated land. This in turn assumes that (a) there
are no economies or diseconomies of scale (as measured in irrigated acres) regarding the
transition equation at the firm level, and that (b} the irrigation facility operates so as to
provide a constant flow of water per unit of irrigated land irrespective of the number of
acres irrigated by the firm. Assumption (a) regarding the transition equation at the firm
level may be a reasonable approximation. However assumption (b) regarding the rules
of operation for the irrigation facility may often be violated, i.e., the initial amount of
irrigation water provided by the irrigation facility per acre of irrigated land may often

decrease with the amount of land irrigated by the firm. Thus the transition equation in
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the above model or more generally (4.47) should be viewed as conditional on particular
rules of operation for the public irrigation facility.
This transition equation in model (4.49) implies that the shadow price of irrigated

land can be calculated as in the dynamic envelope theorem (4.16):

W WuLRNL = [p oftx*@).LTWU )L e "de
=0 (4.50)

+ [P = OLIWU @)YTWU WU*() € ™ds
=0

where TWU "()=WU *(£)-L. The first integral on the right hand side of the above shadow

price equation (where total water use TWU is held constant as land L increases) is
essentially the shadow price for land in the absence of additional irrigation, and the

second integral is related to the shadow price for the corresponding irrigation.
The shadow price dJ(p,w, WoL,R,r){0W, for a marginal increase in the initial stock
of water on irrigated land can in principle be calculated from (4.34) or (4.46). First

consider approach (4.34). The transition equation Wth—WU‘-ﬁW can be solved for

r

functions y, (1) and W, () as follows:

W(s) = W(0)+ f W(tdt = W(0)+ f R(pd:- f WU()dt - f 8 W(t)dt
=0 . =0 . =0 =0 (4.51)
= (1-8)°W,+ f (1-8)"R(v)dv- f (1-8Y "WUM)dv
v=0 v=0

or {in discrete time)
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Ws) = (1-8YW,+ 3 (1-87"R0)-Y (1-8) " Wuity) (4.52)
v=0 v=0

Y, (*) follows from (4.51) and

W(s) = R(s)-WU(s)-8 W(S) (4.53)
However the dynamic envelope theorem (4.34) cannot be utilized for the optimal control

problem with irrigation (4.49) since neither W nor W is specified as an argument in the

objective function |[{p fix,L WU L)-wx) e "'ds.
=0

Next consider approach (4.46) to calculation of the shadow price for W,. The

transition equation W,=R,~WU,-8W, and (4.46) imply

a’(p’w’ H/O’L’R’r)laWO =P df(x *(0):L: wuU it(0) 'L)/aWU (454)

It is important to note that the above model allows the contribution of rainfall R,
to the stock of water on irrigated land to vary over the planning-horizon. In other words,
the firm recognizes that rainfall varies over time and is able to use the irrigation facility
to smooth out its water consumption path over time (WU,.....WU,), so that water
consumption does not vary sharply between periods of high rainfall and drought. This
principle benefit of irrigation in a dynamic setting is not included explicitly in a static

model. Nevertheless, formulas for calculating the shadow price of the stock of water can

be similar in static and dynamic models. Somewhat similar comments apply to the

shadow price of irrigated land especially if total irrigated land L does not enter explicitly
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into the transition equation. Thus the shadow price for the stock of water or irrigated
land in a static model may sometimes provide a reasonable approximation to shadow
prices in dynamic models.

4.4.2 Shadow Prices Under Certainty When the Transition Equation Is Not
Independent of Irrigated Land

Alternatively suppose that the dynamic problem is

J@w WL Rr) = max [ {pfix,L WU L)-wx) edr

. pumn 2, (4.55)
st. W, = R-WU,-8W,-h(L)
w0) = W,

where the transition equation is of type (4.48) depending on L, due to the term h(L) in
the transition equation. This transition equation in model (4.55) implies that the shadow

price of irrigated land can be calculated as in Caputo’s dynamic envelope theorem (4.24):

VEmWoLRDRL = [p oftx*©.LIWU @)L e "dt
t=0 .

+ f P fx*0.LITWU ()[0TWU WU*() e "dt (4.56)
t=0

+ f A*(®) OR(L)/OL e "dr
t=0

The last integral on the right hand side of the above equation implies that the calculaton
of the shadow price of irrigation land is relatively complex and involves terms that have
no counterpart in static models. This shadow price can also be specified from (4.44) as

follows:
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U@ WoLRNIIL = [p afx*(@).LIWU (/oL ¢ "ds
=0

+ f P fx*O.LITWU(0))/0TWU WU*(t) e "dr (4.57)
=0

+ [ 8ftx*(O.LWU @) -LYOWU (oL e "dt
=0

The transition equation W,=R -WU,-8 W.-h(L) in (4.55) implies

WU, = (W, W,R,L) (4.58)

~8W,~W,+R,-h(L)

s0 8¢()/3L=-38h(L)/8L in (4.57). The shadow price for the initial stock of irrigation
water W can be calculated from (4.46) as (4.54), i.e., the general formula for the shadow

price dJ()/oW, is influenced by whether irrigation land L enters the transition equation
only if L and W, interact in the equation (&g()/BLOW,#0).

4.4.3 Shadow Prices Under Risk Aversion and Price Uncertainty
The analysis in the previous section can be extended to a dynamic model with risk
aversion and uncertainty, provided that uncertainty is not specific to the transition
equation. For example, uncertainty regarding crop output prices is not specific to the
transition equation; whereas uncertainty regarding rainfall does influence the transition
equation as defined above,

Suppose that the contribution R, of rainfall in period t to the stock of water

available to the firm is known with certainty for all periods t= (0,...,7), but the crop output
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price is uncertain. In forming its production plan, the firm assumes that output price p

is a random variable distributed independently and with constant mean and variance over
time: p,=p+u, where Eu,=0, cov u=oi1 and in tumn Ep,=p, cov p=o§[. ‘Then the mean

and variance of the present value of wealth S from production are defined in terms of the

mean and variance of output price p (Ep=p, Vp=c,7;):

ES

f {Ep S, LWU L)-wx) e "dt
=0 (4.59)

>

[ Vo fx LWU LY &2y
=0

Also assume a linear mean-variance utility function over the mean and variance of the

present value of wealth S: U = ES - (¢/2) VS.

If the transition equation is independent of total irri gated land L for the firm, then

the firm’s optimal control problem is

J(Ep,Vp,w,WoLRr) = max  [{Ep flx,L WU L)-wx) e ds
o.RUo) L,

-(af2) f Vp ﬂx;,LsWU,’L)Z e 2 gy (4.60)
t=0

S.r. Wt = R‘_..WUI_BW/I
W) = W,

Then the dynamic envelope theorem (4.16) implies
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AI(Ep,Vpw,WoLRNJOL = [ Ep ofx*(0.LIWU (D)L e "de
=0

+ f Ep 8ftx*(),L,TWU *(0)[oTWU WU*(¥) e "ds
0 (4.61)

~o [Vp ') P OLIWU (OYOL" @) e s
=0

~a f Vo y* (&) 8fx*(O.LIWU*@®)OTWU WU*(f) e 2'ds
=0

This dynamic shadow price for irrigated land is analogous to the shadow price in the
corresponding static model in the same sense that (4.16) is analogous to (4.2), as
discussed above.

On the other hand, suppose that the transition equation depends on irrigated land

L as in (4.55). Then the term

f A*(®) OR(L)OL e "dr (4.62)
=0

must be added to the shadow price as defined in (4.64). Alternatively, (4.44) implies that

this shadow price can be defined as
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U EP VoW LRNIOL = [ Ep ofx*(),LIWU ())/oL e "de
=0
+ f Ep 3fx*(0).LTWU *(0))[aTWU WU*(t) e "ds
=0

-~ f Vo y*(0) 9fx*@),L,TWU *()/oL e 2"'ds
=0 (4.63)

-~ f Vo y*(®) 8fx (), LTWU*®)oTWU WU*(f) e 2"ds
t=0

- f Ep 3ftx*(0),L,WU *(t)-L)JOWUBK(L)[AL e "ds
t=0

+a f Vo y* () 8fx*(0),L, WU “(9)-L)[dWUBK(L)/OL e "'ds
=0

The shadow price of the initial stock of irrigated water W, can be calculated from (4.46)
for problem (4.60) as
BJ(Ep,Vp,w,WO,L,R,r)IBWO = Ep dfix*(0),L,WU*(0)-L)/aWU (4.64)
-aVp y'(0) 9flx *(0),L,WU*(0)-LyOWU

This result also holds if the term h(L) is added to the transition equation.
4.4.4 Shadow Prices Under Risk Aversion and Rainfall Uncertainty
More interesting dynamic models of irri gation recognize that rainfall is uncertain and in
turn stochastic. In contrast to the previous model where stochastic variables (prices) only
appeared as arguments of the objective function, here stochastic variables are arguments
of transition equations. As a result the firm cannot choose a deterministic path for all
control and state variables (in contrast to the previous model).

This section briefly demonstrates that the general methodology leading to previous

dynamic envelope theorems extends to models where variables in transition equations are
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stochastic. Given the complexity of these stochastic optimal control models an illustration

is not provided.

Denote the transition equations as x,=g(x,u,t;B) where exogenous variables B
are stochastic, and denote the moments characterizing the distribution of f as Qp. Denote
a path {(x(0)®),u(®)} as (X,X,U). Then the probability of occurrence for a particular
path (X,X)) depends on the deterministic path of controls U, nonstochastic x, and
moments ¢z.  Denote the joint probability distribution for {x(®20,B@®) as

B(X,X,B[U,xo,qﬂ)(6=0 for nonfeasible events). The random variable wealth is defined as

W= [ Fx,x,u,6B)dr=W(X,X,U,p). Suppose that a risk-neutral firm makes a plaﬂ U at time
£=0

t=0 that maximizes expected wealth:
J@px) = max EW(Usxogy) = [ WXXUB) OXX.PIUxoqy) ds  (4.65)
v

where ,fs denotes a line integral.

Define the primal-dual

G(Qp:xo’ U) = J(prxo) -EW( U;x(}:q']) (4.66)

If U, solves (4.65) given (Qg-Xg) s, then G(gp.x0:U)s= 0 and G(gp.xp,U,) 2 0 for all (Gp.X0)

(since U, is feasible for all dpXe)-  In turn (gp,x,),>> 0 implies

aG(ngxoyU)Alan =0 (4.67)
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8G(gy, %o U) 0%y = 0 (4.68)
[6°G{g,%0,U)1/3q,8%,]  symmetric positive semidefinite (4.69)

Then (4.67)-(4.68) imply
W@y %0),/09y = BEW(Usxyq,),/0q, (4.70)

@y %0) JO%, = AEW(Usxyq,), /0%, 4.71)

These dynamic envelope theorem results (4.70)-(4.71) indicate that the general
primal-dual methodology extends to such stochastic models.
4.5 Specification of Dynamic Duality Models for Econometric Estimation
The above dynamic envelope theorems are important in theoretical analyses (comparative
dynamics) and in understanding and modelling shadow prices for capital inputs and
resource stocks in dynamic models. Nevertheless these theorems are not appropriate in
the specification of dynamic duality models that are intended for estimation. This is
because these dynamic envelope theorems are defined in terms of the firm’s plans over
its entire planning horizon, but in general only the first period plans (t=0) are realized and
hence observed. Parameters will generally change over time in contradiction to the firm’s
expectations, and this will lead the firm to revise its planning problem and hence its
plans. Thus empirically observed behaviour over time is presumably a sequence of first
period plans defined by a changing sequence of dynamic plans.

As a result, specification of dynamic duality models for econometric estimation

is generally based on the Hamilton-Jacobi equation rather than the optimal control
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problem per se (Epstein). For example, the autonomous optimal control problem (where

T is a discount rate constant over the horizon)

JB,rxp) = max [ Fx(),4(e),u(2),;p) et
W 5

st X1 = g(x(0),u(®);p)
x0® =x, x()20 V¢

(4.72)

implies the following Hamilton-Jacobi equation (at t=0):

rJ(Burxg) = max Flxgg(xou,B)u;B) +U(Brxp)dx, gGpiB)  (4.73)

Thus the empirically observed first period decisions u(0) can be regarded as solving
(4.73).  Equation (4.73) is not specified explicitly in terms of the firm’s generally
unobservable planning decisions for periods t>0. Since this is formally a static

maximization problem, application of the static envelope theorem to (4.73) yields

r QB rX)OB = BF (xokg,,s B)OP +8J(B,r,x,)/0x,0p 8(xosu0,B) (4.74)
+aJ(B,rxy)/0x, Og(x,,u,B)/OB

For many dynamic problems such as those considered above, the envelope theorem results
(4.74) permit the specification of empirically observable first period decisions in terms
of derivatives of the optimal value function J(B,1,%y). In this manner duality models can
be constructed and estimated for optimal control models.

The above model assumed that the parameters B are static over the planning
horizon, but the methodology can easily be generalized to nonstatic parameters (e.g.,
rainfall R, price or variance of price may vary by year) so long as transition equations

for {3 are autonomous. Equations (4.72)-(4.73) are modified as follows (e.g., Epstein and
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Denny):

J(Borxg) = max [ F(x(®4@,u();p(0) e "de
fu(n} =0

st X(1) = gx(®),u(:B@) (4.75)
B® = k@)
x0) =x, x(H>0 V¢
ﬂ(O) = Ba

7 J(Boor %) ~8T(Bo,r,x)/OB A(2)

= max F(xo.8(iott,Bo)t Bo) +A(Boyrp)fn, gligu,By) 470

r J(Bo,rxo)OP - T(Borx)/OPOP (D)
= OF (5o, gutt s BIOB +PI(BourxIOn, 3P glrpotigsBy) (477)
+aI(B0,r,x0)/8x0 ag(xosuo:po)/aﬁ

4.6 Summary
The analysis in this chapter has implications regarding the empirical research in this
thesis. Optimal management of irrigation is a dynamic problem, so in principle the
shadow price of irrigation water or irrigated land should be estimated from a dynamic
medel.  However, due to data limitations, this is not feasible here. Nevertheless, the
results of this chapter indicate that the relation between static and dynamic measures of
shadow prices can be quite close.

The familiar first order conditions for the Hamilton-Jacobij equation (4.46) and
applications (4.54) and (4.64) indicate how the shadow price of the stock of water to the
firm in a dynamic model can be specified in terms of derivatives of the first period

objective function and transition equation terms evaluated at the equilibrium levels of first
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period decision variables. An alternative expression for this shadow price can be derived
in terms of derivatives along the optimal path, provided that the state variable or its rate
of change is an argument in the objective function (4.34). Thus, in order to calculate the
dynamic shadow price of the stock of irrigation water, it is necessary to have estimates
of the crop production function with water and the transition equation, along with
estimates of the equilibrium levels of first period decision variables. The production
function and transition equation can be estimated without directly estimating or solving
the dynamic model. If derivatives of the production function and transition equation are
relatively insensitive to a reasonable range of estimates for the levels of first period
decision variables, then the dynamic shadow price of irrigation water may be reasonably
approximated by methods that are essentially static. Moreover if the structure of the
transition equation is relatively simple [e.g., as in Equation (4.49) or Equation (4.55)],
then empirical research on shadow prices of water can concentrate on the estimation of
the production function [see (4.54), (4.64)].

The interpretation of results for the shadow price of irrigated land (incorporating
returns to both land and irrigation water) in dynamic models apparently is somewhat more
complex. The general results are summarized by (4.24), (4.33) and (4.44) and are
illustrated by (4.50), (4.57) and (4.61)-(4.63). Use of a particular unit of irrigation water
in crop production for one period is presumed to exclude its use in other periods; whereas
it 1s assumed in this model that a unit of land is used in crop productioﬁ for all periods
with no depreciation or exhaustion related to use. As a result, the shadow price of

irrigated land must be defined in terms of derivatives of the production function and
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perhaps transition equation evaluated at equilibrium levels of decision variables over the
entire planning horizon. If total irrigated land does not enter the firm’s transition
equation for the stock of water per unit of land, then derivatives of the transition equation
can be ignored. Thus the shadow price of irrigated land in dynamic models can be
approximated given estimates of the crop production function, transition equation and the
planned optimal path of decision variables over the planning horizon. If the level of
decision variables is assumed to be relatively constant over the planning horizon, then the
task of approximating the dynamic shadow price of imrigated land by essentially static
methods is somewhat similar to the task of approximating the shadow price of irrigation

water by static methods.
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Chapter 5. Empirical Models for Farm Level Analysis
of the Huai Mae On Irrigation Project

5.1 Introduction
This chapter presents the empirical models used in estimating the impact of irrigation at
the selected irrigation site. The chapter begins with a brief discussion of the Huai Mae
On irrigation project located in the northern region of Thailand. A statistical survey
regarding farming activities of farmers in the study area is presented. The empirical
models used in measuring water productivity and evaluating impacts of irrigation at the
farm level are formulated. Finally, selected functional forms and estimation procedures
are discussed.
5.2 Background Information of the Huai Mae On Irrigation Project
Data for the present farm level analysis were obtained primarily by farm surveys. 103
farmers in the Huai Mae On (HMO) project service areas were interviewed. The farm
survey was conducted between June and July 1992 to provide crop production information
in the crop year 1991/92: the 1991 wet season production (July-December) and the 1992
dry season production (January-June). Of 103 farmers interviewed, 88 provided sufficient
information to be used in the present econometric analysis.

In this section, relevant background information for the HMO irrigation project is
presented.
a) Project Profile
Huai Mae On is a tributary of the Mae Kuang river, and part of the Mae Ping Basin,

located in Sankampang district, 20 kilometres east of Chiang Mai province in northern
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Thailand. Prior to the construction of the Storage reservoir, water from the Mae On
stream was diverted for irrigating an area of 34,200 rai through the traditional irrigation
system. The system originally consisted of 29 temporary wooden weirs, some of which
were replaced by more permanent concrete ones. Despite the improvement of the
structure, farmers in the area still suffered crop losses due to insufficient water in both
the wet and dry growing seasons. This was due to absence of a IeServoir to store excess
water during the rainy season, and the Mae On stream was too small to service such a
large area .

The plan for construction of the HMO reservoir was finally included in the RID’s
medium scale irrigation package project originated by the government in 1982. The
project was partly funded by the Asian Development Bank. The major components of
the project were to construct a storage reservoir with outlets for supplying water to an
existing irrigation system and to help rehabilitate the existing local irrigation network (i.e.,
improve the physical weir structure and supervise the existing water user group in
irrigation water management).

The project is a zoned earthfill embankment dam which can Store water up to a
maximum level of 4.53 million cubic metres. However, at least 0.80 million cubic metres
must be retained in the reservoir at all times, so the dam provides 3.73 million cubic
metres of useful storage. The project was initiated in late 1982, but construction was not
started until February, 1985. The reservoir was completed in April 1986 and service
began in July 1986. Water in the HMO reservoir is primarily used for agricultural

production in both wet and dry seasons. A map of the HMO irrigation project and its

93



service areas’ is shown in Fig. 5.1.

b) Climatic Conditions

Average annual rainfall in the area is 940 millimetres, which is relatively low in
comparison to an average of 1,100-1,400 millimetres for the whole country. Ninety
percent of the rainfall occurs in the rainy season (May-October). The area is subjected
to frequent droughts during the dry season. Serious drought conditions occur about once
in five years, but periods of moisture stress occur every year due to the low rainfall in
the area.

c) Service Area

Due to the capacity of the storage reservoir, the project gross area is reduced to only
5,700 rai, with a service area of 5,100 rai. Thus far, only 50 percent of the service area
is actually served by the reservoir in the dry season due to insufficient water,

As surveyed and estimated by the RID (1981),2 there were approximately 530
farm families, with an average family size of 4.8 and average farm size of 10.4 rai.
Eighty percent of farms were owner operated and 20 percent of these farmers rented
additional land. Average annual per capita income was about 3,750 baht.

There are two main soil types in the HMO service area, i.e., river alluvial soil and
andesite derived clays. Both are suitable for paddy rice cultivation as well as other

upland crops.

! Service areas are the maximum areas intended to obtain irrigation service from the HMO reservoir.

? RID Socio-Economic Survey cited in Sir Alexander Gibb & Parmers, Medium Scale Irrigation
Package Project, Feasibility Study, RID, 1981,
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Figure 5.1  Map of the Huai Mae On Irrigation Service Areas
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Faculty of Social Science, Chiang Mai University, Chiang Mai, Thailand
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d) Cropping Pattern

Prior to implementation of the HMO project, rice was the principal crop in the wet
season. Groundnuts and tobacco were also grown on lands with insufficient water in the
wet season. Glutinous rice, intended primarily for home consumption, accounted for 76
percent of the area in the wet season (July-December). Dry season crops were attempted
but led to frequent losses due to insufficient water.

Since completion of the project, a change in cropping pattern and land use has
been taken place. The crop intensity, which is defined as the ratio of the wet plus dry
season cropping area to the total agricultural area, has increased from 1.12 to
approximately 1.50-1.75 (estimates varied by source). The availability of additional dry
season water has greatly increased the production of high yielding crops such as garlic,
onion and cucumbers. In addition, with the introduction of dairy cattle into the province,
farmers have increased high yielding forage crops in conjunction with raising cattle
(intended primarily for milk production).

Three distinct cropping seasons have been experienced in the project area. In the
wet season (July-December), the typical crops are rice and tobacco. Almost every farmer
in the area grows glutinous rice for home consumption in the wet season. Only on areas
which are not suitable for rice production do farmers grow alternative crops, usually
tobacco and groundnuts. In the dry season (January-June), upland and vegetable crops
such as maize, groundnuts, soybeans and cucumbers are preferred because they require
less water than paddy rice.

During the dry season, two cropping patterns are generally practiced. First, upland
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and vegetable crops are grown from January to March and then land is left fallow for two
or three months before the wet season. The second pattern is observed for those farmers
in the service areas near the reservoir or head regulator:® two dry season crops (normally
an upland crop followed by a vegetable crop) can be cultivated (from January to April
and from April to June, respectively). Upland crops are not grown in the second half of
the dry season since rain may damage crops during harvesting (between May and July).
e) Irrigation Water Management

Water User Group

In the northern part of Thailand, water user groups (WUG) have successfully performed
the tasks in irrigation water allocation and management. To date the existence of a strong
WUG has been a key factor in effective and successful irrigation schemes. The HMO-
WUG played a major role in water allocation even before the dam was built. Following
completion of the project, the group has taken control of managing water use and
maintenance of the local irrigation system. Assigned tasks in allocating irrigation water
are based on experience and accumulated skills. The member’s right in using irrigation
water is well exercised by customary laws.

After the HMO reservoir was built, the project area was divided into 11 service
areas for the purpose of field water management. Each service area has a sub-WUG, and
the leaders of each subgroup form the administrative team of the HMO-WUG. The
WUG, in cooperation with the project officers, undertake a wide range of management

tasks, such as operation and maintenance of secondary canals, settlement of water

* During the dry season, the water stored in the HMO reservoir is usually left at a very low level.
Nevertheless, farms located near the reservoir can still pump water for their second dry season crops.
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disputes, and control over the distribution of water on an equitable basis. While the
WUG takes care of day to day management, distribution and rotation of water at farm
level, the HMO project office’s main task is to operate at the dam outlet to ensure
irrigation water rotation (as requested by the WUG) of stored water for both wet and dry
seasons.

Rules of Operation

Irrigation water stored in the HMO reservoir is essentially allocated on a yearly basis.
At the end of the wet season (around November to December), the volume of water
stored in the reservoir is the main indicator as to what crops should be grown in the
subsequent dry season. Given water availability, the project officials roughly estimate
crop water requirement based on the amount of stored water and recommend érops to be
grown and the area to be irrigated in the dry season. Note that water is usually retained
in the reservoir at 1.5-1.6 million cubic metres for wet season rice seedling and land
preparation due to typical delays in rainfall at the beginning of the wet season.

Given the water available in the reservoir, fixed area-based allocations (where each
individual’s share of total water supply is based on his cultivated area) are carried out in
the project area. The decisions on water allocation and rotation (both in terms of quantity
and time) to each service area have been made entirely by agreement of the group
committee. Decisions are usually accepted as being fair. Typically, water share is
adjustable and flexible to meet individual requirement as long as shortage and damage do

not occur in fields of other members.

98



Water Charges

In the HMO project area, the WUG has levied an area-based irrigation water fee of 5-20
baht per rai for on-farm management costs. No direct charges have yet been levied on
farmers for the purpose of construction cost recovery.

Problems Related to Water Management

Several problems regarding water use and management in the project area were observed
during the field survey. First, since water delivery by the RID is based on a rotational
system upon farmers’ request, conflicts occasionally arise due to insufficient coordination
among farmers and between farmers and RID officials. Secondly, ineffective water
management can easily arise due to crop diversification and attempts to cuitivate more
land than can be serviced by available water. Thirdly, a lack of permanent diversion
devices for water at farm turnouts has frequently resulted in excessive use of water at
farms near the head regulator and shortages at the end of the distribution channels. This
is the common ’headender-tailender’ problem. Finally, since different crops consume
water at different rates and at different times, the practice of allocating water on the basis
of acreage together with the practice of a water rotational system can cause problems in
water management,

3.3 Statistical Information Regarding Farming Practices in the Sample Data

To provide necessary information on agricultural practices of the farming community in
the HMO service areas, relevant data from the 1992 field survey including farm size, land

tenure, agricultural land use and crop diversification are presented.
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a) Farm Size and Land Tenure
As shown in Table 5.1, 55 of 88 farms were entirely owner-operated, with an average

farm size of 5.76 rai. Eleven farmers rented additional land for 1991 /92 crop production.

Approximately 25 percent of farmers relied entirely on rented land.

Table 5.1 Farm Size and Farm Tenure, Crop Year 1991/92

Type Number | Percentage | Agricultural Percentage | Average

of Land Farm

Farmer Holdings Size

(rai) (rai)

Own 55 62.50 316.75 59.74 5.76

Partially Own 11 12.50 107.50 20.27 9.77

(own+rent)
Rent 22 25.00 106 19.99 4.81
Total 88 100 530.25 100 6.03

The average farm size for all farmers was 6.03 rai (survey, 1992) compared to
10.4 rai reported for the whole HMO project area (Sir Alexander Gibb & Partner, 1981).
This farm size is small in comparison to an average of 22.3 rai for the North and 26.4 rai
for the nation in 1983 (Phantumvanit, 1987).

As shown in Table 5.2, the amount of land rented for 1991/92 crop production
ranged from 2 to 9 rai with an average of 4.7 rai per farm. In the survey area, land rents
were paid as either cash or a share of total crop. The tenants normally paid between 25
to 50 percent of total crop output. The maximum rental share of 50 percent usually

occurred when the landlord bore the cost of all variable inputs.
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Table 5.2

Rented Land, Crop Year 1991/92

Category Number | Percentage Area Percentage Average | Minimum | Maximum
of Area Area Area
Farmer
(rai) (rai) (rai) (rai)
Cash Rent 8 2424 31.5 20.26 3.94 2 6
Rent - - - - 391.27 50 2,000
(baht/rai)
Payment in 23 69.70 115 73.95 5 2 9
Kind
Rent in Paddy - - - - 23.30 10 55
Rice
Equivalence
(tang/rai)
Rent Payment 1 3.03 2 1.29 2 - -
(payment not
identify)
Free Rent 1 7 4.50 7 - -
(rent is
waived from
relatives)
Total Land 33 100 155.5 100 4,71 2 9
Rented




Approximately 25 percent of farmers who rented land (with 20 percent of the total
rented acreage) paid rent in cash, with an average of 391 baht per rai. Based on the
average figure, tenants may be better off paying cash rent. Given the output prices for
the 1991/92 crop year, cash rent was only half of the sharecropped rent.

b) Agricultural Land Intensity

As shown in Table 5.3, most agricultural land was used for cultivation in the wet season
of 1991/92 crop year, with the cultivated Iand varying from 1.5 to 15 rai per farm. In the
dry season, 42 percent of the total surveyed area was cultivated. The remaining areas

were left idle due to either insufficient water or higher wages from off-farm employment.

Table 5.3 Agricultural Land Intensity, Crop Year 1991/92

Cropping Number | Cultivated Ratio of Minimum | Maximum
Season of Land Cultivated Area area
Farmer (rai) Land to Total (rai) (rai)
Land
Wet 88 512.75@ 0.97 1.50 15
Dry 66 222,75 0.42 0.25 10
Wet+Dry 88 739.50 1.39 1.50 15

® The rest of total agricultural land (17.5) rai was leased.

Agricultural land use intensity (defined as the ratio of cultivated land in both wet

and dry seasons to total agricultural land) in the survey area during the 1991/92 crop year

averaged 1.4.
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¢} Crop Diversification
In the wet season 1991/92, approximately 90 percent of the surveyed agricultural land

was planted to rice, and the remaining 10 percent was planted to groundnuts (Table 5.4).

Table 5.4 Crop Diversification, Crop Year, 1991/92

Crop/ Number Total Percentage of | Average Minimum | Maximum
Growing Season of Planting Total Planting Area Area
Farmer Area Cultivated Area
Land in Each
(rai) Season (rai) (rai) {rai)

a) Wet season

Glutinous Rice 83 431.75 84.20 5.2 1.5 13
Non-glutinous 3 30 5.85 10 4 14
Rice

Tobacco 9 51 995 5.67 2 15
Total 95 512.75 100 - - -

b) Dry Season

Tobacco 32 75.5 33.89 2.36 0.25 4
Maize 7 18 8.08 2.57 1 6
Cucumber 8 14.5 6.51 [.81 - 0.5 4
Garlic 24 46.3 20.79 1.93 0.25 6
Shallot 7 15.5 6.96 221 0.75 4
Grass 3 6 2.69 2 I 4
Groundnuts 5 11.75 5.27 235 2 3
Soybeans 6 34.25 15.38 5.71 4.75 8
Pepper 1 1 0.45 1 1 1
Total : 93 22275 100 - - -

Allocation of agricultural land was more diversified in the dry season. The main dry

season crop was tobacco, accounting for almost 34 percent of total surveyed dry season
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cultivated area. Other significant crops include garlic, shallot, groundnuts, soybeans, and
cucumbers. From the surveyed samples, these crops together with tobacco, accounted for
almost 90 percent of the dry season planting area.

5.4 The Empirical Model

The marginal value of irrigation is approximated from estimates of a production function.
The dual approach is not employed in the farm level analysis because there is no (or
relatively small) variation in input and output prices across farms in the cross-section
data.?

From the survey, the application of irrigation water for each specific Crop arong
farmers in the HMO project area appeared to be rather homogeneous in terms of the
quantity of water applied and the timing of application. This was likely the r;sult of the
practice of the rotational fixed area-based water allocation exercised in the study area (as
previously noted). In addition farmers in the area may have similar experience and skills
in irrigation. Moreover, data on the exact amount of irrigation water applied to each crop
could not be obtained in the interviews. As a consequence, the amount of irrigated land
is used as a proxy variable in indirectly investigating the productivity of irrigation water
at the farm level.

5.4.1 Production Model Specification: Wet Season
In the wet season, the productivity of irrigation water will be derived primarily from rice
production as it is grown on approximately 90 percent of the total crop land. However,

since average rainfall in the HMO irrigation project area (Sankampang district) is

* Mean and standard deviation of input and output prices of the major crops obtained from farm survey
data are summarized in Appendix A.
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relatively low, supplemental water from either surface irrigation water or groundwater is
necessary for growing rice even in the wet season. Rainfed areas and areas with
insufficient irrigation water are used to grow other upland crops which require less water.

Since most irrigated land is planted to rice and rice is not cultivated in the absence
of irrigation, it is not appropriate to measure the difference between the productivities of
irrigated and non-irrigated land in producing wet season Trice. Alternatively, the
productivity of irrigation water in the wet season at the farm level will be approximated
as the difference between the productivity of irrigated land (as estimated from the
production model) and the wet season rent on non-irrigated land nearby. In other words,
land rent on rainfed area under similar climatic conditions and agricultural practices will
be used to proxy the productivity of non-irrigated land in the calculations.

The wet season rice production model can be specified as

Y, = fATrFS.LHi,DUM. HDUM.O) (5.1)

where Y, denotes wet season rice production, and A represents the irrigated area planted
with rice. The number of tractor hours and chemical fertilizer used in wet season rice
production are denoted by Tr and F, respectively. S denotes quantity of rice seed. A
dummy variable for seed quality (DUM_H) is also constructed such that it equals one
when rice is planted with high yielding varieties (HY'Vs) and equals zero otherwise. This

is to capture the impacts of modern and traditional rice varieties on rice production in the
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survey area.’ Hi denotes expense on herbicide and insecticide inputs. L represents
labour input which is classified by type of labour and labour activities. In this study,
types of labour include own (Lo), hired (Lh), and exchanged labour (Le). Labour
activities in rice production include land preparation (L1), planting (L2), fertilizer
application which also includes herbiciding and insecticiding (L3), and finally harvesting
(L4). However, none of these categories are differentiated by sex.

In the present analysis, expenditure data is used in place of quantity data for
several groups of inputs (such as insecticides and herbicides) in the estimation of
production models. Use of expenditure data as a proxy for input levels in the production
function will generally lead to biased estimates if input price variations are substantial,
but the method is justified in the present study. Expenditure data can be integrated as an
input quantity index if variation in prices is relatively small in the data set, as in this
study. Variations in prices for insecticides and for herbicides reflects differences in
quality for the inputs rather than differences in prices for a homogeneous input. In this
case, expenditure data provides an input quantity index adjusted for differences in quality
of inputs. Aggregation of inputs into several input quantity indexes is necessary in order
to reduce multicollinearity problems in estimation of a production function.

In addition to quantitative inputs, land ownership is also hypothesized to have a
significant influence on rice production through the levels of farm management and

investment (Debertin, 1986). In other words, security of land tenure may encourage a

* About 46 percent of the 1991 wet season rice area was planted with HYVs. Apparently, there was
no significant difference in seed prices between traditional and high yielding rice varieties. The choices of
seed variety seemed to have been partly influenced by quality preferences,
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farmer to invest or manage his land so as to maintain or increase soil fertility. Moreover,
land ownership also enables the farmer to use his land as collateral to secure credit for
the purchase of inputs. As in the case of seed quality, differences in land ownership is
proxied by a dummy variable. The dummy variable (DUM_O) equals one if the farmer
owns all of the land that he cultivates for rice and equals zero otherwise. Land quality
is treated as constant in the present farm level analysis since there is no evidence
regarding a difference in soil fertility between the two major soil types in the survey area.
5.4.2 Production Model Specification: Dry Season

As previously shown in Table 5.4, agricultural production was more diversified in the dry
season than in the wet season. Nine crops were planted in the survey area in the 1992
dry season. Tobacco and garlic were grown on more than 50 percent of the total dry
season area by 32 and 24 farmers, respectively. However, adequate data could not be
obtained for tobacco production.® Estimation of the productivity of irrigation water for
the remaining crops (shallot, groundnuts, soybeans and cucumbers were selected based

on data quality) will employ an implicit production function or transformation function.”

® This is due to the fact that tobacco farms in the survey area were dominated by contract farming
system. Thirty out of 32 tobacco farmers interviewed received credit in terms of necessary variable inputs
including land preparation services from the Thai Tobacco Monopoly, several private tobacco companies
located in the area and also the large farmers who operate their own curing barns from the area nearby,
Since accurate responses on the quantities of inputs used could not be obtained from interviews, the
estimation of the tobacco production is precluded form the present analysis.

71t should be noted that data and information on production of different crops were collected assuming
disjoint technology and allocable inputs. A transformation function relating levels of m outputs and n inpuls
can be expressed as

F(¥,.Y, X, X)) = 0 (52)

Assuming disjoint technology, the transformation function in (5.2) can be reduced to crop-specific
production functions
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Model specifications for production functions of garlic and other dry season crops
in the survey area are briefly presented as follows.
a) Garlic
Garlic was grown by 24 farms on approximately 20 percent of the total dry season area

(Table 5.4). The initial model for garlic production is

Y; = RAFS,LHi,DUM.O) (5.4)

where Y, represents garlic production, L represents input labour which is again assumed
to be heterogenous in terms of type of labour and labour activity. Type of labour are own
and hired labour. Note that exchan ge of labour is not commonly practiced for dry season
crops because the planting areas are relatively small and most farmers also work off-farm.
Labour activities along with other variables in (5.4) are defined similarly to the wet
season rice model. Seed quality is not included because garlic seed used in the area is
homogeneous in quality. A dummy variable for land ownership is again included to
capture differences in managerial ability between those who own and rent land.

Only three out of 24 garlic farms grew garlic in combination with another crop.
For almost all garlic farms, any potential jointness in technology between garlic and other
crops may be ignored in the empirical model.
b) Other Crops

Since each of the remaining seven Crops was grown by relatively few farmers (as

Y, = ff(xu,...,x,u) j=L...m (5.3)

In other words, the detailed information on input-output relationship were collected specifically for every
crops produced in the 1991/92 crop year.
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previously shown in Table 5.4), disjoint production functions could not be estimated for
each specific crop. Instead a multi-output transformation function was considered. Based

on data quality, four crops (shallot, groundnuts, soybeans, and cucumbers) were selected.

The transformation function (5.2) can be inverted to obtain (assuming (OF()/0X #0)

X, = h(YynY,X,,..X,) (5.5)

where X, represents the factor of production whose productivity is of particular interest.

For this study, (5.5) is expressed as

A = h(Y,Y,Y,Y,FLHij (5.6)

where A represents the sum of irrigated areas planted to four crops (shallot, groundnuts,
soybeans and cucumbers) and outputs of those four crops are denoted by Y,, Y,, Y., and
Y,, respectively. Other variable inputs used in producing these crops, i.e., F, L, and Hi
are defined as before.

5.4.3 Functional Form

It is well known that second order flexible functional forms -such as the Translog or
Quadratic are less restrictive than Cobb-Douglas or Linear production functions. The
Translog and Quadratic provide a second order differential approximation to a true
unknown production function, whereas the Cobb-Douglas and Linear provide only a first
order differential approximation (e.g., Chambers). However, multicollinearity problems
often lead to difficulties in direct estimation of second order flexible functional forms for
production functions.

In dealing with cross-section farm survey data with several physical inputs and
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dummy variables specified in the initial production models, the Cobb-Douglas and the
translog functional forms do not normally represent appropriate choices simply because
the log of zero value is undefined. Alternatively, all the models proposed in this farm
level analysis section are estimated assuming linear and semi-logarithmic functional
forms.

As a result, this study primarily estimates first order differential approximations
to production functions. The following linear and semi-logarithmic functional forms are

emphasized for single output production functions:

Y = oY o, 57
i=1

InY =B +Y " BX, (5.8)
i=|

A log-linear (Cobb-Douglas) form is not considered because inpﬁt levels are occasionally
equal to zero. Similarly a linear functional form is adapted for the inverted
transformation function (5.5) because some output levels (Y,...,Y,) are generally equal
to zero.

5.4.4 Estimation Procedure

The models to be estimated in the present farm level analysis consist of wet season rice
production, dry season garlic production, and an inverted transformation function for the

four dry season outputs (shallot, groundnuts, soybeans, and cucumbers).
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In general many inputs are endogenous to the models, although various capital
inputs may be approximated as predetermined. Moreover, choices of inputs are
presumably influenced by variables such as managerial ability that are omitted from the
model. As a result, input levels are likely to covary with the disturbance term in the
specified production function. This implies that the ordinary least squares (OLS)
estimators of the production function are likely to be biased and inconsistent®* The
inverted transformation (5.6) includes output levels as explanatory variables, and these
output levels are inevitably correlated with the disturbance in the model specification.
Thus OLS estimation presumably is least appropriate for the inverted transformation
function.

Nevertheless, it is not clear that instrumental variable methods of estimation such
as the two-stage least squares (2SLS) are superior to OLS for this study. The asymptotic
properties of 2SLS may not be well approximated for a relatively small number of
observations as in this study. Moreover, the choice of instrumental variables is limited
for this study, primarily because input and output prices do not vary over the data set.
There can be difficulties in finding sufficient instruments in the data set to achieve
identification. In any case, the relatively small number of important instruments collected
in the data set implies a substantial loss in asymptotic efficiency for 2SLS relative to
2SLS using all important instruments.

A further problem is that endogenous output levels appearing as explanatory

® The omission of relevant explanatory variables generally leads to biasedness and inconsistency of the-
least squares estimator unless those omitted variables are not correlated with the variables included in the
model or they do not have significant impacts on the dependent variable. However, neither is likely to be
the case in the present analysis,
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variables in the inverted transformation function (5.5) are often equal to zero, ie., the
distribution of these variables is truncated at zero. -In general such truncations of
dependent variables imply that least squares techniques are not optimal. Instead this
limited dependent variable model can be expressed as a Tobit model and estimated by
maximum likelihood. Estimation of a model with a single dependent variable is relatively
straightforward (e.g., Chow, 1983), but the above model (5.5) involves multiple limited
dependent variables.

5.5 Summary

The Huai Mae On irrigation project has been chosen as the focus for the present farm
level analysis. Two single crop production function models (for wet season rice
production and dry season garlic production) and an inverted transformation function for
dry season multiple outputs (shallot, groundnuts, soybeans, and cucumbers) are
formulated. There are serious difficulties in econometric estimation of all models. Given
data limitations it is not clear that 2SLS is more appropriate than OLS, so all models will

be estimated by OLS and (to the extent that identification can be achieved) 2SLS.
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Chapter 6. Empirical Models for National Level
Analysis

6.1 Introduction

This chapter presents empirical models used in estimating the productivity of irrigation
water from national level data. Both primal and dual specifications of technology are
considered. The analysis is subdivided into wet and dry growing seasons and is limited
to rice, which is the most important crop in the Thai economy. Functional forms and
estimation procedures are discussed.

6.2 Primal Analysis

As in the analysis of farm level data, the primal production approach is employed to
estimate the productivity and impacts of irrigation from national data. Since rainfall in
the wet season is almost sufficient for most crops other than rice, the benefits of irri gation
in the wet season are limited primarily to rice production.! In the dry season, Thai
irrigated agriculture is more diversified. Several upland crops gnd vegetables are widely
grown especially in the North where climatic conditions are favourable. However,
adequate time series data on production (i.e., quantities of inputs and outputs) is available
only for rice. Thus the national level analysis for both wet and dry growing seasons will

be limited to rice production.?

' This is also supported by the fact that rice accounts for almost 90 percent of the total wet season
irrigated area (see Chapter 2).

*In the dry season, rice still accounts for approximately 60 percent of the total dry season irrigated area,
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6.2.1 Wet Season Rice Production
6.2.1.1 Model Specification
Since national level data on irrigation water consumption in agriculture or rice production
is not available, the productivity of irrigation water will be proxied by the difference in
productivities for irrigated and non-irrigated land in rice production. As emphasized
earlier, these approximations are biased upward if the quality of irrigated land is higher
than the quality of non-irrigated land.

Separate production functions may be specified for production of rice on irrigated
and non-irrigated land:

model 1
Y, = f‘(Ia,XIa) (6.1)

Yo = fANaX,) (6.2)
Here Y,, and Y, denote annual wet season rice production on irrigated and non-irrigated
lands, respectively. la and Na represent wet season irrigated and non-irrigated areas
planted to rice. X, and X,, are vectors of other input levels for irrigated and non-
irrigated rice production, respectively.

The difference between marginal physical products for land in these two models,

ie., afl(Ia,XIa)/aIa - sz(Na,XNa)laNa, is attributed by assumption to irrigation. This

assumes that irrigated and non-irrigated land are of equal soil quality.

Alternatively the following specification of technology can be adopted:
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model I

Y = g(a,Na,X) (6.3)

Here Y represents total rice production in the wet season and X represents total input use
(other than land) in the wet season, i.c., Y=Y, +Y\, and X=X, +X,,. Model I imposes the
restriction that technologies for rice production on irrigated and non-irrigated land are
disjoint, whereas model IT allows for the possibility of joint production. If production is
disjoint (as may be reasonable), then model | is superior to model II in the sense that it
incorporates more information (the allocation of Y and X to irrigated and non-irrigated
rice production). On the other hand, model 1T is invariant to errors in measurement
regarding this addition information (data is more readily available regarding X than its
allocation X, X,,. The productivity of irrigation water can be observed from the
difference between the productivity of irrigated and non-irrigated land essentially as in
model 1.

The third empirical formulation for the primal wet season rice production model
that will be used in this analysis is

model I

Y = h(la,TaX) (6.4)

where Ta represents total wet season rice area, ie., Ta=la+Na. This is identical to model
I except that Na is replaced by Ta in model IIl. This model specification provides the

simplest test of differences in productivity between irrigated and non-irrigated land: if

there is no difference in productivity, then dh(la,Ta,X)/dla=0.
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Relevant independent variables (X) that are initially included in the models are
amount of rainfall (R), fertilizer (F), number of tractors (Tr), labour (L), and technology
(T). In investigating the productivity of irrigation water using the primal approach, the
initial specifications of rice production function for the wet season are as follows

(omitting subscripts for X, and X

model I

Y, = Afla,RFTrLT (6.5)

Yoo = ANa,RFTrLT) (6.6)
model II

Y = Ala,NaRF,TrL7T | | (6.7)
model HI

Y = Afla,TaRF,TrLT (6.8)

Equations (6.5) and (6.6) are the general representation of model I, and (6.7) and (6.8)
refer to model 2 and 3 as discussed previously. The selection of these variables can be
rationalized as follows.

Amount of rainfall (R)

The main sources of water used in wet season rice production are rainfall and irrigation
water. In the wet season, irrigation water is usually used to supplement rainfall mainly
when the rain is delayed or inadequate for optimal growing conditions. This generally

occurs during the first half of the growing period when the amount and distribution of
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rainfall can be unpredictable. The amount of rainfall is included in the models to isolate
the impact of irrigation water in the production process. Two variables are employed to
proxy rainfall conditions in this analysis. These include average annual rainfall during
the wet season rice growing period which is normally a 6-month period from July to
December (WRM) and average annual effective rainfall® during the rice growing period
(WERM).

Fertilizer (F)

Fertilizer is the most commonly used modern inputs in Thai agriculture. Fertilizer
imports have increased almost tenfold during the past two decades and about threefold
during the past decade.' Fertilizer use in both wet and dry season rice production
accounts for approximately 44% of all fertilizer use annually. During the study period,
from 1969/70 to 1990/91, application of fertilizer (the combination of ammonium
sulphate, urea, 16-20-0, and 16-16-8) to wet season rice production remained stable, at

a relatively low average of 5-7 kilogram per rai. This is probably due to low nitrogen

* The method in calculating the amount of effective rainfall employed in this study is taken from
Boonyatarokul, 1983. Percentage of effective rainfall is calculated as follows.

Average monthly rainfall -millimetre Effective rainfali-millimetre (%)
200 200 (100)
250 2375 (95)
300 270 (90)
350 2925  (83.0)
400 310 (71.5)
450 320 (71.1)
500 325 (65)

* During the period 1968-73 production of nitrogen based fertilizer was protected by giving the domestic
producer a monopoly on fertilizer imporis. The relatively high price of fertilizer to agricultural outputy
limited fertilizer use in Thai agriculture during that period. In order to encourage farmers to use more
fertilizer, the government began a fertilizer distribution program in 1975, selling fertilizer at reduced prices.
However, the market share of the government-supported fertilizer has been only 6 to 7 percent of the total
fertilizer use annually, so its impact on fertilizer prices has been minimal.
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response for traditional or improved traditional varieties which are usually grown in the
wet season, combined with a generally high fertilizer-rice price ratio. In contrast, high
yielding rice varieties, which are generally grown in the dry season, require better water
control and more fertilizer. Fertilizer use in dry season rice production ranged between
40 to 70 kilogram per rai from 1975 to 1990, Due to the relatively low fertilizer
application rate in rice production, fertilizer may significantly constrain rice production
in Thailand.

Tractor (Tr)

Levels of capital equipment in Thai agriculture have increased since agriculture became
more commercialized in the early 1970s. Use of tractors has increased in spite of the
relatively small-scale of farm operations. Farmers have purchased tractors for their own
farm activities and also for rental to other farmers. Tractors are especially important to
farmers during periods of land preparation when timing is crucial.

In the present macro analysis, tractors is included in initial models as a proxy for
capital equipment in rice production. Given data limitations, this is measured as the
number of tractors employed in agriculture. This approximation is reasonable only to the
extent that there is no significant variation in average work hours per tractor or in average
quality of tractors over time.

Labour (L)
Agricultural production in Thailand is still characterized by small- to medium-scale farm
operations which are labour intensive especially during the peak planting and harvesting

periods. Unfortunately, aggregate time series data on labour utilization in rice production
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is not available, and information on the distribution of labour in major rice production
activities also is not available. Instead data is available on total labour participation in
the agricultural sector, i.e., the total labour force from 15-64 years of age engaged in all
agricultural occupations.

Since this data appears to provide only a crude approximation to labour hours
employed in rice production, an alternative data set for the labour variable is created from
available data on the annual average cost of labour in wet season rice production. The
quantity of labour used (man-days) in producing rice is computed by dividing total labour
cost by the agricultural wage rate (as proxied by the official minimum wage rate for non-
skilled labour).

Technology (T)

There has been considerable evidence of a modest technological revolution in Thai rice
cultivation. High yielding varieties, i.e., the RD (Rice Department) varieties were first
introduced in 1969. Adoption of these varieties has been accompanied by increased use
of subsidized fertilizer, improved farming techniques. A greater emphasis has been
placed on government extension services.

In an atternpt to proxy the change in rice production techniques that has occurred
over time, a moving average rice yield for the three previous years and a simple time
trend, are considered. Of course both of these variables may be correlated with many
omitted variables in addition to technical change.

Details on the definition and measurement of variables, sources of data and all

time series data used in estimating the wet season primal models are given in Appendix
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B and C.
6.2.1.2 Functional Form
Much of the discussion on functional forms for production functions (section 5.4.3)
extends to time series data. Second order differential approximations to a production
function, such as a Translog, are less restrictive than first order approximations, such as
a Cobb-Douglas. Nevertheless, direct estimation of a Translog function is often difficult
due to high multicollinearity, in contrast to a Cobb-Douglas. Multicollinearity problems
can be reduced substantiaily if standard first order conditions for static competitive profit
maximization (marginal value product equals input price) are estimated jointly with the
Translog equation (imposing all Cross-equation restrictions), but these first order
conditions will lead to inconsistent estimators of the production function unless firms are
risk-neutral. Since most farmers presumably are risk-averse, estimation of these first
order conditions may not be appropriate.

Three functional forms for production are considered. The most restrictive and

most parsimonious form is the Cobb-Douglas:
n
Y = aunX X" 69)
j=1
or in logarithmic form as:

il 6.10
InY = Ineg+y oinx, (©10

J=1

where Y denotes annual wet season rice production. Variable inputs (X) include rice

planting area, fertilizer, amount of rainfall, number of tractors, labour, and technology.
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The following Translog and Quadratic forms are also considered:

InY = InBy+y" BlnX+12Y" ¥ B,lnX InX, (6.11)
i=1

i=1 j=1

Y = 50«2: 6.X+1/2) Y 8, XX, (6.12)

i=1 j=1

Due to high multicollinearity, the general Translog and Quadratic functional forms (6.11)-
(6.12) are not emphasized here. Instead restricted versions of these functions are
considered, where all off-diagonal terms or cross effects in (6.11)-(6.12) are restricted to
equal zero (B;=0 and 0,=0 for all i#j). The resulting models are intermediate between the
first and second order flexible forms in terms of restrictiveness and multicollinearity.
6.2.1.3 Estimation Procedure

As in the farm level analysis, the proposed macro models ((6.5)-(6.9)) will be estimated
by OLS and 2SLS. In contrast to the analysis of farm level data, instrumental variables
employed in 2SLS estimation include prices: fertilizer price, the agricultural wage rate as
proxied by official minimum wage rate for non-skilled labour, iagged farm price for rice
and lagged prices of alternative wet season crops i.e., maize, groundnuts, soybeans, and
mungbeans. Irrigated and non-irrigated rice areas, total rice area and number of tractors
are treated as quasi-fixed inputs in the estimation process. Laspeyres and Tornqvist index
formulas are employed to aggregate several input variables which are not of major
concern. These indexes are presented in Appendix D.

6.2.2 Dry Season Rice Production

For the wet season, the productivity of irrigated and non-irrigated land in rice is
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compared. In contrast, in the dry season rice can be produced on irrigated land because
rainfall is not sufficient for production of rice’ (Smitthmadhindra, 1991). Thus the
marginal productivity of irrigated land in dry season rice production can be attributed
entirely to irrigation.

The dry season rice production function can be specified similarly to the wet
season. The only difference is that dry season non-irrigated rice acreage can be ignored.
In the absence of irrigation, agricultural land in the dry season is usually left idle. Thus
the opportunity cost of non-irrigated agricultural land is typically zero or approaches zero
(at least in the short-run when non-irrigated land is not allocated to other uses).

The initial empirical dry season rice production model is formulated as follows:

Y, = fla,DRM,F,Tr,L,T) (6.13)

where Y, is dry season rice production, la, is rice acreage (under irrigation). Rainfall
conditions are also included in the model in an attempt to separate the impact of water
attributable to irrigation and rainfall. Rainfall (DRM) is defined as average rainfall durin g
the dry season rice growing period (January to June). F, denotes the level of chemical
fertilizer used in dry season rice production. L, represents labour (man-days) employed
in dry season rice production, and is computed as in the wet season rice model. Tr and
T are defined as in the wet season models.

Functional forms and estimation procedures employed in the dry season rice model

are similar to those employed in wet season rice production. Details on the definition of

* Similar information was also obtained from personal communications with government officials in the
Irrigated Agriculture Branch, RID, and Department of Agricultural Extension, MOAC.
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variables, variable fneasurement, data sources, and all time series data used in estimating
the dry season primal model are presented in Appendix B and C.

6.3 Dual Analysis

An alternative dual approach to estimation of productivity and impacts of irrigation is also
conducted, using national time series data. The dual models are formulated for both wet
and dry season rice production. The time series data used in the wet and dry season dual
analysis are from 1973 to 1990 and from 1975 to 1990, respectively.

6.3.1 Wet Season Rice Production

6.3.1.1 Model Specification

In the dual analysis, the supply of rice and related factor demands are assumed to depend
upon prices of rice, fertilizer and labour. Other explanatory variables in the supply
equation include weather and number of tractors (as a proxy for capital). Assuming rice
production is disjoint from other agricultural technologies, the input demands and output
supply equation conditional on rice acreage are independent of prices and acreage of other
crops. This separability assumption can also be justified because most paddy land planted
to wet season rice is not suitable for other crops due to minimal water control.

The initial specification for the system of input-output estimating equations is

F = fW,W,P,laTaRT,Tr) (6.14)
L = fW,W,PlaTaRTIY) (6.15)
Y = AW,W,PJaTaRTTr (6.16)

where F and L denote fertilizer and labour employed in wet season rice production, and
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W, and W, are prices of fertilizer and labour, respectively. Total wet season rice output
is denoted by Y and Tr is the number of tractors. Details on units of measurement are
given in Appendix B.

Expected price for rice (P) is modelled alternatively as a one-year lag on farm
prices and a 3-year moving average of farm prices. The quantity of labour (L) is
measured as in the primal model. Weather is proxied by rainfall (R) as in the primal
model. Technology (T) is also proxied as in the primal model. In (6.14)-(6.16), annual
trrigated rice acreage and total rice acreage are denoted by Ia and Ta, respectively.
6.3.1.2 Functional Form
Equations (6.14)-(6.16) are modelled assuming two different flexible forms for profit
functions: a Normalized Quadratic and a Generalized Leontief.® Equations (6.14)-(6.16)
are then specified by Hotelling’s Iemma.

a) The Normalized Quadratic Profit Function

A Normalized Quadratic profit function can be postulated as:

¢ A Translog profit function is not modelled because data on profits in rice production is not available.
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/W, = a,+a {WW) +0,(P/W,)+a,la +oa,Ta
+o R+o T+ o, Tr+B (W /W, )P/ W)
B, (WW X Ia)+B.(W /W, )(Ta)
B W W YR +B(W /W) (T
B(W W )(Tr) +8,(PIW2)(la)
B (P/W2)(Ta)+By(P/W2)(R) 6.17)
B1o(PIW2)(T)+8,,(PIW2)(Tr) '
B (la)(Ta)+B,,(Ia)(R) +8,,(Ja)(T)
f,5(a)(Tr)+8 ((Ta)(R)+B,,(Ta)(T)
B15(Ta)(Tr)+8,o(RY(D) +8,,(RY(TT)
By (Tr(D) +8 (W, W,)>+8,(PIW,)?
+8,(Ia)*+8,,(Ta)* +8 J(RY*+8 ((T)2 +5.,(Tr)?

where 7 is variable profit (revenues minus variable costs), and all independent variables
are specified as in the previous section. Linear homogeneity in prices for the profit
function is imposed through normalization (i.e., dividing profit and prices by labour input

price W,). Then Hotelling’s lemma implies fertilizer demand and rice supply equations.

F = ‘(A1+A11(W1/W2)+A13(P/W2)+Bula (6.18)
+B,,Ta+Cy R+C,,T+D  Tr)

Y = A4 (W /W) +A5(PIW,)+B, Ia (6.19)
+B;,Ta+Cy R+C,, T+D, Tr
The symmetry condition A,,=A,, will be tested.

b) The Generalized Leontief Profit Function

Similarly, a Generalized Leontief profit function is
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T = a0+a1W11"2W2”2+a2Wf"2P1f2
ra, WP 2+8 W la+8,W,Ta
+8,W . R+8 ,W,T+8 . Tr
+B36W,Ja+8,W,Ta+d,W,R (6.20)
+8,W,T+8 (W, Tr+8 P Ia
+6,P Ta+8,P R
+8,,P T+8 P Tr

Then Hotelling’s lemma implies the following input demand and rice supply equations:

F = _(Al+A12(W2/W1)1/2+A13(I)/W1)U2+BuIa (6.21)
*B,Ta+C, R+C,T+D,,Tr)

L = ~(A2 +A21(W1/ﬂ,2)”2 +A23(P/W2)1Q+BZIIQ (6.22)
+B,,Ta+C, R +C,, T+D,, Tr)

Y = Aj+A, (WP)'2 A (W,/P)+B, Ia (6.23)

+B,,Ta+C, R+ Cy,T+Dy, Tr
Symmetry conditions i.e., Aj=As, A=A, and A=A, will be tested.
6.3.1.3 Estimation Procedure
The two systems of input demand and output supply equations, as specified in terms of
the Normalized Quadratic and the Generalized Leontief functional forms, will be
estimated using the iterative version of Zellner’s seemin gly unrelated regression (ITSUR)
method assuming the error terms are additive, independently and identically distributed
with zero means. The symmetry restrictions implied by static competitive profit
maximization are tested. If the hypothesis of symmetry is not rejected, a model will be
estimated with symmetry imposed.

Parallel to what discussed in Chapter 3, the economic value or the shadow price
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of irrigation water within the dual context can be determined by the profit associated with
a marginal increase in rice irrigated area. Note that from the present dual specification,
by holding total rice area and other exogenous variables at the constant level, increasing
irrigated rice area by 1 unit implies supplying irrigation water to an acreage of existing
non-irrigated rice area. Since increasing irrigation by 1 unit may result in changes in the
level of variable inputs used as well as output, the economic value of irrigation can then
be calculated from the marginal revenue of rice output less marginal costs of fertilizer and
labour.

From the Generalized Leontief specification (6.21)-(6.23), the shadow price of

irrigation water can be evaluated as follows:

onfola = PBY/BIa—WlaFIBIa-WZSLIBIa
= B:up'BnWi -B, W,

(6.24)
where P, W), and W, represent the average rice farm price, fertilizer and labour,
respectively.,

Unlike the Generalized Leontief, the shadow price of irrigation cannot be directly
derived from the estimating equations as above for the Normalized Quadratic since the
labour demand equation (as the numeraire input) was excluded from the estimation
process. Thus the demand equation for labour corresponding to (6.17) must be estimated
or a demand equation for labour analogous to (6.18) can be estimated assuming a
Quadratic profit function normalized on W,. In either case the shadow price of irrigation

can be computed as in (6.24).

SUR assumes that all explanatory variables in the model are exogenous or
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predetermined. However, farmers may simultaneously decide on rice acrea ge allocations
(Ia, Ta) and on levels of variable inputs. Thus the model should be estimated by three
stage least squares (3SLS) allowing for endogeneity of Ia and Ta. The set of instrumental
variables for iterative 3SLS estimation consists of all exogenous variables included in the
model, lagged total paddy land (Lpad), and lagged prices of alternative wet season crops
(maize (LPc), groundnuts (LPg), soybeans (LPs), and mungbeans (LPm)).

In the case of the Normalized Quadratic, it is feasibie (in terms of degrees of
freedom) to estimate the dual function (6.17) jointly with factor demand (6.18) and output
supply (6.19) when all restrictions on coefficients across (6.17) and (6.18)-(6.19) are
imposed. The complete model is then estimated using ITSUR. The shadow price of
irrigation water in this case can be derived by differentiating the profit function (6.17)

with respect to irrigated rice acreage (la):

onfola = o, +f(W/W)B,PIW,+f,,Ta+f, R (6.25)
B, T+8,sTr+28, 1a

Unlike the primal analysis, the impacts of irrigation on oﬁtputs and variable inputs
can be easily derived within the dual context. In particular, the impacts of irrigation on
fertilizer demand, labour demand and rice supply are obtained by differentiating the
corresponding equations with respect to Ia.

Details on variable definitions, units of measurement, sources of data and time
series data of variables used in estimating the wet season dual model are included in

Appendix B and C.
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6.3.2 Dry Season Rice Production
The dual models for dry season rice-production are similar to the above models for the
wet season. The one difference is that rice production generally requires irrigation in the
dry season. This implies that Ia and Ta are identical. Therefore the only modification
of wet season models is deletion of Ta. For the dry season model, the set of instrumental
variables employed in the iterative 3SLS estimation include all exogenous variables,
lagged prices of alternative dry season crops (similar to the wet season), lagged total
paddy land, and lagged rice output in the wet season.

Fertilizer demand and rice supply equations assuming the Normalized Quadratic

profit function (with labour wage as numeraire) are

F, = -4, A (W /W) +A (P, /W) +By,la,

(6.26)
+Cl 1R+C12T+D11Tr)

Yy = Aj+A (W/W) A5, (P/W,)+By la,

6.27)
+C, 1R+C32T+D31Tr

The system of input demand and rice supply equations for the Generalized

Leontief profit function is
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Fy = ~(A+A,(Wy W) 2+A,(PJW)P+B Ta, (6.25)

+C, 1R+C12T+D11Tr)

L, = ‘(A2+A21(W1/ Wz)m +A,, (P Wz)UZ*leIad (6.29)
+C21R+C22T+D21Tr)

Y, = A;+A,(W/P d)1f2+A32(W2/P d)”2 +By la, (6.30)
+C31R+C32T+D3]Tr

The available time series data in the dry season dual analysis is more limited than
in the wet season. The period of estimation is 1975 to 1990. Details on variable
definitions, and time series data of variables used in estimating the dry season dual model
are given in Appendix B and C.

6.4 Summary
Both primal and dual models of production are specified for national time series data in

rice production. Various empirical models are discussed.
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Chapter 7. Empirical Results: Farm Level Analysis

7.1 Introduction
This chapter presents results obtained from the farm level analysis for the HMO irrigation
project in crop year 1991/92. Econometric results of shadow prices and impacts of
irrigation are discussed.
7.2 Results for the Economic Value of Irrigation Water
7.2.1 Wet Season Analysis: Value of Irrigation Water in Rice Production
The OLS results for the initial wet season rice production model as specified in (5.1,
using both linear and semilogarithmic functional forms, are reported in Table E.I,
Appendix E. Coefficient estimates were more significant for the linear model than for
the semilogarithmic model. Irrigated rice land (A), seed quantity (S), and number of
tractor hours (Tr) were statistically significant at the 99 percent level, while fertilizer (F)
and expenses on herbicide and insecticide (Hi) were significant at the 90 percent level.
In the initial specification, aggregate total labour (L) and a11 dummy variables were
statistically insignificant.

The model was alternatively reestimated by disaggregating labour variable into
types and activities as previously discussed in Chapter 5.' In the case of labour
employed during different time periods, there appeared to be a close relationship between

the amount of fertilizer (F), herbicide and insecticide (Hi) and the labour associated with

' The marginal product of labour may vary by type and activity, and different farmers employ those
categories of labour in different proportions, Consequently, disaggregation of the total labour variable may
reduce errors in specification of the production function. Note that the disaggregation of labour variable
into types and activities was employed separately in estimation of production functions.
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the application of these inputs (L3).2 Since they are highly complementary inputs, it was
decided to regard L3 as in fixed proportion with F and Hi. Asa result, L3 was omitted
from the estimating model.

Similarly, labour employed in land preparation (L1) might be in fixed proportion
to rice planting area (A). However, this need not be the case: land preparation involves
plowing and also building or repairing dikes around a paddy field to store flood water
necessary for growing rice, and these labour activities are not in fixed proportion. Thus
L1 was tentatively included in the model as a separate input. In addition, labour
employed during planting and harvesting periods (L2 and L4, respectively) were also
included in the model since both activities normally occur during peak periods when
labour shortages are significant (this encourages substitution away from lat;our during
these periods, if possible). By disaggregating labour into activities, labour employed
during harvesting season (L4) was significant at the 99 percent level.

Labour was also disaggregated into types (family, hired and exchange labour),
hired labour (Lh) was statistically significant at the 99 percent level. However, dummy
variables for both high yielding rice varieties (HYVs) and land ownership remained
insignificant in both cases.

The insignificance of the dummy variable for seed suggests that the traditional rice
varieties and the HY Vs did not have different impacts on rice production. This may not
be surprising because the HY Vs require proper management practices in order to realize

theirs highest potential. The relatively low level of average input use as shown in Table

* These considerations seemed to be supported by the high correlation between these variables in the
data set (as shown in Table E.2, Appendix E).
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A.2, Appendix A may support these results. For instance, the labour employed during
fertilizer application, herbiciding and insecticiding, on average, accounted for only 6
percent of total labour employed for the entire rice production process (i.e., from land
preparation to rice harvesting).

Similarly, the insignificant impact of land ownership on rice production may be
explained by similarities in management practices between the owner-operated and tenant
farmers in the survey area. Although the use of modern rice inputs (fertilizer, herbicide
and insecticide) is more common on owner-operated farms, rice yield was only 5 percent
higher for owner-operators than for tenants (Table A3, Appendix A).

Table 7.1 provides OLS estimates of the final model where wet season rice
production was specified as a linear function of rice planting area (A), seed quantity (S),
tractor hours (Tr), expenses on herbicide and insecticide (Hi), and total labour employed
during rice harvesting season (L4).> Hi was significant at the 95 percent level while all
other variables were highly significant at the 99 percent level. Notice that hired labour
(Lh) was omitted from the final model because it was highly correlated with the L4
variable. The results of the Glejser test and the Durbin-Watson (D.W.) statistic indicated
that neither heteroskedasticity or autocorrelation was present in the model.

As shown in Table 7.1, the OLS estimate for marginal productivity of irrigated
land in rice production was 293.38 kilogram per rai, which was substantially less than the
average rice yield of 601.82 kilogram per rai obtained in the survey area (Table A.2,

Appendix A). A 95 percent confidence interval for this marginal product (assuming a

* The model was also estimated using a quadratic functional form but results were poor due to
multicollinearity.
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normal distribution for the estimator) is 202.73 to 384.03 kilogram per rai.

Table 7.1 Estimates of Linear Wet Season Rice Model {Equation (5.1)) &
Computed Production Elasticities of Respective Inputs

Variable Estimate T-ratio Computed
Production
Elasticity

Constant 49.04 0.25 -

A 293.38 6.45™ 0.507

S 15.94 2.90™ 0.201

Tr 24.15 3.02™ 0.114

Hi 0.84 2017 0.015

L4 11.34 265" 0.118

Adjusted R? 77.41

Chi-square 7.610

(Glejser test)

D.W. 2.10

" statistically significant at 99 percent
" statistically significant at 95 percent

The elasticities of production of the respective inputs were further evaluated at the
means of the variable inputs and rice output. As shown in Table 7.1, the estimated
elasticity of rice output with respect to irrigated land was 0.51. With the sum of the
elasticities of all the variables close to unity (0.96), the data were compatible with
constant returns to scale in rice production. According to Euler’s Theorem, a constant

returns to scale production function is consistent with the estimated marginal productivity
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of irrigated rice land being substantially less than its average productivity.*

By treating expenses on herbicide and insecticide (H1), number of tractor hours
(Try’ and labour employed during harvesting season (L4) as endogenous variables, the
final model was re-estimated using 2SLS. The instrumental variables employed included
total farm land, lagged rice area, and lagged rice production.® In 2SLS estimation, rice
planting area was treated as a quasi-fixed input since only 20 percent of total farm land
was rented. Moreover, rice is customarily planted in the wet season regardless of prices
of alternative crops, provides that there is sufficient water. This is mainly for farm
consumption over the year, and only a relatively small amount of rice is marketed.
Alternative wet season crops are also unattractive in the survey area due to difficulties of

irrigation water management and other farm practices.” Seed quantity was treated as

“If a production function Y=f (X) is constant returns to scale, (i.e., homogeneous of degree one) and
each input is paid in accordance with its marginal productivity, then by Euler’s theorem

Y = fiX,+ 3 £X, (7.1)
191
where Y and X represent level of output and input, respectively, and f; denotes marginal productivity of
input i. Rearranging,

Y X,
= =f4+ it} (7.2)
% AT

irl

* Even though less than half of the rice farmers in the sample owned tractors, the rest nonmally obtained
land preparation by hiring tractor services. This suggested that most farmers at least could appropriately
decided when to employ the tractor services for their land preparations. Thus there was possibility that the
tractor variable may be contemporaneously related with the left out variables such as managerial ability
presumably reflected in the error term.

® Since the disturbances are not autocorrelated, lagged endogenous variable is qualified for being
employed as an instrumental variable.

" Flooding irrigation is typically employed in wet season rice production. Upland crops are not
appropriate since they may be subjected to unwanted water from nearby rice fields.

135



exogenous since it was in approximately fixed proportion with Iand, which was treated
as a quasi-fixed variable.*

The results, as reported in Table E.3, Appendix E, were unsatisfactory in terms
of significance of the estimates. The t-values were dramatically lower for 2SLS than for
OLS: none of the coefficients (including rice planting area) was statistically significant.
This reflects the limited choice of instrumental variables in the present estimation, i.e.,
the data set presumably does not include the most important exogenous variables
influencing endogenous input levels. For instance, output and input prices are excluded
from the model due to insufficient variation over the cross section data set. Thus the
selected instrumental variables were not highly correlated with the endogenous TEgressors.,
Moreover, the asymptotic properties of instrumental variable estimators may be poorly
approximated for our small data set (for detail discussions and references, see for
example, Judge et al., 1988, and Kmenta, 1990). Under these circumstances, the OLS
estimator is preferred to 2SLS on the mean square error basis. Hence, the economic
value of irrigation water in wet season rice production will be further analyzed only in
terms of OLS estimates.

As discussed in Chapter 5, the marginal value of wet season irrigation in the HMO
irrigation project area can be calculated by subtracting non-irrigated land rent from the

marginal value of irrigated land in producing rice.’ Table 7.2 presents the estimated

¥ A correlation matrix of all input uses in wet season rice production is provided in Table E.2, Appendix
E.

? The average land rent of 500 baht per rai for crop year 1991/92, as estimated by agricultural officials

and farmers in Sankampang district, was used to proxy the opportunity cost of non-irrigated agricultural
tand.
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marginal valqe of irrigation water and its 90 and 95 percent intervals evaluated at the
mean farm price for rice in the survey.!® When the land rent of 500 baht per rai was
employed to proxy the opportunity cost of non-irrigated land, the estimated marginal
return to irrigation for wet season rice was 673.52 baht per rai,'"! and the 95 percent
interval ranged from 310.91 to 1,036.13 baht per rai. Of course, the estimated marginal
value of irrigation may be biased upward if soil fertility is higher on irrigated land than
on non-irrigated land. No substantial variation in soil fertility was observed in the survey.

It is also important to note that these estimated results have focused on the average
farm that received water from the HMO irrigation system. However, in examining the
marginal value to irrigation water, not only the average but variations around the average
are relevant. In other words, optimal use of irrigation water on average may not indicate
optimal use on each individual farm. For instance, farms near the main regulators may
enjoy excessive water while farms located at the end of the distributional canals suffer
from water shortages. Yet the examination of marginal productivity of irrigation water

on average may not address these significant differences.!?

It is worth reemphasizing that the marginal value of irrigation computed in this study only represents
the private shadow price, i.¢., the returns or benefits from irrigation to the farmer, Consequently, the tarm
price of rice is appropriate in calculating this shadow price because in such a small community both
producers and consumers in effect trade at this price, i.c., this price represents the marginal value of rice
in both production and consumption.

" Given the average field irrigation water requirement for wet season rice production (i.e., the
traditional glutinous rice variety) in the HMO irrigation project area of 723.2 cubic metre (derived from Sir
Alexandar Gibbe & Partners, 1981, Table MO12), the estimated marginal retarn per rai of irrigated land
is equivalent to 0.93 baht per cubic metre. A 95 percent confidence interval is 0.43 to 1.43 baht per cubic
metre.

' A technical point regarding this issue is worth mentioning. Exclusion of a distance variable in this
study (i.e., distance from the farm to the main regulator or the main irrigation canal) did not seem to result
in biased estimates of productivity of irrigated land. Although data on distance was not collected, the
author’s subjective impression was that the amount of irrigated rice land for a farm did not vary with
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Table 7.2 Computed Marginal Physical Product (MPP) of Irrigated Land and
Marginal Value (MV) of Irrigation Water in Wet Season Rice
Production, the HMO Irrigation Project

MPP/MV Estimate
MPP of irrigated land

(kilogram/rai)

Mean 293.38
90% interval 217.56-369.20
95% interval 202.73-384.03
MYV of irrigation water’

(baht/rai)

Mean 673.52
90% interval 370.23-976.81
95% interval 310.91-1,036.13

"An average land rent of 500 baht per rai was employed to proxy the opportunity cost of non-
irrigated land. The marginal value of irrigation water is calculated as: (1991 farm price of rice
* MPP of irrigated land) - 500.

7.2.2 Dry Season Analysis: Garlic Production

The initial specification for a garlic production function (5.4) was estimated by OLS
assuming that the underlying technology were characterized by linear and semilogarithmic
functional forms. The estimated coefficients for the two models are reported in Table
E.4, Appendix E. Again, t-ratios for estimated coefficients were higher for the linear

functional form. There was no indication of heteroskedasticity or autocorrelation for

either model, using Glejzer and Durbin-Watson tests,

distance. In other words, even if the distance variable does significantly affect crop yield in the survey ared,
exclusion of this variable does not bias estimates of the average marginal value of irrigation. On the other
hand, more efficient estimators of the marginal product of irrigated land would have been obtained by
including distance in the econometric model (assuming that distance influences yield).
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The dummy variable for land ownership (DUM_O) was statistically insignificant;
whereas seed quantity (S), total labour (L), and land (A) were significant in garlic
production. The dummy variable and other insignificant inputs (i.e., fertilizer and
expenses on herbicide and insecticide) were Judged to be jointly insignificant using the
Gallant and Jorgenson chi-square test.

The model was, therefore, reestimated with those variables omitted. As shown in
column A of Table 7.3, all estimates of the remaining variables, i.e., planting area (A),
seed quantity (S), and total labour (L) were highly significant. The model was further
estimated by disaggregating the labour variable in the same manner as in the previous wet
season rice models. However, only labour employed during land preparation period (L1)
was significant. Note that a high correlation of almost 0.9 (Table E.5, Appendix E)
between labour employed during land preparation and harvesting periods (L1 and L4,
respectively) suggested that the estimated coefficient of L] may reflect the influence of
L4 as well as L1 on garlic production. The final model when total labour (L) was
replaced by labour employed during land preparation (L1) is reported in column B, Table
7.3.° Comparing columns A and B, higher t-values for coefficient estimates were

obtained when L was replaced by L1.

" The final model was also estimated using Cobb-Douglas (C-D), modified translog and modified
quadratic functional forms (see Table E.6, Appendix E). The results for the C-D estimates were comparable
to those using a linear form but less satisfactory in terms of t-ratios. The results for both modified translog
and quadratic were poor due to multicollinearity,
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Table 7.3

Estimates of Linear Dry Season

Garlic Model (Equation (5.4))

A B

Variable - , ] ]

Estimate T-ratio Estimate T-ratio
Constant -55.29 -0.52 5.50 0.63E-01
A 431.15 5.39"™ 386.90 6.20°
S 1.81 4.14™ 2.12 6.35""
L 8.26 2.94™ - -
L1 - - 43.09 4,73
Adjusted R? 75.51 77.12
Chi-square 4.604 1.056
(Glejser test)
D.W. 2.14 2.10

" statistically significant at 99 percent

The model was reestimated using 2SLS with seed quantity and labour employed
during land preparation defined as endogenous variables primarily because the paucity of
instruments limits the number of variables that can be defined as endogenous. Land was

treated as quasi-fixed in the dry season. Total farm land and lagged garlic production

were used as instrumental variables,

As shown in Table E.7, Appendix E, it is obvious that the variances of coefficient
estimates were substantially higher for 2SLS than for OLS. All variables included in the
model i.e., land (A), seed quantity (S), and labour employed during land preparation
period (L1) were statistically insignificant using 2SLS. Of most importance, the t-ratio
for the land variable fell from 5.39 for OLS to 0.59 for 2SLS. These poor results for

2SLS presumably reflect the weak correlation between the instrumental and the
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endogenous variables. Thus only OLS estimates will be considered in calculating
marginal returns to irrigation.

As shown in Table 7.4, the estimated marginal physical product of irrigated land
for garlic production in the 1992 dry season was 386.90 kilogram per rai, which was
considerably less than the average product of 1,455.48 kilogram per rai (Table A4,
Appendix A). The corresponding marginal value of irrigation water evaluated at the
average market price of fresh garlic in the 1992 dry season was 2,011.88 baht per rai, ™
and the 95 percent confidence interval ranged from 1,230.64 to 2,793.12 baht per rai.
This expected value was almost three times higher than that of wet season rice. However,
note that garlic farm prices have fluctuated greatly in comparison to rice prices.

7.2.3 Inverted Transformation Function

An inverted transformation function was specified for four particular crops (shallot,
groundnuts, soybeans, and cucumbers) grown in the 1992 dry season in the HMO
irrigation project area.’® A multiple crop transformation function was modelled
primarily because there was insufficient information to estimate separate production

functions for each of these crops.

' This was about 3.68 baht per cubic metre given the total field irrigation water requirement of 547.2
cubic metre (derived from Sir Alexandar Gibbe & Partners, 1981, Table MQ12). A 95 percent interval
ranges from 2.14 to 5.10 baht per cubic metre,

" A summary of production profile of the four selected crops 1s given in Tables A.5-A.8, Appendix A.
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Table 7.4 Computed Marginal Physical Product (MPP) of Irrigated Land and
Marginal Value (MV) of Irrigation Water in Dry Season Garlic
Production, the HMO Irrigation Project

MPP/MV Estimate

MPP of irrigated land
(kilogram/rai)

Mean 386.90

90% interval 262.79-511.01
95% interval 236.66-537.14
MYV of irrigation water

(baht/rai)

Mean 2,011.88
90% interval 1,366.51-2,657.25
95% interval ‘ 1,230.64-2,793.12

The initial model where land was specified as a function of the four crop outputs,
fertilizer, labour, and the expense on herbicide and insecticide (5.6) was estimated by
OLS assuming both linear and semilogarithmic functional forms. As reported in Table
E.8, Appendix E, the econometric results of the two functional forms employed were
quite similar. All four crop outputs, i.e., shallot, groundnuts, soybeans, and cucumbers
were significant at least at the 95 percent level, which implied significant positive
relationships between planting areas and crop outputs. Only aggregate labour appeared
to have significant impact jointly with land in producing the selected four crop outputs.
Fertilizer (F) and expense on herbicide and insecticide (Hi) were statistically insignificant
separately and jointly.

After omitting the insignificant variables (F and Hi), the model was reestimated
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and results are presented in Table 7.5. All output variables had a positive sign and were
significant at the 95 percent level or higher for the linear functional form. The results
obtained using the semilogarithmic form were comparable to those of the linear form
except that aggregate labour was only significant at the 90 percent level. However, in the
present inverted transformation function analysis, disaggregating labour variable into types
and activities did not significantly improve results; so aggregate labour was retained in
the final model.

Table 7.5 OLS Estimates for the Final Inverted Transformation Model
(Equation (5.6))

Linear Semilogarithmic
Variable Estimate T-ratio Estimate T-ratio
Constant 0.40 1.00 -0.22 -1.05
Yl 0.30E-02 2.637 0.16E-02 2.59"
Y2 0.21E-01 2.92™ 0.13E-01 3.33™
Y3 0.36E-01 9.90™" 0.12E-01 6.527"
Y4 0.24E-02 2.84" 0.12E-02 2.72"
L 0.19E-01 2.09™ 0.81E-02 1.74°
Adjusted R? 66.26 52.37
Chi-square 4.259 6.49
(Glejser test)
D.W Statistic 1.83 241

" statistically significant at 99 percent
" statistically significant at 95 percent
statistically significant at 90 percent
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A quadratic flexible form was also attempted assuming disjoint outputs. The
hypothesis of disjoint technologies cannot be rejected by farm level data since few
farmers produced more than one crop at a time: 23 farmers grew the four selected crops
in the 1992 dry season, but 3 farms planted two crops while the rest planted only one
crop at a time. When disjoint outputs were assumed, the quadratic form of the implicit
production function was specified by deleting all interaction terms among the four
outputs. As reported in Table E.9, Appendix E, the results was less than satisfactory.
Only outputs of shallot and soybeans (Y1 and Y3, respectively) were significant at the
95 percent level.

Finally, the inverted transformation function where land was specified as a linear
function of the four selected outputs and the aggregate labour was estimated by 2SLS.
The estimating equation was just identified by employing lagged outputs of the four
selected crops and the total farm land as instrumental variables. In the present context,
lagged outputs seemed appropriate for instrumental variables since current output is often
specified as dependent on past output (e.g., as in Nerlove partial adjustment or adaptive
expectations models).

Table E.10, Appendix E provides 2SLS estimates of the final inverted
transformation function. Again, the significance of coefficient estimates was substantially
reduced when 2SLS was employed. Only soybeans output (Y3) was significant at the 95
percent level. The results indicate that the available instrumental variables provide a poor
approximation to reduced form equations for crop outputs Y,-Y,. Accordingly, the OLS

estimates were again selected for further calculations of the marginal value products of
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irrigation.
Table 7.6 presents the marginal physical product (MPP) and the marginal value
(MV) of irrigated land in producing the four joint outputs i.e., shallot (Y1), groundnuts

(Y2), soybeans (Y3) and cucumbers (Y4). The marginal productivity of irrigated land in

producing each crop was computed as (aAlaY‘.)’l, ie., as the inverse of the partial

derivative of land with respect to each crop output. The computed values of the marginal
product of land in the production of shallot, groundnuts, soybeans and cucumbers were
333.33, 47.62, 27.78, and 416.67 kilogram per rai, respectively. Then marginal value of
irrigated land were computed using 1992 average farm price of each crop. The calculated
economic value of irrigated land for shallot, groundnuts, soybeans and cucumbers were
1,333.32, 314.29, 194.46 and £33.34 baht per rai, respectively.'® The calculated shadow
price for these four crops was lowest for soybeans aﬁd highest for shallot production.
Table 7.7 summarizes the computed mean value of the private shadow price (i.e.,
the marginal value of irrigated land) in producing different crops in the HMO irrigation
project area, crop year 1991/92. There are substantial variations in marginal returns
across crops. The highest value of 2,011.88 baht per rai was for production of garlic in
the dry season. This was 10 times larger than the marginal return in production of

soybeans in the dry season, which provided the lowest return.

'® Given the total field irrigation water requirement for (dry season) groundnuts and soybeans of 547.2
cubic metre per rai (derived from Sir Alexandar Gibbe & Partners, 1981, Table MO12), the estimated
shadow prices of irrigated land for groundnuts and soybeans production are equivalent to 0,57 and 0.36 baht
per cubic metre, respectively. Since comparable data on field irrigation water requirements for shallot and
cucumbers production in the HMO irrigation project area are not available, the per volume shadow prices
for shallot and cucumbers are not provided.
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Table 7.6 Computed Values of Marginal Physical Product (MPP) of Irrigated
Land and Marginal Value (MV) of Irrigation Water Using the Final
Inverted Transformation Model, the HM() Irrigation Project

Crop MPP of MYV of Irrigation
Irrigated Land Water
(kilogram/rai) (baht/rai)
Shallot 333.33 1,333.32
Groundnuts 47.62 314.29
Soybeans 27.78 194.46
Cucumbers 416.67 833.34

Table 7.7 Summary of Computed Marginal Value (MYV) of Irrigation Water in

the HMO Irrigation project, Crop Year 1991/92

Crop MYV of Iirigation Water
(baht/rai)

Wet Season

Rice 673.52

Dry Season

Garlic 2,011.88

Shallot 1,333.32

Groundnuts 314.29

Soybeans 194.46

Cucumbers 833.34

146




The equality of marginal values of irrigation across crops are tested.'” Except
for soybeans, most estimates of shadow prices lie within the 95 percent confidence
interval of the shadow prices for alternative crops. These can be roughly divided into 3
groups: high returns (garlic, shallot, and cucumbers), medium returns (rice and
groundnuts) and low returns(soybeans). The 95 percent confidence interval for the
shadow prices mainly occur within the same group. However, there is some overlap
between groups, for example, the estimated shadow price of wet season rice lies within

the 95 percent interval of cucumbers (Table 7.8).

17 Note that the marginal physical product of irrigated land in producing shatlot, groundnuts, soybeans
and cucumbers was computed as the inverse of the partial derivative of land with respect to crop output

(&A/BY)"from the inverted transformation model. To test the equality of the marginal value of irrigation
across crops, the 95 percent confidence interval of the inverse marginal product of irrigation for crop i
(@4/8Y) was compared with the product of the estimated inverse marginal product of crop j and the relative
price ratio of the two crops. In other words, assuming identical margina! value products of irrigated land
for crops i and j,

P/p=pP/B, - B,=P,B,P,
where ﬁ,:a,uaxq and P=average farm price of crop i (i=)). Then a 95 percent confidence interval for the

estimator §, is compared with the estimate P,ﬁJJPj.
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Table 7.8 Comparisons of Marginal Value Products of Irrigation Across
Alternative Crops

Crop i Estimate 95 Percent Confidence Average Other Crops j
5 a A Farm with Similar
fp. Interval (CI) for .
ofF; D P, Price (P) Marginal
(Baht/ Value
kg.) Products®
Shallot 0.03E-02 0.59E-03-0.54E-02 4 Cucumbers,
Garlic
Groundnuts 0.21E-01 0.58E-02-0.04 6.6 Soybeans,
Cucumbers,
Rice
Soybeans 0.36E-01 0.28E-01-0.04 7 -
Cucumbers 0.19E-01 0.62E-03-0.42E-02 2 Shallots, Rice,
Garlic

* Partial derivative of irrigated land with respect to crop output i.
® Estimate of p‘.fij /p; lies within a 95% CI for ﬁl. (see footnote 17).

7.3 Results for the Impacts of Irrigation on Qutput and Variable Input

The impacts of irrigation on output and input levels will be illustrated using Cobb-
Douglas results for garlic production in the dry season. Comparétive static effects cannot
be calculated (i.e., are undefined) for a linear production function.’® As reported in

Table E.6 of Appendix E, the estimated Cobb-Douglas garlic production model is

Y; = 214.86 A%650231 019 (7.3)

where Y and A represents the 1992 dry season garlic production and its planting area,

'* The results of the estimates obtained for dry season garlic production model using linear and Cobb-
Douglas were quite similar as presented in the previous section. The linear functional form was finally
chosen only because of the relative higher t-ratios.
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respectively. S and L, denote seed quantity and labour employed during land preparation.

Assuming static competitive profit maximization, the profit maximizing level of
seed and labour demand equations can be derived by solving FOC for an interior solution.
Given the estimated garlic production function (7.3), the reduced form demand equations

for seed (S) and labour employed during land preparation period (L,) are®

0.23 0.19

S = (7)140(__)033(214861) A0.6)1.72 (74)
§ Li

Ll = (9%)040(?4/19)133(21486}; AO.G)I.’IZ (75)
5

Ll
where Wy , Wi, , and P represent price per unit of garlic seed, wage rate for labour
employed during land preparation period and garlic farm price, respectively. -

The impacts of irrigation on seed quantity demand and employment during land
preparation for garlic are derived by differentiating (7.4) and (7.5) with respect to the land
variable (A).” Given mean values of input prices, garlic farm price, and average garlic
planting area (Tables A.l1 and A.4, Appendix A), the impacts of irrigation on seed
quantity demand and labour demand during the land preparation period would be 56.11
kilogram per rai and 7.94 man-days per rai, respectively.*

Allowing all the variable inputs (seed quantity and labour) to be adjusted to their

" For an illustration of the derivation of profit maximizing input demand equations, see Henderson and
Quandt, 1980,

% In the present analysis, note that since dry season crops can be produced only on irrigated land {with
a sufficient irrigation water supply), the impact of land on garlic production can be attributed to irrigation,

HThese computed values can be compared with the average seed quantity use of 34.70 kilogram per
rai and the average of 4.21 man-days of labour during garlic land preparation period (Table A4, Appendix
A).
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optimal levels, the impact of irrigation on garlic production can be computed by
differentiating the estimated production function (7.3) with respect to the land variable
(A). Substituting the optimal levels of seed quantity and labour inputs, an impact of
irrigation on garlic output equals to 357.9% kilogram per rai, which is substantially less
than the average production of 1,455.48 kilogram per rai (Table A.4, Appendix A).

7.4 Summary

This chapter has presented and discussed empirical results for the HMO irrigation project
area located in the northern region of Thailand. Results were based entirely on the primal

approach.
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Chapter 8. Empirical Results: National Level Analysis

8.1 Introduction

This chapter presents results obtained from the analysis of national data. Results are
obtained using both primal and dual methods. Econometric results of shadow prices and
impacts of irrigation are discussed.

8.2 Results for the Economic Value of Irrigation Water

8.2.1 Wet Season Rice Production

8.2.1.1 Primal Model

Models were estimated using national data for crop years 1969/70 to 1990/91. Two-stage
least squares estimates of the Cobb-Douglas functional form apparently provided better
results (in terms of significance of coefficients) for wet season rice production than did
modified Translog and Quadratic functional forms, Aggregations of several inputs other
than land were attempted using both Laspeyres and Tornqvist quantity indexes. However,
aggregation was possible only for the period from 1978 to 19970 when data on all input
prices were available. Thus aggregation did not increase degrees of freedom or in turn
increase significance of coefficients.

Results for the first model, where wet season rice production on irrigated and non-
irrigated land were estimated séparately (Equations (6.5) and (6.6)), are presented in Table
8.1a and 8.1b. As shown in Table 8.1a, column A, only irrigated land, number of
tractors, and time trend were highly significant for rice production on irrigated land. Zero

autocorrelation was not rejected using the Durbin-Watson (D.W.} test.
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Table 8.1a  Estimates of Wet Season Irrigated Rice Production Function (Cobb-
Douglas Functional Form): Model I (Equation (6.5))

Variable Initial Specification Insignificant Variables
(A) Deleted (B)
Estimate T-ratio Estimate T-ratio
Constant -16.313 -2.75" -14.157 -2.74™
InF 0.008 0.09 - -
InL,, 0.192 1.15 - -
InERM -0.15 -0.68 - -
Inla 2.387 4.14™ 2.324 4.17™
InTr 0.175 3.48" 0.153 3.817"
Tt -0.04 -2.53" -0.041 -3.08"™
Adjusted R? 88.97 90.80
D.W. Statistic 1.983 1.828

" statistically significant at 99 percent
" statistically significant at 95 percent

The Gallant and Jorgenson chi-square test was employed to test for the Joint
significance of fertilizer, labour, and effective rainfall. The -hypothesis of zero joint
impact was not rejected so these variables were deleted from the model. As shown in
column B, the elasticity of rice output with respect to irrigated land was estimated as
2.32. The negative coefficient for the time trend suggests either technical regress or
omission of major inputs that are negatively correlated with a time trend. Another

possible explanation is that the average quality of land may be decreasing as more

marginal land is cultivated over time.

For non-irrigated (i.e., rainfed) rice production in the wet season, only rainfall and
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land are significant (Table &.1b, column A). The presence of autocorrelation su ggests that
the equation is misspecified. Several variations in functional form did not eliminate the
autocorrelation. Therefore, the original model was re-estimated by the Cochrane-Orcutt
iterative process (CORC) in an attempt to correct for autocorrelation. As shown in
column C, only average annual effective rainfall and non-irrigated rice planting area were

significant. The elasticity of rice output with respect to non-irrigated land was estimated

as 1.16.
Table 8.1b  Estimates of Wet Season Rainfed Rice Production Function (Cobb-
Douglas Functional Form): Model I (Equation {6.6))
Variable Initial Specification Insignificant Autocorrelation
(A) Variables Deleted (B) Corrected (C)
Estimate T-ratio Estimate T-ratio Estimate T-ratio
Constant -10.730 -3.32™ -10.863 -4.29™ -11.275 -4.49™
InF 0.178 1.30 - - - -
InL,, -0.199 -0.99 - - - -
InNERM 1.152 3.817 1.025 4.55™" 1.106 5017
InNa 1.103 3.27™ 1.176 7.92" 1.159 9.25™"
InTr 0.071 0.83 - - - -
Tt -0.033 -1.51 - - - -
Adjusted R? 74.49 76.59 78.57
D.W. Statistic 2.492 2.662 2.282

" statistically significant at 99 percent
" statistically significant at 95 percent

Results of the estimates of the second wet season rice production model (Equation

(6.7)) are presented in Table 8.2. From this model, total rice production in the wet season
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was significantly influenced by average annual effective rainfall, both irrigated and non-

irrigated land, number of tractors, and time trend. All variables except the time trend

were significant with the expected sign.

The Durbin-Watson statistic indicated

autocorrelation. Estimates of the model using CORC are indicated in column C of Table

8.2. The irrigated and non-irrigated land elasticities were estimated as 0.71 and 0.47,

respectively.
Table 8.2 Estimates of Wet Season Rice Production Function (Cobb-Douglas
Functional Form): Model II (Equation (6.7))
Variable Initial Specification Insignificant Autocorrelation
Variables Corrected (C)
Deleted (B)
Estimate T-ratio Estimate T-ratio Estimate T-ratio
Constant -12.941 -2.54” -12.699 -2.79™ -7.566 -5.40™
InF 0.133 1.43 - - - -
InL, -0.042 -0.30 - - - -
InERM 0.707 3.447 0.585 3.21™ 0.663 5.48™
Inla 1.095 2.14 1.145 2.30™ 0.707 4.43™
InNa 0.501 2.24™ 0.638 3.72" 0.469 545"
InTr 0.133 2.20" 0.086 1.87° 0.092 4.68""
Tt -0.041 -2.39™ -0.024 -1.94" -0.015 -3.03"
Adjusted R? 74.49 76.59 78.57
D.W. Statistic 2.586 2.689 2.109

" statistically significant at 99 percent
" statistically significant at 95 percent
statistically significant at 90 percent
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Results for the final primal model, i.e., model I (Equation (6.8)) are presented
in Table 8.3. This model differs from model II by replacing the non-irrigated area
planted to rice (model II) with total area planted to rice. The two models yielded similar
results. CORC estimates of the final model are shown in column C. The elasticity of rice
output with respect to irrigated land was estimated as 0.56, Since total land is another
variable in the model, this elasticity can be interpreted as the estimated effect of
substituting irrigated for non-irrigated land on supply of rice. In addition, total rice
planting area, effective rainfall, tractors, and time trend were significant. All variables
except for the time trend showed the anticipated sign.

In models I and II, the marginal product of irrigation water is computed as the
difference between marginal products for irrigated and non-irrigated land, as;previously
discussed in Chapter 3. As shown in Table 8.4, elasticity estimates for irrigation water
varied from 0.56 (model IIT) to 1.73 (model I). The marginal productivities of irrigation
in increasing wet season rice production for the three models were very close, i.e., 766.18
kilogram per rai for model 1, 661.05 kilogram per rai for model II and 666.11 kilogram
per rai for models II1.

As in the farm level analysis, the economic value of irrigation in producing wet
season rice can be computed from the marginal value of irrigation given the market price
of rice output. The marginal value of irrigation computed from the three primal models
and its 90 percent confidence interval is presented in Table 8.5. The marginal values or
shadow prices of irrigation calculated from model I, 11, and III were 1,688.79, 1,457.06

and 1,468.20 baht per rai, respectively.
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Table 8.3

Estimates of Wet Season Rice Production Func

Functional Form): Model III (Equation (6.8))

tion (Cobb-Douglas

Variable Initial Specification Insignificant Autocorrelation
(A) Variables Corrected (C)
Deleted (B)
Estimate T-ratio | Estimate | T-ratio | Estimate | T-ratio
Constant -13.287 -2.637 | -13.153 -2.89™ -7.938 -5.477
InF 0.134 1.44 - - - -
InL, -0.043 -0.31 - - - -
InERM 0.707 3.44™ 0.585 3.21™ 0.663 5.39™
Inla (.936 1.76" 0.945 1.84" 0.564 3.17
InTa 0.659 2.24" 0.837 3.72"" 0.614 537
InTr 0.133 2.19™ 0.085 1.86" 0.092 465
Tt -0.041 -2.40™ -0.024 -1.95° -0.016 -3.04™
Adjusted R* 85.24 88.70 95.73
D.W. Statistic 2.580 2.684 2.112

" statistically significant at 99 percent
" statistically significant at 95 percent
statistically significant at 90 percent
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Table 8.4 Estimates of Elasticity and Marginal Physical Product (MPP) of
Irrigation Water in Wet Season Rice Production and theirs 90 Percent

Interval :

Model Variable Elasticity 90 MPP 90 Percent
Percent (kg./rai) Interval

Interval (kg./rai)

I Irrigated area 2.324 1.356- 1,032.434 | 602.607-
3.292 1,462.261

Non-irrigated 1.159 0.942- 266.252 216.444-

area 1.376 316.204
Irrigation water 1.728 0.977- 766.182 386.163-

2479 1,146.057

11 Irrigated area 0.707 0.429- 834.994 506.090-
0.985 1,163.898

Non-irrigated 0.469 0.319- 173.945 118.254-

area (0.619 229.635
Irrigation water 0.638 0.510- 661.049 387.836-

1.276 934.263

i Irrigation water 0.564 0.254- 666.106 299.466-
0.874 1,032,746

Table 8.5 Computed Marginal Values of Irrigation in Wet Season Rice
Production: Primal Approach

Unit: Baht/rai

Model Estimate 90% Interval
I 1,688.79 851.16-2,526.09
It 1,457.06 854.85-2,059.26
m 1,468.20 660.07-2,276.33
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8.2.1.2 Dual Model

For wet season rice production, systems of fertilizer and labour input demands and rice
supply equations were estimated for Normalized Quadratic and Generalized Leontief
models as specified in Equations (6.18)-(6.19) and (6.21)-(6.23), respectively. Several
specifications were considered for the expected price of rice output (marketed in year t):
a one year lag in farm price (P,,), a three year moving average, and current year farm
price (P,). A one year lag provided the best fit and is emphasized here. The Normalized
Quadratic provided a better fit than the Generalized Leontief. Therefore, the final results
presented in this section will be based on the Normalized Quadratic form (econometric
results for the initial model specification of the Generalized Leontief are reported in
Appendix F).

Econometric results for the Normalized Quadratic model obtained by iterative
seemingly unrelated regression (ITSUR) are presented in Table F.1, Appendix F.
Estimates of the initial specification where fertilizer demand and rice supply were
specified as functions of fertilizer price, lagged farm price for rice, irrigated rice area,
total rice area, number of tractors, effective rainfall, and time trend are shown in column
A. The tractor variable was insignificant in both fertilizer demand and rice production
equations (see D11 and D31). As shown in column B, the t-ratio for the remaining
parameters was slightly improved when number of tractors was excluded from the model.
However, coefficients of the time trend in the rice supply equation (C32) remained
negative and significant (as in the primal analysis).

Column C of Table F.1 presents parameter estimates when the time trend was also
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deleted. This led to a substantial change in results. Of most importance, the estimated
coefficient of irrigated land (B31) fell from 2.76 in column B to 0.83 in column C. In
addition, the low Durbin-Watson statistic indicated positive autocorrelation in the fertilizer
demand equation, These results suggested that the time end is correlated with important
variables omitted from the model. Therefore it was decided to retain the time trend in
the model.

As shown in column A of Table 8.6, the own price effect for fertilizer (A11) was
not significant at the 90 percent level. This is not surprising since low fertilizer response
rice varieties (i.e., traditional and improved traditional varieties) are still commonly grown
in the wet season. In contrast, the own price effect for rice supply (A33) was positive
and statistically significant. Concerning cross price effects, lagged farm price of rice had
a significant positive impact on fertilizer demand (see A13), as expected. Fertilizer price
did not have a significant influence on rice production (see A31).

Irrigated rice area had a significant positive impact on rice supply but not on
fertilizer demand (see B31 and B11, respectively). Except for the coefficient of the time
variable (C32) in the rice supply equation, all coefficients which were significant at the
90 percent level had the expected signs.

The Gallant and Jorgenson procedure chi-square test was employed to test for the
reciprocity restriction implied by static competitive profit maximization. For the model
selected, reciprocity was not rejected at the 95 percent level. However, it should be noted
that one of the cross price coefficients (A31) was insignificant in the unrestricted model.

This suggests a relatively high probability for a type II error, ie., the hypothesis of
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symmetry may easily be accepted when it is false.

Table 8.6 ITSUR Estimates for the Final Wet Season Rice Model Using the Normalized
Quadratic Functional Form (Eqguations (6.18)-(6.19))

All Coefficients Symmetry Restriction
Parameter Imposed
(A) (B)

Estimate T-Ratio Estimate T-Ratio
Al [208836.73 1.73 1163477.93 1.71
All -635942.54 -0.91 -609313.97 -0.89
Al3 -3391.56 -2.52" -3320.47 -2.537
A3 -36956.53 -4.34™" -35300.87 -441™
A3l 1762.72 0.21 - -
A33 31.904 1.95° 36.485 2,53
BIl 13.851 0.22 15.856 0.25
Bi2 -13.176 2.11° -12.810 -2.10°
B3I 2,758 3.56™" 2.787 3.62""
B32 0.359 472" 0.328 5.86""
Cil 381.148 1.94° 373.103 1.94°
C12 -52371.1 -3.22™ -52428.17 -3.30™
C3l 4.279 £.79 4.911 2.30"
C32 -532.403 -2.70™ -563.865 -2.98™
Variable D.W. Adjusted D.W Adjusted

Statistic R? Statistic R’
F 2.051 89.90 2.035 90.33
Y 2.388 85.25 2.195 85.43

" statistically significant at 99 percent
" statistically significant at 95 percent
statistically significant at 90 percent

The model was also estimated using iterative three stage least square (IT3SLS)
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treating irrigated and total rice land as endogenous variables. Column A of Table F2,
Appendix F provides IT3SLS estimates of the initial specification of the Normalized
Quadratic model. Results were similar to those using ITSUR but somewhat less
significant. However, the tractor variable was significant at the 90 percent level in the
rice supply equation for IT3SLS (see D31). As shown in column B, the significance of
coefficients decreased substantially when the time trend was excluded from the model.
As in the previous model, it was decided to retain the time trend (Table §.7).!

Estimation of the dual profit function equation jointly with the fertilizer demand
and rice supply equations was also attempted. This required imposition of all across-
equation restrictions implied by Hotelling’s lemma and reciprocity. The econometric
results as presented in Table F.5, Appendix F were poor. Most paramete; estimates
(especially those restricted to the profit equation) were not statistically significant. Due
to the poor results and obvious difficulties, this approach is not considered further.

As discussed in Chapter 6, the value of irri gation water in the present dual model
can be computed by calculating the difference between the impacts of irrigation on
revenues and costs. The impacts of irrigated rice area on labour demand are reported in
Table F.6. These results were obtained by estimating a Normalized Quadratic model as

in Equations (6.18)-(6.19), treating fertilizer price as the numeraire.?

! For comparisons, the ITSUR and IT3SLS estimates for the initial specification of the wet season rice
production model using the Generalized Leontief functional form are given in Table F.3 and F4, Appendix
F, respectively.

? Note that the Normalized Quadratic specification when the Iabour demand equation was excluded in
the estimation process generally gave more significant parameter estimates and higher adjusted R? than those
with the exclusion of fertilizer equation. This may be due to the more accurate data set on fertilizer as noted
earlier,
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Table 8.7

IT3SLS for the Final Wet Season Rice Model Using the Normalized

Quadratic Form (Equations (6.18)-(6.19))

All Coefficients

Symmetry Restriction

Parameter (A) Imposed
(B)
Estimate T-Ratio Estimate T-Ratio
Al 1364222.3 1.13 1407917 81 119
All -1060101 -1.03 -1061541.31 -1.05
Al3 -3326.08 -1.86 -3504.84 201
A3 -15177.35 -1.09 -22288.12 =227
A3l -13085.89 -1.10 - -
A33 50923 2457 41977 2.04”
Bil 29481 0.36 26.813 0.33
Bi12 -18.65 -1.85" -19.077 -1.93
B3l 1.82 1.91° 1.980 2.347
B32 0.221 1.89° 0.298 4.74™
C11 469.706 1og 482.346 2,04
Cl2 -56756.13 -2.387 -55729.58 -2.38”
C31 4.837 1.73 3.828 1.69
C32 -800.135 -2.89™ -702.311 -3.127
D11 -0.153 -0.06 -0.256 -0.10
D31 0.053 1.82 0.042 181
Variable D.w Adjusted D.wW Adjusted
Statistic R? Statistic R?
F 2313 88.01 2.328 88.47
Y 2.266 84.13 2471 87.02

" statistically significant at 99 percent
" statistically significant at 95 percent
statistically significant at 90 percent
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However, the estimated coefficient of irrigated land was insignificant in both
fertilizer and labour demand equations (see B11 in column A, Tables 8.6 and 8.7 and B21
in Table F.6). This suggests that changes in irrigated land (holding total rice land and
other explanatory variables in the system of estimating equations constant) did not induce
changes in the level of either fertilizer or labour used in production. Therefore in this
special case, the marginal physical product of irrigation was computed as the marginal
impact of irrigation on output supply.

Table 8.8 reports shadow prices for irri gation computed from the final ITSUR and
IT3SLS estimates (reciprocity is not imposed). The shadow price of irrigation obtained
from IT3SLS estimates was significantly lower than shadow prices from ITSUR. In other
words, the computed values from one estimator lay outside the 90 percent confidence
interval for the other estimator.

Table 8.8 Computed Marginal Value of Irrigation Water in Wet Season Rice
Production: Dual Approach

Unit: Baht/rai

Estimator Mean Value 90 % interval
ITSUR 7.519.43 7,515.49-7,523.37
IT3SLS 4,962.06 4,957.94-4 966.18

As shown in Table 8.5 and 8.8, the shadow price of irrigation in wet season rice
production derived from the primal and dual analyses differ substantially. In principle
these two approaches should provide similar results under similar assumptions, but

estimates for the two approaches may differ substantially when there are serious errors
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in specification of the two models. For example, consistent estimation of the marginal
physical product requires only consistent estimates of land coefficients in the primal
production function but requires consistent estimates of land coefficients in all three
output and input equations. In addition, the technologies implicit in the primal and dual
model estimated here are quite different.

Estimates of the shadow price of irrigation seem more reasonable in the case of
the primal than in the dual analysis. However, the presence of autocorrelation in most
models and the negative significant coefficients for a time trend suggest that models are
misspecified.

8.2.2 Dry Season Rice Production

8.2.2.1 Primal Model

The primal analysis of dry season rice production generally yielded unsatisfactory results.
First a Cobb-Douglas functional form for Equation (6.13) was estimated by 2SLS. As
shown in Table F.7, Appendix F, all parameters estimated except the coefficient of rice
irrigated area were statistically insignificant.  These results may be due to
multicollinearity or inadequate variation of the regressors in the data set, The correlation
matrix for explanatory variables (reported in Table F.8, Appendix F) showed high
correlation coefficients of 0.8-0.9 among several variables (rice irrigated area, fertilizer,
number of tractors, and time trend). Therefore both Laspeyres and Tornqvist aggregate
quantity indexes were constructed from fertilizer and tractor variables, but this did not
lead to more significant results. Omission of one {or more) of the collinear variables also

did not reduce the variance of estimated coefficients for the remaining variables.
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Modiﬁéd Quadratic and Translog functional forms were also estimated, but results were
insignificant (Table F.9, Appendix F).

Production function models were also estimated where the dependent variable was
redefined as yield. This defines alternative transformation (functional form) regarding the
production function. Rice yield in the dry season during the estimation period ( 1975-90)
varied from 405.03 to 637.32 kilogram per rai, with mean and standard deviation of
547.58 and 58.27 kilogram per rai, respectively. Rice yield was specified as a function
of rice irrigated area, labour, rainfall during the dry season, fertilizer, number of tractors
per unit of rice area, and a time trend. Model results were unsatisfactory (see Table F.10),
Appendix F): all estimates of coefficients (including the coefficient of rice irrigated area)
were insignificant.
8.2.2.2 Dual Model
The dual approach led to more significant results than the primal in modelling dry season
rice production with time series national data. Rice supply and fertilizer demand
equations were specified assuming a Normalized Quadratic profit function (with the
labour wage as numeraire price). ITSUR results are reported in column A, Table 8.9,
Then rainfall and time trend were omitted from the initial model on the basis of a chi
square test of joint significance,

As shown in column B of Table 8.9, the significance of the remaining variables
was improved, but there is substantial autocorrelation. CORC estimates of this model are
reported in column C. Coefficient estimates are similar to B but t-statistics are higher.

The own price effect for fertilizer demand (A1 1) was significant at the 95 percent level
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with the expected sign, but the own price effect for rice output (A33) and cross price
effects (A13 and A31) were statistically insignificant. Rice irrigated area had a significant
positive impact on both fertilizer demand and rice output (B11 and B31, respectively) as
expected. Number of tractors had a significant positive relation to fertilizer demand (see
D11), which suggests that fertilizer and tractors are complements. Since cross price
effects were statistically insignificant, reciprocity conditions were neither imposed nor
tested.

The model was also estimated by IT3SLS treating total dry season rice area as
endogenous. Table 8.10 reports IT3SLS estimates of the initial specification with rainfall
and time trend omitted. IT3SLS results were similar to ITSUR, but t-values are
somewhat lower for IT3SLS. Changes in the specification of instrumental variables did
not change results. Rice output supply and labour demand equations were also estimated
jointly assuming a Normalized Quadratic profit function with the price of fertilizer
specified as the numeraire. ITSUR and IT3SLS joint estimates are reported in Table
F.11, Appendix F.

A system of fertilizer and labour demand and output supply equations was also
estimated assuming a Generalized Leontief profit function. Econometric results for the
final model using ITSUR are presented in Table 8.11. The labour wage showed a
significant positive effect on fertilizer rice demand (A12), but all other cross price effects
were statistically insignificant. The coefficients of rice irrigated area were significant at
the 99 percent level with positive signs for all the three equations. Results were

consistent with those for the Normalized Quadratic model. IT3SLS results are reported
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in Table 8.12.

Table 8.9 ITSUR Estimates for the Final Dry Season Rice Model Using the
Normalized Quadratic Form (Equations (6.26)-(6.27))
All Coefficients {(Non-price) Insignificant Corrected for

Parameter (A) Variables Omiited (B) Autocorrelation(C)

Estimate T-Ratio Estimate T-Ratio Estimate T-Ratio
Al 229944 0.05 -6685.05 -0.31 -16983.93 -1.18
All -248118.80 -1.36 226805.86 1.73 278088.80 2.687"
Al3 -202.48 -0.61 -260.54 -1.01 -290.47 -1.58
A3 132273 0.89 30946 0.46 29244 0.43
A3l -4246.24 -0.77 -871.62 -0.22 -863.56 -0.21
A33 1.93 0.19 -1.62 -0.20 -1.48 -0.18
Bl1 -34.48 -6.53™ -35.04 -7.53™ -33.86 -9.04™
B31 0.50 T 0.52 3557 0.52 3.56™
C11 -38.20 -0.68 - - - -
C12 -630.61 -0.18 - - -
C31 1.26 0.74 - - - -
C32 -82.06 -0.79 - - - -
D11 -0.33 -1.937 -0.42 321 -0.42 4977
D3t 0.07E-01 0.66 0.48E-04 0.01 © 0.01E-02 0.02
Variable D.w, Adjusted D.wW Adjusted D.w Adjusted

Statistic R? Statistic R? Statistic R?
F, 2979 97.02 3.096 97.40 2.395 98.13
Y, 2.021 7747 1.890 79.68 1.885 79.68

™" statistically significant at 99 percent
" statistically significant at 95 percent
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Table 8.10  YT3SLS Estimates for the Final Dry Season Rice Model Using the
Normalized Quadratic Form (Equations (6.26)-(6.27))

Insignificant Variables Corrected for
Parameter Deleted (A) Autocorrelation (B)

Estimate T-Ratio Estimate T-Ratio
Al -12620.54 -0.53 -46722.11 -1.94
All 256586.41 1.83° 417000.47 2.58™
Al3 -314.03 -1.14 -470.27 -1.72
A3 2.16 0.01 -165.39 -0.22
A3l 670.24 0.15 1517.03 0.34
A33 -4.24 -0.48 -4.58 -0.52
B1ll -32.70 -4.98™ -22.51 -2.94"
B31 0.67 3.217 0.69 3.34™
DI11 -0.47 -3.077 -0.58 -4.04™
D31 -0.26E-02 -0.52 -0.24E-02 -0.48
Variable D.W Adjusted D.W Adjusted

Statistic R? Statistic R?
F, 3.123 97.30 1.983 96.19
Y, 1.682 77.68 1.662 76.88

(A} Only insignificant non-price exogenous variables (i.e., rainfall conditions and time
trend variable were omitted from the initial specification.

" statistically significant at 99 percent

" statistically significant at 95 percent
statistically significant at 90 percent

168



Table 8.11 ITSUR Estimates for the Final Dry Season Rice Model Using the

Generalized Leontief Form (Equations (6.28)-(6.30))

Insignificant Variables Corrected for
Parameter Deleted (A) Autocorrelation (B)

Estimate T-Ratio Estimate T-Ratio
Al 54198.98 2.10° 54026.44 3,18
Al2 -12510.30 -0.96 -19941.82 -2.35"
Al3 -792.49 -0.65 -320.48 -0.44
A2 -25449.70 -0.98 -22871.71 -0.91
A21 -23521.60 -0.35 -13295.07 -0.21
A23 -618.47 -(0.23 -1163.55 -0.43
A3 -251.43 -0.25 -264.48 -0.26
A3l -2344.21 -0.09 -1738.65 -0.06
A32 3009.47 0.36 2809.67 0.33
B11 -36.25 -7.637 -34.13 -10.017
B21 -15.76 -4.75™ -16.37 -5.15™
B31 0.54 3.69™ 0.54 3.70™
D11 -0.32 -1.66 -0.26 -2.20°
D21 0.25 2,517 0.26 - 2.64"™
D31 0.40E-04 0.01 0.11E-03 0.02
Variable D.W Adjusted D.W Adjusted

Statistic R? Statistic R?
F, 3.078 07.33 2.377 98.08

y 1.950 59.54 1.851 59.12

Y, 1.884 79.37 1.877 79.36

(A) Only insignificant non-price exogenous variables (i.e., rainfall conditions and time
trend variable were omitted from the initial specification.
" statistically significant at 99 percent
" statistically significant at 95 percent
statistically significant at 90 percent
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Table 8.12  IT3SLS Estimates for the Final Dry Season Rice Model Using the
Generalized Leontief Form (Equations (6.28)-(6.30))

Insignificant Variables Corrected for
Parameter Deleted (A) Autocorrelation (B)

Estimate T-Ratio Estimate T-Ratio
Al 59148.49 227" 60498.93 3.24™
Al2 -16420.65 -1.23 -23153.50 -2.46"
Al3 -613.51 -0.49 -396.94 -0.51
A2 -18635.44 -0.70 -15137.28 -0.57
A2l -53278.85 -0.77 -49185.50 -0.71
A23 289.86 0.10 -64.55 -0.02
A3 -375.24 -0.37 -382.61 -0.38
A3l 508.51 0.02 789.86 0.03
A32 2626.80 0.31 2478.02 0.29
B11 -36.89 -7.52" -33.13 -8.10™
B21 -17.27 -4.94™ -18.07 -5.25™"
B31 0.55 371 0.56 3.747
D11 -0.26 -1.29 -0.24 -1.67
D21 0.26 2.56" 0.27 - 2.657
D31 -0.37E-04 -0.01 -0.36E-04 -0.01
Variable D.W. Adjusted D.W. Adjusted

Statistc R? Statistc R?
F, 3.145 97.31 2.543 98.08
L, 1.903 58.64 1.821 57.87
Y, 1.858 79.34 1.847 79.32

" statistically significant at 99 percent
" statistically significant at 95 percent
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The shadow price of irrigation for dry season rice production can be computed
from estimates of the dual model in the same manner as in Equation (6.24). Computed

values are presented in Table 8.13. Except for ITSUR for the Normalized Quadratic

3
empirical estimates of this shadow price in dry season rice production were similar,

ranging from 487.22 to 513.63 baht per rai.

Table 8.13  Computed Marginal Value of Irrigation Water in Dry Season Rice
Production: Dual Approach
Unit: Baht/rai

Functionai Estimator Mean Variance 90 % interval
Form Value

Normalized | ITSUR | 49773 | 192523 | 418.92-576.53
Quadratic | yraq1 s | 1.148.93 960.66 | 1,093.27-1,204.60

Generalized | ITSUR | 513.63 | 1,997.81 | 433.36-593.9]
Leontief | prasts | 487.02 202974 | 406.31-568.14

As summarized in Table 8.14, éstimates of the shadow price of irrigation vary
considerably by season and by model. In the wet season aﬁalysis, estimates of the
marginal value product of irrigation obtained by the primal approach varied from 1,457.06
to 1,688.79 baht per rai; whereas estimates obtained by the dual approach varied from
4,962.10 to 7,519.43 baht per rai.

For the dry season analysis, estimates of the marginal value of irrigation water
obtained by the dual approach were relatively close, ranging from 487.22 to 1,148.93 baht
per rai (Table 8.14). Shadow prices were not calculated by the primal approach due to

the extremely poor fit of production functions for the dry season. Nevertheless

171



econometric results suggest that the shadow price of irrigation is substantially lower in
the dry season than in the wet season. A plausible explanation of this result can be
summarized as follows. In the dry season rice production depends primarily on irrigation
rather than on natural rainfall, whereas the reverse is true in the wet season. Moreover,
in the wet season irrigation will primarily be used at critical times when natural rainfall
is inadequate. In the most general terms, when an input (irrigation) is used in small
quantities relative to other inputs (natural rainfall), then the marginal physical product of
the input is likely to be relatively large (assuming diminishing marginal returns to an
input).

Table 8.14  Summary of Computed Values of Irrigation Water in Rice Production

at the National Level’
Unit; Baht/rai

Functional Estimator Wet season Dry season
Form
Computed 90 percent Computed 90 percent
value interval value interval
Primat
approach
C-D 28LS 1,688.79 851.16-2,526.09 - -

1,457.06 854.85-2,059.26 - -
1,468.2 660.07-2,276.33 - -

Dual

approach

Normalized ITSUR | 751943 | 7,51549-752337 | 49773 418.92-576.53
Quadratic IT3SLS | 496206 | 4957.94-4966.18 | 1,14893 | 1,093.27-1204.60
Generalized ITSUR : i 513.63 433.36-593.91
Leontief IT3SLS ; : 487.22 406.31-568.14

' Combined from Tables 8.5, 8.8 and 8.13
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Of course the validity of these econometric results is contingent on the accuracy
of the data and model specifications. The models have assumed a static rather than
dynamic structure, risk neutrality, and disjoint technologies. These assumptions were
adopted due to data limitations rather than their accuracy.

8.3 Results for the Impacts of Irrigation on Qutput and Variable Input

Impacts of irrigation on output supply and factor demand can be derived by simple
differentiation output supply and input demand equations estimated within the dual
context. Table 8.15 summarizes estimated impacts of irrigation on rice supply, fertilizer
and labour demand in both wet and dry season rice production. Note that irrigation
impacts on fertilizer and labour demand in the wet season model were not statistically
significant. All other estimates were significant at least at the 90 percent level.

Table 8.15 Summary of the Estimated Impacts of Irrigation in Wet and Dry
Season Rice Production: National Level Analysis!

Rice Functional form Estimator Fertilizer Labour Rice supply
growing demand -demand (kg./rai)
season (kg./frai) (man-
days/rai)
Wet season | Nommalized ITSUR -15.86 0.77 2,787
Quadratic IT3SLS -29.48 26.15 1,820
Dry season | Normalized ITSUR 33.86 15.62 520
Quadratic IT3SLS 22.51 12.99 690
Generalized ITSUR 34.13 16.37 540
Leontief IT3S8LS 33.13 18.07 560

' Combined from Tables 8.6, 8.7, 8.9-8.12 and Tables F.6, F.11, Appendix F.

As shown in Table 8.15, ITSUR and IT3SLS estimates of irrigation impacts in the

wet season model imply that wet season rice output supply would increase by 2,787 or
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1,820 kilogram per rai increase in irrigated land. By definition this supply response
allows all other inputs to adjust to new static equilibrium levels. Since these supply
responses are substantially higher than the average irrigated wet season rice yield of 450
kilogram per rai, the estimated change in output supply presumably reflects substantial
increases in othér inputs accompanying the change in irri gated land. However, as noted
above, the estimated impacts of irrigated land on fertilizer and labour demand was
statistically insignificant in the wet season.

Estimates of impacts of irrigation appeared to be more reasonable for the dry
season rice production model. Estimates of impacts obtained from the two functional
forms (i.e., the Normalized Quadratic and Generalized Leontief) using the two estimators
(i.e., ITSUR and IT3SLS) were comparable. As reported in Table .15, irrigation showed
significant positive impacts on both fertilizer and labour demand in dry season rice
production. The effects of irrigation on dry season rice fertilizer and labour demand were
between 22.51 and 34.13 kilogram per rai and 12.99 and 18.07 man-days per rai,
respectively. The results implied that irrigation, fertilizer, and labour were complements
in producing rice in the dry season.

Rice output supply in the dry season was estimated to increase by 520 to 690
kilogram per rai increase in irrigated land. Since these supply responses are comparable
to the average dry season rice yield of 550 kilogram per rai, these results appear to be

consistent with moderate impacts of irrigated land on input demands.
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8.4 Summary

This chapter has summarized empirical results obtained from a time series of national
level data. Results are based on both primal and dual models. The use of national data
inevitably implies many errors in model specification, i.e., conditions for consistent
aggregation over firms are unlikely to hold (Chambers, 1988). Thus results must be

interpreted with considerable caution.

175



Chapter 9. Summary and Conclusions

9.1 Summary

The primary objective of this study is to estimate the value of water in irrigation and
investigate the contribution of irrigation to the productivity of Thai agriculture. The
analysis is conducted using both farm level data for a particular irrigation project and
national level data. While the farm level analysis provides estimates of irrigation water
productivity at the specific irrigation site, it is difficult to generalize from-a single
irrigation project to the nation. Therefore an analysis using national level data is also
conducted despite inevitable errors in aggregation.

For the farm level analysis, the Huai Mae On (HMO) irrigation project located in
Sankampang district, Chiang Mai province, North of Thailand was selected. Cross section
survey data regarding agricultural production activities in the 1991 wet season (July to
December) and 1992 dry season (January to June) was collected from 103 farmers in the
HMO irrigation project area. For the national level analysis, time series data for rice
production from crop year 1969/70 to 1990/91 and 1975 to 1990 were employed to
estimate marginal returns to irrigation for wet and dry season, respectively.

Since data on the amount of irrigation water used in crop production could not be
obtained for the farm level study and was not available at the national level, the
productivity of irrigation water was approximated by the difference between the
productivity of irrigated and non-irrigated land. The difference between irrigated and
non-irrigated land productivities can provide a reasonable approximation to the

productivity of irrigation if irrigated and non-irrigated land are similar in quality. This
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assumption can not be evaluated at the national level. On the other hand, casual
observation suggests that this assumption may be appropriate in the vicinity of the HMO
irrigation project (differences in soil quality between irrigated and non-irrigated land were
not apparent).

In the present empirical study, static models were estimated assuming both primal
and dual model specifications. Such models assume both a static (seasonal) production
function and static decisions. Static models were adopted because there is little empirical
knowledge of dated production functions or dynamic specifications.

One objective of the current study has been to extend the general theory of shadow
prices for resource stocks in dynamic equilibrium and to compare shadow price formulas
in static and dynamic models. Modifications of recent dynamic envelope theorems were
developed to clarify the relations between formulas for shadow prices of resource stocks
in static and dynamic models. These results indicate that, under certain circumstances,
static measures of shadow prices for resource stocks may provide a rough approximation
to dynamic measures.

In this study, farm level data was analyzed by estimating crop production
functions. Production functions were estimated for wet season rice production and dry
season garlic production. An inverted multi-output transformation function was also
estimated for four dry season crops (shallot, groundnuts, soybeans and cucumbers)
because there were insufficient observations to estimate each specific crop production
function. Since there is little price variation in the cross section farm level data set, dual

models of output supply and factor demand were not estimated with the farm level data.
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Both primal and dual models were specified and estimated with the national level
data. Due to data limitations, the national level analysis-was restricted to rice production
in both wet and dry seasons.

9.2 Research Findings and Policy Implications

9.2.1 Farm level analysis

Econometric results for production functions using farm level data suggest that there are
substantial variations in returns to irrigation for different crops in the HMO irrigation
project area in crop year 1991/92. Results suggest that garlic provides the highest return
per unit of irrigated land as compared to wet season rice and other dry season crops
(shallot, groundnuts, soybeans and cucumbers). Estimated shadow prices of irrigation
vary substantially from 195 baht per rai for soybeans production to 2,010 baht per rai for
garlic production.’

Nevertheless, in spite of these differences in estimated shadow prices of irrigation,
most estimates of shadow price (marginal value of irrigation) for the dry season crops are
within the 95 percent confidence interval of the shadow prices for alternative crops.
However, Table 7.8 suggests that there are two major groupings of crops: (i) garlic,
shallot and cucumbers and (ii) rice and groundnuts. The confidence interval for any of
these crops generally contains the point estimates for marginal value products of other

crops in the same group, but does not generally contain point estimates for crops outside

! Since data on irrigation water requirements for shallot and cucumbers in the HMO project area are
not available, shadow prices of irrigation across crops are compared on the basis of area rather than volume.
Note that water requirements for dry season upland crops and vegetables are not substantially different.

178



the group. These results may indicate inefficiencies in water allocation across groups.?
Alternatively these results may be explained in part by risk aversion: marginal value
products of irrigation are higher for crops in group (i) than in group (ii), but the variation
in prices over time is also higher for crop in group (i) than in group (ii).

The high standard errors associated with the estimates, however, limits the
inferences that can be drawn from econometric results. This may be due to model
specification errors (e.g., errors in functional forms and omitted variables) and
inaccuracies in data. In addition there are various problems associated with OLS and
2SLS estimation procedures as discussed earlier.

9.2.2 National level analysis

Econometric results with national level data show considerable variations in estimates of
the marginal value of irrigation water, especially between the primal and dual approaches.
Empirical results are especially peculiar for the wet season analysis. The estimated
shadow prices of irrigation in wet season rice production at the national level vary
between 1,457 and 1,689 baht per rai under the primal approach. Under the dual
approach, they vary between 4,962 and 7,519 baht per rai. Such differences (between the
primal and dual approaches) may be attributed to: (a) differences in the specification of
technologies implicit in the primal and dual models and (b) specification errors which
appear to be more critical in the dual models where shadow prices are calculated as the

marginal profits associated with an increase in irrigation. In this study, only two variable

* As discussed in Chapter 3, the profit maximizing firm in static equilibrium would allocate water such
that the marginal value products of irrigation in alternative crops are equal. In the two-period case, the first-
order conditions imply that the marginal values of irrigation between the two periods differ only by the rate
of interest (and any costs of storing water between the periods, such as evaporation losses).
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inputs (i.e., fertilizer and labour) were employed. Other variable inputs were omitted due
to lack of data. These specification errors suggest that the dual approach may tend to
provide higher estimates of marginal returns to irrigation than will the primal approach.

Estimates of the shadow price of irri gation in wet season rice production obtained
from the national level analysis are two to ten times higher than estimates from the wet
season rice model using farm level data. A partial explanation for these differences may
be in terms of land quality. Differences in land quality (between irrigated and non-
irrigated land) appear to be minor in the vicinity of the HMO, but these differences may
well be significant at the national level.’ Since the shadow price of irrigation in the wet
season is approximated by the difference between irigated and non-irrigated land
productivities, the relatively high shadow price of irrigation evaluated at the national level
may reflect a significant difference in average quality of irrigated and non-irrigated land
(for the entire nation).

In contrast, estimates of the shadow price of irrigation from various dry season
rice models appear to be relatively robust (less variation as.compared with the wet
season). The shadow prices of irrigation for rice production in the dry season estimated
by the dual approach are between 487 and 1,149 baht per rai. Note that shadow prices

were not calculated by the primal approach due to the poor fit of the estimated production

* As noted in Chapter 2, the geographical location of irrigation project in Thailand has been influenced
not only by the availability of water supplies but also the quality of land. In the Northeast region of
Thailand, poor soils (due to lack of moisture holding capacity) has resulted in a very low share of irrigation
development in the region,
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functions. These estimates are substantially lower than those in the wet season® As
explained earlier, the relatively low marginal physical productivity of irrigation in the dry
season compared to wet season irrigation may be because more irigation water is
required for rice production during the dry season and diminishing marginal returns to
increased irrigation. Substantial variation of the estimated shadow prices of irrigation
between wet and dry season rice production may also suggest inefficient water allocation
systemn between growing seasons. However, it may also be possible that the marginal
returns to rice in the dry season may be relatively low as compared to wet season rice or
specialty crops. Rice in the dry season may be produced mainly on irrigated land where
diversification is not possible (e.g., land where irrigation was traditionally designed for
rice or area with minimal water control)® so that more efficient allocation of water
between seasons can not be obtained.

9.2.3 Policy Implications

Econometric results from the present study suggest that the marginal value of irrigation
is positive (i.e., statistically different from zero) for both wet and dry seasons. This is
consistent with the observation that irrigation projects place quantity restrictions, albeit
not price restrictions (water is available at essentially zero price), on the allocation of

water among users. However, there is no conclusive evidence that water is allocated

* On the other hand, note that the estimate of shadow price of irrigation for dry season rice {obtained
from a dual Normalized Quadratic model) lies within the 90 percent confidence interval of the estimated
shadow price for the wet season (Cobb-Douglas primal models) (Table 8.15).

* This is supported by the survey data collected in the HMO irrigation project area where irrigated land
in the dry season is generally planted o crops other than rice.
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efficiently across crops and growing seasons.®

Most estimates of shadow prices of irrigated land for the HMO irrigation project
area are associated with high variances which imply that hypotheses of equal marginal
value products (or shadow prices) of irrigation for several alternative crops are not
rejected despite large differences in point estimates. Nevertheless hypotheses of equality
are generally rejected at the 95 percent level between crops with high returns (garlic,
shallots and cucumbers) and crops with relatively lower returns (rice, groundnuts and
soybeans). These results suggest inefficiencies in the allocation of irrigation water across
some alternative crops within season and between growing seasons (or alternatively risk
aversion). In principle these inefficiencies may be reduced by pricing irrigation water to
users.”
9.3 Future Research
There are many conceptual and data problems with the present analysis. Of most
importance, data on actual water use in production was unavailable at both the farm level
and national level. The problem was bypassed by assuming that the difference between

the marginal productivity of irrigated and non-irrigated land can be attributed to irrigation.

® Results of significantly higher returns of irrigation in the wet season rice production than in the dry
season (at the national level) suggest that irrigation water is not optimally allocated between seasons within
static equilibrium framework. However, firn conclusions can not be obtained since the differences in
productivity of irrigated and non-irrigated land in the wet season may also reflect the differences in land
quality as emphasized earlier.

7 Area-based fees, differentiated by types of crop (based on productivity of water), may influence water
use through their effects on farmers” cropping decisions. However, careful analysis of the impacts of water
charges on farmers’ decisions is necessary before implementation. Note also that improved productivity
of irrigated land through the introduction of other complementary inputs (including increased management
skills) may make existing irrigation systems more profitable. However, this may not directly address the
problem of inefficiencies in the allocation of water across crops and seasons.
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To improve the accuracy of the results, it is important to incorporate variations in
land quality (especially between irrigated and non-irrigated land) into the analysis. This
is not feasible using national data, but information on soil quality can in principle be
obtained at the farm level. At the farm level analysis, it may also be worth incorporating
a distance variable (i.e., distance between farm and the main regulator) into the production
model since it may partly determine availability of irrigation water at a particular site.
It would also be useful to consider alternative methods for incorporating quality
differences in other inputs such as fertilizer and labour. Disaggregating labour into men,
women, and children with a prior weighting scheme of work intensity may also be
appropriate.

The assumption of risk-neutral behaviour (on the part of farmers), which is
implicit in all calculations of shadow prices, is questionable. Risk aversion implies that
shadow prices should not be calculated as a marginal value product of irrigation, and
specification of the duality models should be changed. Therefore, it may be more
realistic to incorporate risk aversion into future analyses (e.g.,» a Just-Pope technology
and/or a mean-variance duality model may be specified).

Whereas this study focuses on the private shadow price of irrigation, it is also
important to calculate social net benefits of irrigation.  This requires that prices of
outputs and all inputs in production be adjusted to reflect social benefits or opportunity

costs. For instance, a rice premium (a tax on Thai rice exports) effectively kept the

¥ It can provide insight into the profitability of the irrigation projects and can be used to formulate
public policies necessary for efficient use of water such as water pricing and irrigation water development
schemes.
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domestic price of rice in Thailand well below that in world markets. As a result, the
social value of rice output is higher than the farm price.” Use of the actual farm price as
a basis for valuation in this case will understate the social value of rice output, and hence
understates the social value of irrigation water.

Finally, econometric estimates of crop production functions with irrigation may
vary substantially across sites due to variations in climate and soils. Thus the present
study should be replicated for different irrigation projects, and perhaps for the HMO
irrigation project in different years. If there is sufficient data (including data on water
use), then estimation of a dated production function might help to incorporate site-specific
factors as well as the impact of timing of water applications into the analysis.

9.4 Conclusions

This chapter has summarized the main points of the study. Assuming a static structure
and risk neutrality, the empirical results obtained from farm level analysis seem to be
more reasonable than results from the national level analysis. The principal reason may
be because variations in physical and climatic conditions (especially soil quality and
weather) are significantly reduced in a single irrigation project area. In addition, more
detailed information on factors influencing crop production can be obtained and

incorporated into the farm level analysis.
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Summary of Statistical Survey Data on Selected Crop
Production
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Table A.l

Summary of Survey Data on Input and Output Prices in the HMO Irrigation
Project Area, Crop Year 1991/92

Variable Number | Unit Average | Minimum | Maximum | Standard
of obs.! Deviation
Rice
Rice farm 47 baht/kg. 4 3.67 4.67 0.23
price
Seed 23 baht/kg. 7.3 7 10 0.77
Fertilizer 44 baht/50kg. 256 250 320 13.49
Herbicide 79 baht/15kg. 258.61 240 280 6.51
Land Prep. 37 baht/man-day 96.67 80 100 7.32
Pianting 54 baht/man-day 63.06 50 80 6.41
Fertilizing 4 baht/man-day 80 80 80 0
Harvesting 47 baht/man-day 66.67 60 80 5.27
Garlic
Garlic farm 14 baht/kg. 5.2 5 7 0.6
price
Seed 1 baht/kg. 17 17 17 0
Fertilizer 19 baht/50kg. 344 300 350 13.86
Land prep. 4 baht/man-day 100 100 100 0
Planting 16 baht/man-day 79.17 70 160 10.94
Fertilizing 7 baht/man-day 90 70 100 11.95
Harvesting 14 baht/man-day 79.05 70 90 2.99
Shallot
Shallot farm 7 baht/kg. 4 3 5 0.71
price
Seed 1 baht/kg. 5 5 5 0
Fertilizer 7 baht/50kg. 357.14 350 380 11.61
Land prep. 2 baht/man-day 100 100 100 0
Planting 4 baht/man-day 60 50 70 10
Harvesting 5 baht/man-day 70 70 70 0

Number of Tarms actually engaged in each activity {i.e., selling outputs or purchasing inputs].
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Table A.1 Continued
Variable Number | Unit Average | Minimum | Maximum | Standard
of obs. Devia-

tion

Groundnuts

Groundnuts 5 baht/kg. 6.6 6 7 0.24

farm price

Seed | haht/kg. 7 7 7 0

Land prep. | baht/man-day 100 100 100 0

Planting 3 baht/man-day 56.67 50 60 7.53

Harvesting 4 baht/man-day 55 50 60 5

Soybeans

Soybeans 6 bahi/kg. 7 7 7 0

farm price

Seed 5 baht/kg. 15.4 15 17 0.8

Fertilizer 1 baht/kg. 6 6 6 0

Land prep. 1 baht/man-day 100 100 100 0

Planting 6 balit/man-day 65 50 80 12.58

Harvesting 6 baht/man-day 66.67 50 80 11.06

Cucumbers

Cucumbers 8 baht/kg. 2 2 2 0

farm price

Fertilizer 6 baht/kg. 10 10 10 0

Land prep l baht/man-day 100 100 100 0

Planting 3 baht/man-day 73.33 60 100 18.86

Fertilizing 3 baht/man-day 60 60 60 0

Harvesting 2 baht/man-day 55 50 60 5
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Table A.2 Summary of Survey Data on Wet Season Rice Production, the HMO
Irrigation Project Area, Crop Year 1991/92

Variable Unit Average | Minimum | Maximum Standard
Deviation
Yield kg./rai 601.82 240.52 1,288.50 184.95
Average input
Rice planting area | rai/farm 5.22 1.50 13 2.47
Seed kg./rai 8.09 2.86 40 4.38
Fertilizer kg./rai 10.50 0 50 12.71
Herbicide& baht/rai 29.76 0 250 43.95
insecticide
Total labour man-day/rai 14.42 4.60 46.50 39.22
Type of labour
Own man-day/rai 577 1 24 4.09
Hired man-day/rai 5.09 0 20.20 4.10
Exchange man-day/rai 3.56 ( 42.50 5.70
Activity of
labour
Land preparation man-day/rai 3.42 0.50 20 2.98
Planting man-day/rai 3.90 0.40 | 12.50 1.18
Fertilizing man-day/rai 0.92 0 2.83 0.76
Harvesting man-day/rai 6.17 1.20 11.67 2.21
Cash expense
Purchased inputs' | baht/rai 75.47 0 380 93.13
Hired labour baht/rai 316.04 0 1470 28187
Tractor service baht/rai 164.28 0 600 174.38
Total baht/rai 555.79 0 2107.20 352.67

! Including seed, fertilizer, herbicide and insecticide.
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Table A.3

Summary of Wet Season Rice Production Characterized by Land

Ownership, the HMO Irrigation Project Area, Crop Year 1991/92

Variable Unit Overall Owner- Tenant’
operated
Yield kg./rai 601.82 611.61 581.62
Average input
Rice planting area rai/farm 5.22 5.15 5.38
Seed kg./rai 8.09 8.27 7.74
Fertilizer kg./rai 10.50 11.50 8.44
Herbicide & baht/rai 29.76 32.84 26.44
insecticide
Total labour man-day/rai 14.42 14.62 14.03
Type of labour
Own man-day/rai 5.77 5.34 5.49
Hired man-day/rai 5.09 5.86 4.69
Exchange man-day/rai 3.56 3.42 3.85
Activity of labour
Land preparation man-day/rai 3.42 3.07 4.16
Planting man-day/rai 3.90 3‘.78 4.15
Fertilizing man-day/rai 0.92 1.10 0.58
Harvesting man-day/rai 6.17 6.67 5.14
Cash expense
Purchased inputs baht/rai 75.47 78.51 60.95
Hired labour baht/rai 316.04 341.39 263.84
Tractor service baht/rai 164.28 141.05 215.11
Total baht/rai 555.79 560.95 539.90

! Including those who partially rented rice land.
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Table A4

Irrigation Project Area, Crop Year 1991/92

Summary of Survey Data on Dry Season Garlic Production, the HMO

Variable Unit Average Minimum | Maximum | Standard
Deviation

Yield kg./rai 1,455.48 1,100 2,400 381.07

Average input

Planting area rai/farm 2.11 0.50 6 1.48

Seed kg./rai 34.70 18 56.67 8.55

Fertilizer kg./rai 45.51 4 85 27.17

Herbicide& baht/rai 12418 0 400 131.%89

insecticide

Total labour man-day/rai 23.17 15.67 60.00 8.07

Type of labour

Own man-day/rai 13.62 1 48 10.36

Hired man-day/rai 9.55 0 27 6.85

Activity of

labour

Land preparation man-day/rai 4.21 | 12 2.76

Planting man-day/rai 6.86 0.67 17 4.09

Fertilizing man-day/rai 4.43 1 12 3.10

Harvesting man-day/rai 7.67 1.67 24 5.63

Cash expense

Purchased inputs' | baht/frai 596.95 80 1,790 435.30

Hired labour baht/rai 452.40 0 990 268.43

Total baht/rai 1,049.35 80 2,210 567.27

! Including seed, fertilizer, herbicide and insecticide.
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Table A.5 Summary of Survey Data on Dry Season Shallot Production, the HMO
Irrigation Project Area, Crop Year 1991/92
Variable Unit Average Minimum | Maximum | Standard
Deviation

Yield kg./rai 1,083.90 400 2,000 501.95
Average input
Planting area rai/farm 2.21 0.75 4 1.14
Seed kg./rai 32.18 12.5 66.67 20.67
Fertilizer kg./rai 30.93 6.67 75 23.56
Herbicide& baht/rai 80.26 0 260 98.21
insecticide
Total labour man-day/rai 26.72 10.67 53.00 14.23
Type of labour
Own man-day/rai 18.47 4.73 42 14.44
Hired man-day/rai 8.25 0 17 6.44
Activity of
labour
Land preparation man-day/rai 5.65 3 6.67 1.47
Planting man-day/rai 7.31 2.33 12.50 3.57
Fertilizing man-day/rai 6.03 0.50 18 6.81
Harvesting man-day/rai 7.73 1.67 12.50 3.45
Cash expense
Purchased inputs' | baht/rai 300.24 125 545 162.68
Hired Iabour baht/rai 493.79 0 1,050 44992
Total baht/rai 794.03 125 1,595 526.85

" Including seed, fertilizer, herbicicde and insecticide.
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Table A.6

Irrigation Project Area, Crop Year 1991/92

Summary of Survey Data on Dry Season Groundnuts Production, the HMO

Variable Unit Average | Minimum | Maximum Standard
Deviation

Yield kg./rai 250.18 200 300 45.48

Average input

Planting area rai/farm 2.35 2 3 0.49

Seed kg./rai 33.27 20 55 13.62

Fertilizer kg./rai - - - -

Herbicide& baht/rai 15.17 0 53.33 23.46

insecticide

Total labour man-day/rai 17.06 5.45 31.50 9.98

Type of labour

Own man-day/rai 9.81 2.55 24.50 9.05

Hired man-day/rai 7.25 2.91 15.67 5.15

Activity of

labour

Land preparation man-day/rai 4.14 2 10 3.33

Planting man-day/rai 3.71 2 4.67 1.20

Fertilizing man-day/rai 1.37 0 3.50 1.73

Harvesting man-day/rai 7.84 2.18 14 5.39

Cash expense

Purchased inputs' | baht/rai 85.17 0 403.33 178.13

Hired labour baht/rai 464.09 145.45 940 301.03

Total baht/rai 549.26 145.45 1,343.33 468.16

! Including seed, fertilizer, herbicicde and insecticide.
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Table A.7

Irrigation Project Area, Crop Year 1991/92

Summary of Survey Data on Dry Season Soybeans Production, the HMO

Variable Unit Average | Minimum | Maximum Standard
Deviation

Yield kg./rai 211.76 151.40 300 49.91

Average input

Planting area rai/farm 5.71 4.75 8 1.29

Seed kg./rai 15.66 6.42 30 7.99

Fertilizer kg./rai 2.56 0 15.38 6.28

Herbicide& baht/rai 71.34 0 187.50 71.65

insecticide

Total labour man-day/rai 8.85 6.74 12 8.85

Type of labour

Own man-day/rai 3.93 1 9.20 3.93

Hired man-day/rai 4,92 2.80 6 1.13

Activity of

labour

Land preparation man-day/rai 1.26 0.63 1.88 0.53

Planting man-day/rai 2.75 1.85 4.40 0.99

Fertilizing man-day/rai 1.29 0.13 3.60 1.32

Harvesting man-day/rai 3.55 2.11 5.54 1.35

Cash expense

Purchased inputs baht/rai 291.56 130 480 155.82

Hired labour baht/rai 342.89 140 480 132.15

Total baht/rai 634.45 406.32 950 216.32

" Including seed, fertilizer, herbicicde and insecticide.
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Table A.8

Irrigation Project Area, Crop Year 1991/92

Summary of Survey Data on Dry Season Cucumbers Production, the HMO

Variable Unit Average | Minimum | Maximum | Standard
Deviation

Yield kg./rai 2,128.57 1,250 3,350 791.55

Average input

Planting area rai/farm 1.79 0.5 4 1.15

Fertilizer kg./rai 33.93 0 100 41.18

Herbicide&insecti | baht/rai 34.29 0 150 61.06

cide

Total labour man-day/rai 21.36 11 42 10.85

Type of labour

Own man-day/rai 17.57 6.50 36 11.19

Hired man-day/rai 3.79 0 8 3.03

Activity of

labour

Land preparation man-day/rai 4.64 2.50 12 3.25

Planting man-day/rai 343 1.50 8 2.32

Fertilizing man-day/rai 8.86 3 18 5.21

Harvesting man-day/rai 4.43 2 10 2.68

Cash expense

Purchased inputs' | baht/rai 271.07 0 787.50 292.72

Hired labour baht/rai 218.57 0 480 184.25

Total baht/rai 489.64 0 1,127.50 425.95

! Including seed, fertilizer, herbicicde and insecticide.
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APPENDIX B.
Details on Variable Definitions, Unit of Measurement,

and Sources of Data Employed in the National Level
Analysis
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Table B.! List of Variables Name, Definitions, and Unit of Measurement: Wet

Season Rice Production (National Level Analysis)

202

Variable Definition Unit of
Measurement

Y, Annual wet season rice production on irrigated 1000 ton
land

Y, Annual wet season rice production on non- 1000 ton
irrigated land

Y Total annual rice production in the wet season 1000 ton

Ia Irrigated rice planting area in the wet season 1000 rai

Na Rainfed rice planting area in the wet season 1000 rai

Ta Total wet season rice planting area 1000 rai

F Fertilizer (ammonium sulphate, urea, 16-20-0 and ton
16-16-8) applied to wet season rice production

L Total labour employed in wet season rice 1000
production man-day

L, Labour employed in wet season irrigated rice 1000
production man-day

Ly, Labour employed in wet season rainfed rice 1000
production man-day

RM Average annual rainfall millimetre

ERM Average effective annual rainfall millimetre

WRM Average annual rainfall during the wet season rice millimetre
growing period (July-December)

WERM Average annual effective rainfall during the wet millimetre
season rice growing period

Tr Number of agricultural tractors unit

Tt Time trend 1969=1

Lpad One-year lagged total paddy area 1000 rai

| (Cont'd)




Table B.1 Continued
Variable Definition Unit of
Measurement

Ry, 3-year moving average total wet season rice kilogram/rai
yield

Ry, 3-year moving average irrigated rice yield in | kilogram/rai
the wet season

Ry, 3-year moving average rainfed rice yield in kilogram/rai
the wet season

Qpump Number of water pump unit

Qeng Number of machine-operated sprayers unit

Qman Number of hand-operated sprayers unit

P, Farm price of rice in the wet season baht/ton

W, Retail price of rice fertilizer in the wet baht/kilogram
season

W, Minimum wage rate baht/day

Wpump Retail price of water pump (pump size 4 baht/unit
inches, 5-6 Horse Power)

Weng Retail price of machine-operated sprayers baht/unit

Wman Retail price of hand-operated sprayers baht/unit

Wtrac Retail price of tractor (MT., 77 Horse baht/unit
Power)

T Annual Profit from wet season rice 1000 baht
production (revenues less variable costs)
normalized by labour input cost

LPc One-year lagged farm price of maize baht/kilogram

LPs One-year lagged farm price of soybeans baht/kilogram

LPg One-year lagged farm price of groundnuts baht/kilogram

LPm One-year lagged farm price of mungbeans baht/kilogram
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Table B.2 List of Variables Name, Definitions, and Unit of Measurement: Dry Season
Rice Production (National Level Analysis)

Variable®™ Definition Unit of
Measurement

Y, Total annual rice production in the dry season | 1000 ton

Ia, Rice planting area in the dry season 1000 rai

F, Fertilizer (ammonium sulphate, urea, 16-20-0 | ton
and 16-16-8) applied to dry season rice
production

L, Total labour employed in dry season rice 1000 man-day
production

DRM Average annual rainfall during the dry season | millimetre
rice growing period (January-June)

Ry, 3-year moving average dry season rice yield kilogram/rai

LY One-year lagged total wet season rice 1000 ton
production

P, Expected dry season rice price baht/ton

“ Notations, definitions and measurement units of other common variables employed
in the dry season model are similar to those given in Table B.I.
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Table B.3

Sources of Data Employed in the National Level Analysis

Variable Source
1) Ia, Ta, Yy, Yo, Irrigated Agriculture Branch, RID
2) Na, Yy, Calculated from Ta-la and Yq-Y,,
respectively
3 Y, la, Agricultural Statistics Yearbook, Office of

4) F,, F, W,,, Qpump,
Qeng, Qman, Wpump,
Weng, Wman, Wtrac

5) P, P,

6) W,

7) Ll’ I"Ia’ LNa’ L’d
8) AL

9) RM, DRM
10) Tr

Agricultural Economics, MOAC

Agricultural Economic Research Division,
Office of Agricultural Economics, MOAC

Agricultural Statistics Yearbook, Office of
Agricultural Economics, MOAC

Labour Department

Calculated from dividing total labour cost
(i.e., average labour cost (AL) times rice
planting area) by agricultural wage rate (W,).

Agricultural Economic Research Division,
Office of Agricultural Economics, MOAC

Meteorological Department
FAO Production Yearbook
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APPENDIX C.

Time Series Data Employed in the National Level
Analysis
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Table C.1

Data Employed in the Wet Season Primal and Dual Models: National Level

207

Analysis

Year Ia Na Ta Yo Y Y1,
(1000 rai) | (1000 rai) (1000 (1000 (1000 (1000

rai) ton) ton) ton)
1969 [1,263.1 36,466.9 47,730 4,309.641 9,040.359 13,350
1970 11,487.0 37,273.0 48,760 4,296.816 9,103.184 13,400
1971 11,712.5 38,307.5 50,020 5,029.973 9,170.027 14,200
1972 11,301.1 33,3189 44,620 4,6011.475 7,058.525 11,670
1973 11,385.4 36,184.6 47,570 5,028.634 8,901.367 13,930
1974 11,601.8 34,198.2 45,800 4,617.599 7,982.401 12,600
1975 11,761.2 40,808.8 52,570 4,739.323 11,020.677 15,760
1976 11,961.6 40,788.4 52,750 5,321.940 11,218.060 16,540
1977 12,134.2 40,355.8 52,490 5,492,729 6,787.271 12,280
1978 12,716.9 45,263.1 57,980 5,619.445 10,220.555 15,840
1979 12,847.8 44,792.2 57,640 5,927.034 9,462.966 15,390
1980 12,879.0 48,391.0 61,270 6,117.422 11,022.578 17,140
1981 13,2331 46,296.9 59,530 6,232.554 10,477.446 16,710
1982 [3,711.0 43,869.0 57,580 6,712.454 8,977.546 15,690
1983 14,064.4 52,615.6 66,680 6,209.711 13,600.289 19,810
1984 14,478.9 43,431.1 57,910 7,133.607 10,136.393 17,270
1985 14,886.9 44,553.1 59,440 7.427.615 10,502.385 17,930
1986 14,918.8 43,021.2 57,940 7,305.068 9,524.932 16,830
1987 [5,107.0 38,803.0 53,910 7,037.070 8,232.930 15,270
1988 15,123.5 44,246.5 59,370 7,452.171 10,427.829 17,880
1989 15,550.1 44,419.9 59,970 1,702.979 10,347.021 18,050
1990 15,014.9 43,185.1 58,200 5,502.685 9,397.315 14,900

Mean 13,1427 41,8450 | 54,987.7 5,901.3 9,664.2 15,564.5

S.D. 1,513.1 4,719.7 5,741.5 1,106.3 1,489.9 2,1154

{Cont’d)




Table C.1 Continued

Year L, L, L., P, W, W,
(man-day) (man-day) | (man-day) {baht/ton) {baht/ (baht/

kg) day)

1969 1,017,084 240,007 777,077 976.00 2.06 8.67
1970 1,175,358 276,894 898,464 843.00 2.14 8.67
1971 1,038,478 243,166 795,311 799.91 2.00 8.67
1972 1,044,392 264,518 779,874 1,311.05 2.18 11.00
1973 946,686 226,580 720,106 1,958.52 3.37 11.00
1974 687,797 174,229 513,568 2,232.25 5.00 17.25
1975 834,751 186,754 647,996 1,978.29 4.66 17.25
1976 919,960 208,610 711,350 1,844.22 3.10 17.25
1977 937,078 216,626 720,452 2,322.84 3.15 20.00
1978 915,078 200,706 714,371 2,186.97 3.24 26.50
1979 767,598 171,096 596,503 2,609.28 4.03 36.37
1980 757,795 159,289 598,506 3,067.97 5.02 45.50
1981 596,617 132,624 463,993 2,909.00 5.61 56.50
1982 579,515 137,995 441,521 2,942.00 5.28 56.88
1983 669,339 141,180 528,160 2,757.00 4.08 59.88
1984 577,330 144,346 432,984 2,299.00 ] 4.13 59.88
1985 578,834 144,970 433,864 2,320.00 5.30 62.63
1986 538,694 138,707 399,988 2,408.00 4.93 64.75
1987 507,420 142,192 365,228 3,790.00 3.70 64.75
1988 545,668 139,000 406,669 4,092.00 4.18 66.50
1989 473,275 122,719 350,556 3,610.00 4.67 77.13
1990 473,154 122,068 351,086 3,748.00 4.58 77.13
Mean | 753,722.8 178,830.7 | 574,892.1 2,409.3 3.9 39.7

SD. | 215,988.7 48,2577 | 169,343.7 931.5 1.1 25.2
(Cont’d)
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Table C.1

Continued
Year F, Tr RM WRM
{ton) {unit) (millimetre) | (millimetre)

1969 199,505 4,200 1,706.2 1,349.1
1970 168,415 4,700 1,864.7 1,448.1
1971 164,696 9,148 1,622.0 1,256.7
1972 228,038 10,946 1,540.1 1,270.8
1973 192,940 13,273 1,607.9 1,310.9
1974 132,597 15,993 1,659.3 1,268.2
1975 172,462 30,130 1,776.0 1,314.7
1976 270,802 30,300 1,627.1 1,274.3
1977 265,662 30,500 1,388.5 1,088.2
1978 291,365 33,000 1,603.7 1,214.8
1979 300,000 64,443 1,332.3 1,024.9
[980 320,000 73,335 1,629.0 1,331.4
1981 340,055 89,202 1,537.1 1,179.6
1982 373,851 107,528 1,483.2 1,153.1
1983 466,454 113,116 1,651.3 1,429.2
1984 443,808 120,918 [,489.4 1,136.0
1985 413,929 125,000 1,573.5 » 1,177.5
1986 447,857 130,000 1,541.9 1,176.0
1987 459,240 136,000 1,480.4 1,237.4
1988 611,000 142,000 1,746.0 1,306.1
1989 857,820 150,000 1,405.1 1,063.3
1990 739,400 157,000 1,499.6 1,117.2
Mean 357,268 72,306 1,580.2 1233.1
S.D. 189,436.1 | 55,335.1 129.0 111.9
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Tabhle C.1 Continued
Year Qpump Qeng Qman Wpump Weng Wman Wirac
(unit) (unit) {unit) {baht/ (baht/ (baht/ (baht/
unit) uni{) unit) unit)

1978 289,827 39,228 257,408 11,400 3,950 820 185,000
1979 332,666 45,058 316,405 12,013 4,304 813 220,000
1980 381,869 51,822 389,243 12,883 4,800 782 221,667
1981 438,382 59,679 479,268 12,883 5,000 862 232,500
1982 477,030 68,811 590,649 14,450 5,000 1,000 245,000
1983 519,106 79,434 728,600 14,450 5,000 1,000 258,583
1984 564,915 91,802 899,675 14,450 5,000 842 281,667
1985 614,791 10,6211 | 1,112,062 | 15,442 5,287 818 281,667
1986 669,095 12,3008 | 1,376,074 | 16,150 5,225 834 286,667
1987 768,328 14,2607 | 1,704,696 | 16,150 5,075 793 290,833
1988 851,349 16,5483 | 2,114,292 | 18,917 5,450 832 313,333
1989 943,387 19,2205 | 2,625,537 | 19,500 5,450 950 320,000
1990 1,101,850 | 22,3433 | 3,264,604 | 19,500 5,450 990 320,000
Mean | 611,738.1 [ 106829. | 1,219,886. | 15,245. | 4,999.3 872 265,916.
S.D. 246,433.4 | 591074 | 955,192.2 | 2,733.4 4447 81.8 42,688.5
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Table C.2

Data Employed in the Dry Season Primal and Dual Models: National Level

Analysis

Year Y, Ia, F, DRM P,
1975 939 2,068 70,310 461.3 n.a.
1976 1,208 2,358 82,530 352.8 n.a.
1977 1,393 2,736 104,338 300.3 1,899
1978 1,586 2,979 128,635 388.9 2,144
1979 2,264 4,257 178,500 307.4 2,164
1980 1,111 2,103 100,940 297.6 3,119
1981 1,963 3,228 154,092 357.5 3416
1982 2,071 3,578 169,453 330.1 2,617
1983 2,104 3,963 202,490 222.1 2,903
1984 2,606 4,481 204,125 3534 2,970
1985 2,630 4414 196,071 396 2,499
1986 2,334 3,985 212,143 365.9 2,158
1987 2,042 3,628 180,760 243 2,493
1988 2,771 4,564 241,000 4399 3,612
1989 3,381 5,305 252,980 341.8 3,678
1990 2,124 5,244 260,600 3824 3,952
Mean 2,029.6 3,680.7 171,185.4 346.3 2,758.9
S.D. 660.6 1,032.4 59,783.4 63.5 5703

* Current farm price of rice in the dry season
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APPENDIX D.

Discussion on Aggregation Techniques
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The aggregation techniques employed in the present study are the Laspeyres index
numbers and the Tornqvist (Divisia) index numbers. The Laspeyres indexes is one of the
commonly and used aggregation techniques due to the ease in computations. The

Laspeyres quantity index can simply be stated as

n n
XX = N wix{/y wix? (1
i=1 i=1

where 7 denotes the input price of the 7 ® input (i=1,....n) in the base period (0). x?

and X, are the quantity of the input i at the base period (0) and the other period (t)
respectively.

The Laspeyres index number (1) appears to be rather restrictive. The quantity
aggregation over inputs can be exact if the ratios of aggregated quantity inputs are equal
to the ratios of outputs produced from the given inputs during the same period. In other

words,

XE/X° = vt/y° = F(xf,..x5/F(X°, .. x°) )

The relationship as specified in (2) has proved to hold true only when the
technology employed in producing an output Y is characterized by either a linear or a
fixed coefficients production function under static competitive profit maximizing or cost
minimizing behaviour of the producer.

The Torngvist quantity index using for aggregation a number of inputs in the

production model can be written as
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In
log(xt/x°) = ¥ s,log(xf/x?)
i=1 ’

wixt wex? (3)
where S; = e
Y wixi Y wixs
i=1 i=1

(

B | s

The superscripts 0 and t denote the base period (0) and other period (t) whereas the
subscript i represents the 7 t input. S; can be simply defined as the average of the
shares of individual cost of input i in the base period (0) and the current period (t)
considered in aggregation.

For the Torngvist indexes, the relationship as specified in (2) has proved to hold
true when assuming a constant return to scale Translog production function with cost
minimizing behaviour. However, if profit maximization behaviour can be assumed, the
Torngvist indexes can be modified to represent an exact aggregation under a more flexible
assumption of a variable return to scale Translog production function. The formula for the

modified Torngvist indexes can be presented as follows:

n
log(xt/x°) = Y s,log(xf/x?)
i=1
Wixt wix? (4)
where S_.l-=-%(ml1 + —)

m
Z PiYf Z Plys
F=1 =1

From (4), Y represents outputs produced from a given set of inputs (X,5.X,) and P

denotes prices of outputs. The subscripts j refer to the 7 th output where j=1,...,m. The

superscripts O and t are defined as before.

Despite the rather stringent assumptions required to justify the best use of the
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aggregation analysis, both the Laspeyres and the Torngvist indexes are attempted in the
present study mainly to facilitate the estimation process. The disadvantages of
inconsistencies in aggregation are traded off with the risks of model misspecification
when one or more relevant variables has to be dropped out from the model due to
multicollinearity problem. Besides, the primal interest of this study is the response of

irrigation, other variables are of relatively less concern.
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APPENDIX E.

Supplementary Table of Results: Farm Level Analysis
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Table E.1 OLS Estimates for the Initial Specification of the Linear and
Semilogarithmic Wet Season Rice Model (Equation (5.1))

Linear Semilogarithmic
Variable Estimate T-ratio Estimate T-ratio
Constant 361.57 1.00 6.91 0.13
A 337.6 529" 0.11 4.95™
S 16.37 5.86"" 0.55E-02 2,57
F 2.07 1.50 0.40E-03 0.83
Hi 0.78 1.71° 0.16E-03 1.01
Tr 31.26 3.54™ 0.11E-01 3,757
L 2.84 1.11 0.47E-03 0.53
DUM_H 11.48 0.06 0.44E-02 0.67E-01
DUM_O -132.83 -0.32 0.11 0.73
A DUM_O 30.38 0.48 0.24E-01 1.10
Adjusted R* 73.13 67.45
Chi-square 11.53 5.17
(Glejser test)
D.W Statistic 2.15 2.18

" statistically significant at 99 percent
statistically significant at 90 percent
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Table E.2 Correlation Matrix of All Regressors Included in the Wet Season Rice Production: Farm Level Analysis
Variable A 5 F Tr Hi L L1 L2 L3 L4 Lo Lh Le
A 1 07363 04789 07775 04889 07046 04691 03704 02518  0.6646 04632 0.6667 0.0271
S 1 02889 03966  0.1586 05204 03698 03010 02460 04370 03356 05110 0.0060
F 1 0.0226 04188 04918 0.1007 04488  0.8604 04914 00660 04103 00372
Tr 1 -0.1309 03281 0.1788  0.2667 03558  0.0278 0.1488 02258  (0.1609
Hi 1 03276 0.0381 01954 08192 04914 00660 04103 0.0372
L 1 0.6231 07247 04516 08185 06334 06164  0.4088
L1 1 0.1105 03551 02162 0.8383 03559 -0.1041
L2 1 0.2579 05808 0.1803 03352  0.6586
L3 1 0.1031 04949  0.2807  -0.0009
L4 1 0.2764  0.5972  0.4486
Lo 1 0.2166  -0.0816
Lh 1 0.0961
Le 1




Table E.3 2SLS Estimates of the Linear Wet Season Rice Model (Equation (5.1))

Variable Estimate T-ratio
Constant 105.93 0.42

A 151.88 0.54

S 13.06 1.56
Tr 17.34 1.06
Hi -0.12 -0.65E-01
L4 44.44 0.42
Adjusted R? 63.26

D.W. 1.94
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Table E4 OLS Estimates for the Initial Specification of the Linear and
Semilogarithmic Dry Season Garlic Model (Equation (5.4))

Linear Semilogarithmic
Variable Estimate T-ratio Estimate T-ratio
Constant 110.54 0.35 7.03 18.06
A 455.62 - 1.86° 0.39 1.28
S 1.96 3.33" 0.15E-02 2.09°
F 0.46 0.37 0.23E-04 0.02
Hi -0.55 -1.51 -0.39E-04 -0.09
L 8.07 2.657 -0.51E-02 -1.35
DUM_O -190.14 -0.52 -0.41 -0.89
A DUM_O 0.27 0.10E-02 0.13 0.45
Adjusted R* 75.32 62.15
Chi-square 5.321 11.423
(Glejser test)
D.W Statistic 2.04 2.31

" statistically significant at 99 percent
" statistically significant at 95 percent
statistically significant at 90 percent
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Table E.5 Correlation Matrix of All Regressors Included in the Dry Season Garlic Production: Farm Level Analysis
Variable | A S F Hi L L1 L2 L3 L4 Lo Lh
A 1 05705 05956 03634 0.8666 0.8439 0.7671 04585 0.8229  0.5495 0.8338
) 1 0.7366  0.5185 0.6226 0.5082 0.6242 0.6441 0.5078 0.7377 03318
F 1 0.6637 0.5311 04217 0.5840 0.6373 03836 04429  (.4283
Hi 1 0.3595 0.2529 0.3978 0.8330 0.1675 02685 0.3143
L 1 0.9178 09245 04845 09624 0.7613 0.8630
L1 1 0.7519 04077 0.8810 0.7764 0.7315
L2 I 04344  0.8469  0.6523 0.8380
L3 1 0.2906 04685  0.3405
14 1 0.7032 0.8536
Lo 1 0.3295
Lh 1




Table E.6 Estimates of Dry Season Garlic Model Using Cobb-Douglas, Modified

Translog and Modified Quadratic Functional Forms (Equations (5.4))

Cobb-Douglas Modified Translog | Modified Quadratic
Variable Estimate | T-ratio | Estimate | T-ratio | Estimate | T-ratio
Constant 5.37 15.04™ 4.58 1.89™ 62.94 0.35
A - - - - 267.53 1.21
S - - - - 3.30 1.98
L1 - - - - 37.20 1.18
InA 0.60 4707 0.50 1.87" - -
InS 0.23 3.05™ 0.59 0.79 - -
InL1 0.19 2.46" | 0.49E-01 0.19 - -
A? - - - - 16.62 0.40
S? - - - - -0.17E- -0.66
02
L1? - - - - 0.23 0.24
(InA)? - - 0.48E-01 0.25 - -
(InS)* - - -0.35E- -0.48 - -
01
(InL1)* - - 0.36E-01 0.48 - -
Adjusted R? 73.52 62.38 66.68
Chi-square 6.953 21.33 24.02
(Glejser test)
D.W. 1.50 1.49 1.57

s

statistically significant at 99 percent
statistically significant at 95 percent
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Table E.7 2SLS Estimates of Linear Dry Season Garlic Model {Equations (5.4))

Variable Estimate T-ratio
Constant 149.77 0.52
A 168.90 0.59
S 1.73 0.92
L1 87.16 1.23
Adjusted R? 60.76

D.W. 1.82
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Table E.8 OLS Estimates for the Initial Specification of the Linear and
Semilogarithmic Inverted Transformation Model (Equation (5.6))

Linear Semilogarithmic

Variable Estimate T-ratio Estimate T-ratio
Constant 0.41 1.00 -0.16 -0.76
Y1 0.34E-02 2.267 0.22E-02 2.67°
Y2 0.20E-01 2.807 0.12E-01 3,15
Y3 (.33E-01 7.18™ 0.13E-01 5.22"
Y4 0.26E-02 2.89™ 0.14E-02 2.92"
F -0.31E-02 -0.79 -0.25E-02 -1.18
Hi 0.68E-03 1.09 -0.72E-04 -0.22
L 0.19E-01 2.14™ 0.75E-02 1.56"
Adjusted R? 66.45 51.48
Chi-square 6.49 6.99

(Glejser test)

D.W Statistic 1.97 2.36

" statistically significant at 99 percent
" statistically significant at 95 percent
statistically significant at 90 percent
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Table E.9

OLS Estimates of the Inverted Transformation Model Using Quadratic
Functional Form Assuming disjoint Technology (Equation (5.6))

Variable Estimate T-ratio
Constant 0.25 0.35
Y1 0.11E-01 2.41"
Y2 0.53E-01 1.13
Y3 0.48E-01 2.63™
Y4 0.30E-02 0.77
L 0.81E-02 1.10
Y1*L -0.97E-04 -0.58
Y2*L -0.18E-03 -0.33
Y3*L 0.25E-03 0.68
Y4*L 0.57E-04 0.91
Y1? (1.82E-06 0.59E-01
Y22 -0.24E-03 -0.48
Y3? -0.14E-03 -1.26
Y4* -0.29E-05 -0.59
L? 0.14E-05 041 -
Adjusted R? 67.10
Chi-square 31.24

(Glejser test)

D.W. 2.34

" statistically significant at 95 percent
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Table E.I0  2SLS Estimates for the Final Inverted Transformation Model (Equation

(5.6))
Variable Estimate T-ratio
Constant 2.67 1.42
Y1 0.56E-02 0.95
Y2 0.20E-01 0.64
Y3 (0.40E-01 2,757
Y4 0.26E-03 0.87E-01
L 0.35E-01 0.50
Adjusted R® 39.63
D.W Statistic 1.99

" statistically significant at 95 percent
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APPENDIX F.

Supplementary Table of Results: National Level
Analysis
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Table F.1

ITSUR Estimates for the Wet Season Rice

Specification (Equations (6.18)-(6.19))

Model Using the Normalized Quadratic

C

Parameter

Estimate T-Ratio Estimate T-Ratio Estimate T-Ratio
Al 1099349.17 1.19 1208836.73 1.73 2494761.87 | 325
All -569001.57 -0.7 -635942.54 -0.91 -30582.03 -0.03
Al3 -3580.21 2.09° -3391.56 -2.527 -4599.43 -2.66™
A3 -27040.94 2,77 -36956.53 -4.34™ -23883.84 2777
A3l -4299.7 -0.49 1762.72 0.21 79168 0.79
A33 48.989 2.657 31.904 195 19.625 1.01
Bit 18.271 0.26 13.851 0.22 -175.873 -5.34™
B12 -12.847 -1.9° -13.176 2117 -12.112 -145
B31 2.358 3.007 2.758 3.56™ 0.83 2247
B32 0.329 4.49™ 0.359 472" 0.369 .04
Cl1 391.029 1.84 381.148 194 421.554 1.61
C12 -49572.56 223 -52371.1 =322 - -
C31 3.384 1.47 4.279 1.79 4.689 1.59
C32 -785.85 -3.26™" -532.403 277 - -
D11 -0.451 -0.19 - - - -
D31 0.041 1.63 - - - -
Equation b.w Adjusted D.w Adjusted D.wW Adjusted

Statistic R? Statistic R? Statistic R?
F 2.07 88.93 2.051 £9.90 1.059 81.99

2.345 87.18 2.388 85.25 2.269 77.55

A Initial specification where tractor and time variables were included.
B Tractor was excluded.
C Tractor and time variables were omitted.
" statistically significant at 99 percent
" statistically significant at 95 percent
statistically significant at 90 percent
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Table F.2

IT3SLS Estimates for the Wet Season Rice Model Using the Normalized

Quadratic Specification (Equations (6.18)-(6.19)

A

Parameter Estimate T-Ratio Estimate T-Ratio
Al 1364222 1.13 1182869.68 0.87
All -1060101 -1.03 28800.78 0.03
Al3 -3326.08 -1.86° -5656.96 -3.34™
A3 -15177.4 -1.09 -17734.02 -1.00
A3] -13085.9 -1.10 2265.21 0.17
A33 50.923 245" 18.063 0.82
Bil 29.481 0.36 -55.849 -0.67
B12 -18.65 -1.85" -13.09 -1.18
B3l 1.82 1Lor° 0.617 0.56
B32 0.221 1.89° 0.3 2.07
Cl1 469.706 1.94° 540.955 2.00°
Cl2 -56756.1 -2.38" - -
C31 4.837 1.73 5.841 1.65
C32 -800.135 -2.89° - -
DIl -0.153 -0.06 -3.826 -1.69
D31 0.053 1.82° 0.002 0.06
Variable D.W Statistic | Adjusted R* | D.W Statistic | Adjusted R
F 2.313 88.01 1.639 84.69
Y 2.266 84.13 2.253 74.20

A Initial specification where tractor and time variables were included.

B Time variable was excluded.

™ statistically significant at 99 percent

" statistically significant at 95 percent
statistically significant at 90 percent
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Table F.3 ITSUR Estimates for the Initial Specification of the Wet Season Rice Model Using the

Generalized Leontief Form (Equations (6.21)-(6.23))

All Coefticients Symmetry Restrictions Imposed

Parameter Estimate T-Ratio Estimate T-Ratio
Al 382174.07 0.47 4(2994.32 0.52
Al2 204526.98 207 - -
Al3 -28689.49 -3.157 -28545.86 -3.327
A2 -255785.63 -0.23 425568.25 0.51
A2l 784189.10 1.05 212138.69 2.307
A23 -26331.39 -0.86 -27342.33 -1.87
A3 -25136.92 217 -19267.89 -2.08"
A3l 35986.54 0.46 - -
A32 -48581.86 -1.98° - -
BIl 2.517 0.03 1.300 0.02
B12 -1.939 -0.39 -2.203 -0.47
B21 -43.742 -0.57 -60.131 (.83
B22 -5.293 -0.76 -10.272 -2.257
B31 2.698 2997 2456 2.847
B32 0.318 474 0.277 5487
Cll 190.815 1.02 191.155 1.07
CI12 -30564.43 -1.31 -31404.69 -1.41
C21 -61.864 -0.28 25.732 0.13
C22 2342.51 0.10 -1514.37 -0.08
C31 4458 1.94’ 4.959 2217
C32 -721.197 -2.607 -764.899 -3.15877
D11 -2.122 -0.94 -2.104 -0.98
D21 4971 2.04 5.076 2457
D31 0.029 1.12 0.030 121
Equation D.W Statistic Adjusted R? D.W Statistic Adjusted R?
F 2014 88.85 2.024 89.86
L 2.439 83.82 2.264 84.43
Y 2.367 84.05 2.199 84.25

*xx

statistically significant at 99 percent

* statistically significant at 95 percent

statistically significant at 90 percent
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Table F.4 IT3SLS Estimates for the Initial Specification of the Wet Season Rice Model Using the

Generalized Leontief Form (Equations (6.21)-(6.23))

Parameter All Coefficient Symimetry Restriction Imposed
Estimate T-Ratio Estiinate T-Ratio

Al 24914.21 (.03 121040.44 0.14
Al2 153676.57 1.40 - -
Al3 -28175.43 -2.94" -28044.30 2313
A2 -649548.31 -0.48 543019.09 0.60
A21 1355682.62 1.52 181307.66 1.79
A23 -43328.31 -1.25 -23855.91 -1.52
A3 -9339.98 .64 -11102.27 -1.07
A3l -47106.68 -1.48 - -
A32 -21993.81 -0.74 -
BI11 31.145 0.38 24930 .32
BI2 0.572 0.09 -0.518 -0.09
B21 -56.854 -0.63 -78.367 -0.99
B22 1.025 (.11 8.998 174
B31 1.718 1.56 1.706 1.72
B32 0.226 2417 0.238 3977
Cl1 179.663 0.94 183.465 1.02
Ci2 -30080.41 -1.22 -32276.16 -1.39
C21 -109.382 -0.46 7.145 0.04
c22 1519870 0.55 14.529 0.00
€31 5.213 1.99° 5.197 2.18
C32 -691.598 212 -648.081 -2.44™
D11 -2.374 -1.01 -2.326 -1.06
D21 4.083 1.52 5.385 2.557
D31 0.042 1.40 0.039 1.49
Equation D.W Statistic Adjusted R? D.W Statistic Adjusted R?
F 2.114 88.32 2.121 89.69
L 2.599 81.72 2.357 84.25
Y 2.333 79.82 2.383 82.26

" statistically significant at 99 percent
" statistically significant at 95 percent
statistically significant at 90 percent
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Table F.5 ITSUR Estimates for the Wet Season Normalized Quadratic Dual Model: Estimation of
Profit Equation in Simultaneously with the System of Input Demand and Output Supply
Equations’™ (Equations (6.17)-(6.19))

Parameter Estimate T-Ratio
Al 935634.04 1.35
All 248180.79 041
Al3 -3681.46 -2.82"7
A3 -38035.88 -4.69™
A33 37.137 2.34™
BIl 27.304 043
B12 -5.513 -1.03
B31 3.027 3.99™
B32 0412 6.57""
Cll1 -51764.07 -3.167
C31 -579.187 2977
o 25064892 0.20
o3 -3941.53 -0.15
o4 -745.136 -0.41
o6 205576011 0.34
B10 0.043 0.18
B12 -142.887 -0.18
B4 -22.7 -0.35 -
83 0.182 0.11
54 (.005 0.91
50 25374.67 0.27
Equation D.W Statistic Adjusted R?
F 1.391 -

L 1.920 89.57
Y 2.137 85.42

" Explanatory variables include prices, irrigated rice area, total rice area, and time trend, Note that when
the time trend was replaced with other variables such as rainfall or tractors, convergence was not obtained.

" statistically significant at 99 percent
" statistically significant at 95 percent
statistically significant at 90 percent
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Table F.6

ITSUR and IT3SLS Estimates for the Wet Season Rice Model Using the Normalized

Quadratic Functional Forin (Fertilizer Input Price As a Numeraire)"

ITSUR® IT3SLS®
Parameter Estimate T-Ratio Estimate T-Ratio
A2 -1091531.72 -1.25 -157553.28 -0.16
A22 7494.33 .38 -4059.31 -0.23
A23 -347.67 -1.74 -99.62 -0.46
A3 -34328.08 -4.16™ -17403.29 -1.63
A32 -320.52 -1.73 -333.09 -1.66
A33 3.19 1.08 5.06 211
B21 -0.77 -0.01 -26.15 -0.31
B22 -5.46 -1 -6.58 -1.14
B31 2.83 3357 1.93 2.05
B32 0.28 5497 0.21 3327
C21 127.38 0.56 -8.86 -0.04
C22 31491.16 1.30 -7047.09 -0.24
C31 6.77 KR VA 5.88 2.557
C32 -458.12 -2.00™ -693.82 22,15
D21 - - 544 2.08
D31 - - 0.05 178
Equation D.W Adjusted R? D.W Adjusted R?
Statistic Statistic
Ly 1.697 76.54 2.382 82.40
Y, 2439 83.83 2452 83.29
" The estimating equations are specified as follows:
L = -(A,+2,,(W,/W,) +A,, (P/W,) +B,,Ia

a, b Reciprocity conditions were not further imposed due to the nsignificant cross price effects (A23 and A32).

+B,,Ta+C,R+C,,T+D,, Tr)

Y = Ay+A,, (W,/W,) +A,; (P/W,) +B,,Ia

+B,,Ta+Cy,R+C,, T+D,, Tr

" statistically significant at 99 percent
" statistically significant at 95 percent
statistically significant at 90 percent
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Table F.7

Estimates of Dry Season Rice Production Function Using the Cobb-

Douglas Functional Form (Initial Specification: Equation (6.13))

Variable Estimate T-ratio
Constant -114.76 -1.35
InF, -0.40 -0.56
Inla, 1.38 2.12°
InDRM 0.10 0.58
InL, 7.08 1.30
InTr -0.09 -0.37
Tt -0.08 -1.67
Adjusted R? 89.19

D.W. Statistic 1.720

" statistically significant at 90 percent

Table F.8 Con'éla{ion Matrix of All Regressors Included in the Dry Season Primal
Analysis (1975-90)

Variable Ia, F, L, DERM Tr Tt Ry
Ia, 1 0.9674 0.4262 0.0211 0.8313 0.8524 0.2095
F; 1 0.2324 -0.0202 0.9141 0.9295 0.2409
L, 1 0.1132 -0.0344 -0.0168 -0.1778
DERM I -0.0822 -0.0356 0.377
Tr | 0.9733 0.376
Tt 1 0.3233
Ry 1
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Table F.9 Estimates of Dry Season Rice Production Function Using the Modified
Quadratic and Translog Functional Forms™ (Equation (6.13))

Quadratic Translog
Variable Estimate T-ratio | Variable Estimate | T-ratio
Constant -4672.95 -0.67 Constant -180.14 -0.51
DRM 10.08 0.46 InDRM 9.35 0.57
Ia, -1.74 -0.63 Inla, 2.08 0.10
L, 0.19 0.73 InL, 26.03 0.36
FTr 1250.90 1.25 InFTr 0.50 1.31
(DRM)? -0.02 -0.46 | (InDRM)? -0.81 -0.57
(Tay)? 0.01E-02 0.54 | (Inla,)? -0.17 -0.14
(Ly)? -0.08E-05 | -0.55 (InL,)? -1.09 -0.33
(FTr)? 1009.42 0.74 (InFTr)? 0.37 0.74
Adjusted 49.36 Adjusted 70.21
R? R?
D.W. 2.140 D.W. 2.185
Statistic Statistic

 Specification were without interactive terms
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Table F.10

Douglas Functional Forms

Estimates of Dry Season Rice Yield Model Using Linear and Cobb-

Linear Cobb-Douglas
Variable Estimate T-ratio | Variable Estimate T-ratio
Constant 0.315 0.55 Constant -8.136 -1.60
DRM 0.428 0.62 InDRM 0.513 1.25
AF, 0.004 0.54 InAF, 0.697 1.14
Ia, 0.392E-04 0.71 Inla, 0.385 1.39
AL, 0.002 0.20 InAL, 0.522 1.01
ATr 0.003 0.63 InATr 0.141 0.87
Tt -0.010 -0.72 Tt -0.012 -0.58
D.W. 1.882 D.W. 2.079
Statistic Statistic
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Table F.11 ITSUR and IT3SLS Estimates for the Dry Season Rice Model Using the
Normalized Quadratic Form (Fertilizer Input Price As a Numeraire)"
ITSUR® IT3SLS"

Farameter Estimate T-Ratio Estimate T-Ratio
A2 -43749.03 -4.91°7 -46559.40 -4.91""
A22 823.91 0.51 911.64 0.55
A23 -3.56 -0.19 -8.27 -0.42
A3 -46.63 -0.12 -85.21 -0.21
A32 -11.04 -0.16 -9.84 -0.14
A33 0.02 0.02 -0.04 -0.05
B21 -15.62 -4.64"" -12.99 3147
B3l 0.53 3.58 0.57 318"
D21 0.23 1.54 0.18 1.12
D31 0.25E-02 0.38 0.18E-02 0.26
Equation D.W Adjusted R? D.W Adjusted R?

Statistic Statistic
L, 1,843 58.20 2.059 55.89
Y, 1.769 79.02 1.727 78.91

“) The estimating equations are specified as follows:

a, b Reciprocity conditions were not further imposed due to the insignificant cross price effects

(A23 and A32).

Ld =

~(Ay+A,, (W,/ W) +A,5 (Py/ W) +B,,Tay
+Cy R+C,, T+D,, Tr)

Yg = Ay+Ay, (W/W) +A,, (Py/W,) +B;, Ta,

+Cy R+Cy, T+D,, T

" statistically significant at 99 percent
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