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1. Introduction

In this paper we develop a modeling framework for analyzing multicrop agricultural production in the
presence of uncertainty with respect to supply of water with land as a fixed factor. Specifically, we
consider a situation where the decisions of the production process of the farmer can be viewed as a
two stage process as follows: In stage one he allocates the appropriate land areas-and other (ex-ante)
input factors to the respective crops he plans to cultivate, within the total farmland available to him.
This allocation must be carried out before it is revealed how much water is available to him, since he
needs to plant and distribute seeds in the beginning of the respective seasons. In the second stage the
uncertainty about water supply is revealed and the farmer adjusts the quantities of the ex-post input
factors including the allocation of water to the respective cropland areas. Typical ex-post input factors
(in addition to water) are pesticides, labor for treshing, etc. The farmer is risk neutral and the
production technology is of the Leontief type. Our motivation for this assumption is the fact that in
agricultural production there are typically limited possibilities for substitution among key (crop
specific) production factors. In particular, the amount of water needed for a given land area and a
given crop is approximately fixed.

In the literature on economic analysis of agricultural production a number of studies have
considered the issue of modeling multicrop production. Often a production function based on
aggregated farm inputs (aggregated across crops) is applied. This is motivated by the fact that data on
crop-specific inputs are often not available, see for example Chambers and Just (1989). Just,
Silberman and Hockman (1983), and Just et al. (1990) discuss whether separability or nonjointness is
a better approach for attaining tractability for multicrop production function estimation. Shumway,
Pope and Nash (1984), and Chambers and Just (1989)) discuss the implication for the modeling
approach when jointness is a consequence of a fixed but allocable input factor such as land. Moore,
Gollehon and Carey (1994a) discuss alternative models of input allocations of multicrop systems, and
Moore, Gollehon and Carey (1994b) have conducted an empirical analysis on multicrop irrigated
production under the assumption of nonjointness and land constraints with particular focus on the role
of water pricing. Moore and Dinar (1995), discuss the case when water is quantity rationed, either due
to subsidized pricing or institutional regulations on water supply and they treat water as a fixed rather
than a variable input factor. Ballivian and Sickles (1994), analyze the relationship between risk-
avoidance behavior and economic jointness in a multioutput agricultural technology. They treat
production uncertainty as unobserved stochastic error that is common to all farms in specific regions.

The difference between our approach and the ones referred to above is as follows: We

formulate an explicit model in which the farmer's uncertainty with respect to water supply, rationing of



land and the possibility of corner solutions are accounted for. None of the papers referred to above
allow for all these aspects in one and the same model. Furthermore, we demonstrate how an empirical
version of the model can be estimated from appropriate micro data.

An additional aspect that separates this paper from the mainstream approach to this type of
modeling challenges is that we propose a particular form of bounded rationality. This means that we
allow for optimization error. The motivation for this is two-fold. First, it is the acknowledgement that
the farmer may have difficulty with evaluating expected profit conditional on the allocation of land
areas to each crop. Furthermore, he may, due to limited computational capacities, not be able to (or
care to) even consider evaluating expected utility conditional at all feasible combinations of cropland
allocations. Second, this approach is very useful for practical empirical analysis because it yields a
convenient representation for the probability distribution of the chosen allocation of cropland. By
adapting a result of Dagsvik (1994) we demonstrate that one can obtain convenient expressions for the
joint probability density for the chosen allocation of cropland areas. This choice probability density
reflects the inherent randomness in the decision making process. This randomness, due to optimization
error, implies that the farmer may make different ex ante allocation decisions under identical
conditions.

The paper is organized as follows: In Section 2 we specify the setting and production
technology and in Section 3 we derive the conditional expected profit function given the respective
areas that are allocated to each crop for the case with two feasible crops and we derive some
implications from the model. In Section 4 we extend this analysis to the general case with several
feasible crops. In the appendix we consider briefly a particular case with more than one season. In
tropical environments a year normally consists of three seasons; monsoon, winter and summer. We
take into account that some crops (such as sugarcane) needs more that one season to grow, while most
crops ripen within one season. In Section 5 we discuss the application of our approach to bounded
rationality with particular focus on empirical modeling and estimation. This yields a convenient
representation for the probability distribution of the chosen allocation of cropland. As a result, the
estimation method based on the bounded rationality approach represents an enormous simplification of

the estimation procedure.

2. The modeling setting

The model we develop below applies to the dry season, where water is assumed to be distributed
through an irrigation system. In this farming context the farmer’s decision process takes place in two
stages. In stage one he decides how much land to allocate to each crop. In this stage he is uncertain

about how much water he will receive during the season. In the second stage he receives the water and



allocation of water takes place. We assume that the farmer’s production technology is Leontief. Since
there is no scope for substitution between land and water, it follows that the profit maximizing farmer
distributes water to the different crops in a hierarchical manner. First, he allocates the appropriate
amount of water (if available) to the crop with the highest marginal returns (crop 1). If some water is
left it is distributed in an appropriate amount to the crop with the second highest marginal returns
(crop 2). If there still is some water left it is distributed to the crop with the third highest marginal
returns (crop 3), and so on, until there is no water left or his entire field is irrigated. In the first stage,
when the agent allocates the cropland areas, we assume that he takes into account the second stage
regime of water allocation. It is also assumed that some of the input factors are chosen in the second
stage when the uncertainty about water supply is revealed. The uncertainty the farmer faces is due to
several factors. One important source of uncertainty stems from the fact that the weather is stochastic.
In many regions it typically rains heavily during a relatively short period of time and water is therefore
collected in regional reservoirs or in private wells. These reservoirs are exposed to evaporation and
percolation losses. Further sources of uncertainty about the water supply are related to possible corrupt
behavior among reservoir administrators, farmers that may illegally tap water, and irregularity in the
supply of water dependent on the location of the farm relative to the reservoirs. As a result, the farmer
does not know exactly how much water is available to him during the growth period until harvest. The
farmer is supposed to have information about the degree of uncertainty of the water supply in the
second stage, and is capable of representing this information by a probability distribution function.
The production technology parameters may possibly also be uncertain to the farmer, but we shall
assume here that the farmer ignores this type of uncertainty.

We assume that there is, conditional on farm production equipment, no production of scope

effect. Let x,; denote quantity of input factor r associated with output of type j, r=-s,-s+1,...,q. We

shall let x,; represent area of land and x,; represents quantity of water that affects output of type j

(sugarcane, maize, rice, etc.). Let x,, with r <1 represent inputs of factors associated with the first
stage allocation, such as seeds, etc. Thus, the variables X, T € {—s,—s + 1,...,1} represent inputs of
factors, associated with the first stage allocation, while r =2,...,q, represent second stage input factors

such as water, labor, etc.

The Leontief production technology implies that output y; of type j is given by

(2.1) y; = min (byx,), by >0

—Ss<r<q 0n

where b, is the marginal productivity of input factor r for production of crop j.



We mainly consider the case where agricultural production takes place in only one season. In
the appendix we outline how one could allow for several seasons where the cultivation of some crops

may extend over several seasons.

3. The case with two feasible crops
In this section we shall derive the conditional expected profit function given the respective inputs of
cropland, and we shall subsequently discuss some implications of this function.

For simplicity we start the analysis by considering the case with only two possible crops.
Recall that the farmer’s decision process takes place in two stages. In the first stage the area of
cropland is allocated by maximizing expected profit with respect to cropland areas, as will now be

explained. Let 7t(x)denote the conditional profit function given the respective quantities of input, i.e.

2 q
G- A(x)=2. | p; m}n(brjxrj)_ 2 Wiy
j:] r=-s8
where x = (X—sl’X—s+1,1""’X01’Xll’X21"“’X02’X12"“’Xq2) , pj is the output price of crop j, and w,; is the

price of input r of crop j. Prices and technology parameters are assumed known with perfect certainty
to the farmer.

The constraints are given by

3.2) Xo; +Xp <2
and
(3.3) X X, SV

where a is the area of the land available for crop cultivation and V is the total amount of water. V is a

random variable with c.d.f. F(v), v > 0. The distribution F is the subjective distribution specific to the

farmer. Thus, this setup means that we assume that the farmer is capable of representing his
uncertainty about water supply by a probability distribution.

Assuming risk neutrality, the agent maximizes the conditional expected profit (given the
allocation of water to the crops) with respect to land allocation. Due to the Leontief technology (2.1)

the demands satisfy the equations

_ boiXy; by;Xy;
- B

Xy =-s,...,—1, and X =
brj 1j

(3.4) , T=2,..9.



Hence, allocation of land determines input of ex-ante input factors. Allocation of water determines use
of ex-post input factors. Assume now that the farmer pays for water according to how much he plants.

This is realistic if the farmer gets water from a surface system, because there are usually no volumetric

measures installed'. Thus, expected profit conditional on (Xq1,Xg; ) equals

2
n (Xo1-X2) Z[PJEmm(boJXOJ’bUXu) ZW Ex, ZWU UJ

j r>1 r=-s

Emin(cjxoj,xu) leEXUZ Zx

r>1 r' r=-s

=1
(3.5) ]
j=1

where ¢; =b,; / b;; . The interpretation of ¢; is the required amount of water per unit land (cubic meter

per hectare). If cropland area no. one is the principal cropland we have that
(3.6) X;; =min(z,,V) and x,, =min(zz,(V—Zl)+),

where X, means max(O,X) and z i =CiXoj» j=1,2. We shall call z, and z, the respective water

equivalents.

We can now prove the following result:

Proposition 1
Let M; be defined by

w,.
(3.7) My =pb;=b; Y ] :

and assume that M; > M,.. The conditional profit function 7(z;, z,) given the input of water

equivalents, (z 1,2, ) , equals

(3.8) ;z(zj,zz)zﬂ*(— —} M Emm(zl,V)+M2Emin(zz,(V—zj)+)—h121 - h,z,,

where

"If in contrast, irrigation depends on groundwater from own well it is more realistic that the farmer pays for the water he
actually uses. In this case the cost of water is the cost of operating the pump of the well. The analysis of this case is
completely similar to the case above and will not be discussed here.



w,:
(3.9) h,=b,;> .

The conditional profit function, 72'(21,22), can be expressed as

(3.10) ”(Zz:zz)=(M1 - M,)G(z;)+M,G(z;+z,)—hz, —h,z,
where
(3.11) G(z)=Emin(z,V)= ](]—F(v))dv.

0

Since in the second stage supply of water will be the limiting factor it is convenient to
express values in terms of returns per unit of water. Clearly, M; is the operating ex-post marginal
return per unit of water used, h; is ex ante investment costs, also measured per unit of water. Thus, the
first bracket in (3.8) yields the expected profit of crop one, viewed from the beginning of stage one
and the second bracket yields the same for crop two. Eq. (3.8) follows directly from (3.5) and (3.6).
Recall that it follows from the model, and it is also intuitive, that it is most profitable to first irrigate

the crop with the highest marginal profit per unit water.

Note that when the amount of water V € (V,V + dv) , v<z,, then Emin(V, z, ) =v.The
probability of this is f(v)dv. When V >z, Emin(V,z, ) =z, . The probability that this will happen is

1-F(z,). Summing up we obtain that

7 %

Emin(V,z,)= IVf(V)dV+Z1(1—F(Zl))= I(l—F(v))dv=G(Zl)

0

where G is defined in (3.11). The last equation follows from integrating by parts. Similarly we obtain

that
Emin(zz,(V—z1 )+)=Z]tfzz(v—zl)f(v)dvﬁtz2 (l—F(z1 +zz))= ' fz(l—F(V))dV=G(Zl +2,)-G(z,).

The farmer’s planning problem is to allocate land to the two crops in stage one so that
expected profit is maximized when total available land is given. That is, the problem is to maximize

n(z1, Z») given by (3.10), subject to z, >0, z, 20, and



(3.12) hiBe,
¢ &

As seen from (3.10), the function G plays a crucial role here. G(z) is the truncated mean supply of
water below the truncation threshold z. G(z) can be interpreted as the expected “capacity utilization”

given the cropland area z.
By applying definition 12.6 in Berck and Sydsater (1993) it follows readily that Tc(z1 ,zz) is
strictly concave when M, > M, . It follows that the first order conditions that correspond to the

maximization problem above are given by

aTC z ’Z = * = * * ?\,
(.13) %Z(Ml_Mz)F(Zl)"‘MzF(Zl+Z2)_h1zc__u1
1 1
and
(3.14) OMEn) g B vg)ony =y,
822 c,

where F(z)=1-F(z) and z, and z; denote the respective values at which optimum is achieved and A
and p,,1, are Lagrange multipliers. The multiplier A is positive when all available cropland is used
and zero otherwise, while p; and , are the Lagrange multipliers associated with non-negative water

usage. That is, , is positive when z, =0, and y, is positive when z, = 0. Otherwise, y, and p, are

equal to zero. The interpretation of F(Zf) and l_:(z;) is as the probability of receiving enough water

to cultivate z, and z, , respectively.

There are three special cases of interest which we shall analyze next.

Case (i): z; =0,z, >0.
For this case to be true, we see from (3.13) and (3.14) that we must have that p, 20 and p, =0, so

that

8n(z,,z2)
0z,

an(zl,zz)

3.15 <
( ) “ g 0z,

z,=0 z,=0

Thus, viewed from the planning stage (stage one), no land should be allocated to crop one if the

marginal expected profit of allocating land to crop one evaluated at zero land for crop one, is less than



or equal to the marginal expected profit of allocating land to crop two, evaluated at zero land for crop

one. From (3.14) we see that when z, =0,

>0

MF(7)-h, :Ci
2

where A >0 corresponds to the case where all the land is cultivated, i.e., z, =ac, . If le_*“(a ¢,)<h,,

then it is not optimal to use all the land and z, is in this case determined by

z,=F" [lil/l_zj )
2

*
In general, we can express z, as

Case (ii): 7, >0,7z, =0.

For this case to be true we must have that p, =0 and p, >0 in (3.13) and (3.14), and we thus get

on(z,,z,)
0z,

on(z,,z,)

3.16
(3.16) ¢ oz,

2c,

z,=0 z,=0

If marginal expected profit of allocating land to crop two, evaluated at zero land for crop two, is less

than or equal to the marginal expected profit of allocating land to crop one, evaluated at zero land for
crop two, then Z; =0.

Similarly to case (i) the land constraint (3.12) is not binding when M11_3(a [ ) —h, <0, so that

.
z, can be expressed as

10



Case (iii): z, >0,7, >0.
This case will occur if the inequalities in both (3.15) and (3.16) are reversed, in which case z, and z,

are determined by

317 Clﬁn(zl,zz)zczﬁn(zl,zz).
0z, 0z,

Eq. (3.17) states that optimal allocation of land, as viewed from stage one, follows from equating
marginal expected profit. If sufficient water is received in stage two then all land will be used and
allocation must fulfill the land constraint (3.12).

However, if

(3.18)

provided these allocations yield

Note that the conditions in (3.18) are equivalent to

M, M, >h, ~h, and >
Ml M2

The next proposition summarizes the discussion above.

Proposition 2

Assume that n=2, M, >M,, and Mj. > h‘/., j=1,2. Assume also that the interval

[0, max(ac,,ac, ):| is included in the support of F.

() If
(3.19) &, (M,F(ac,)~h,) =e,(M,~h ~(M, =, ~(M,F (ac,) - 1,) ))

11



then z, =0 and z, > 0. In particular, if (3.19) holds with sz(acz)z h, then z, =ac,. Otherwise,

if (3.19) holds with sz( acz) <h, then z,=F"' (%} <ac,.

(i) If

(3.20) ¢,(M,F(ac,)~h) 2c,(M,F(ac,)~h,)

+

then z, >0 and z, =0 . In particular, if (3.20) holds with M,F(ac,)z h,, then z, =ac,. Otherwise,

if (3.20) holds with M,F(ac1)<h1, then z, =F' {£J<ac1.

(iii) if

(3.21) ¢,(M,F(ac,)~h)<c,(M,F(ac,)~h,) <, (M, ~hy=(M, =, ~(M,F (ac,)-1,) )

then z, >0 and z,>0.

If
(3.22) P MM s h—h >0
M] MZ
and
(3.23) F =k N1 1 L F! hy i<a
M,-M, )\¢, ¢ M, )c,

then not all the land is used and

z, =F" ok >0 and z,=F" L —z,>0.
M, - M, M

When interpreting the results in Proposition 2 it is important to recall that since crop 1 has highest ex-
post marginal profit per unit water, the farmer will always supply water to this crop first. If for
example, he considers to reduce production of crop two in order to start up production of crop one, he
must take into account in the planning that crop 1 gets the necessary amount of water first (in the

second stage). Since the crops have decreasing marginal expected returns, the farmer will never

12



produce crop 1 if the marginal expected profit with respect to crop 1, evaluated at zero land use for
crop 1 and total land use for crop 2, is less that the marginal expected profit with respect to crop 2,
evaluated at zero land use for crop one and total land use for crop two. This is expressed in (3.19).
Note that due to uncertainty about water supply the marginal expected profit with respect to crop one,
expressed on the right hand side of (3.19), equals the corresponding marginal profit minus a correction
term that represents marginal expected “loss” due to the fact that crop two does not receive the “first
drop of water”. Similarly, in case (ii) the farmer will never produce crop two if the marginal expected
profit with respect to crop two, evaluated at zero land use for crop two and total land use for crop one
is less than the marginal expected profit with respect to crop one, evaluated at zero land use for crop
two and total land use for crop one. In the in-between cases the farmer will produce both crops. Case

(ii1) summarizes the situation when it is optimal to produce both crops. Unfortunately, a closed form
expression for z, and z, in case (iii) can in general not be found.

The allocation of land depends on the uncertainty related to distribution function, F, and the
relation between ex-post profit and investments costs for the crops. Case (i) of Proposition 2 illustrates

that even if ex-post marginal profit per unit water is lowest for crop two, i.e. M, —=h, >M, —h,, the

farmer can still choose only to produce crop two. This can be the case when crop two is the most
“water intensive” crop, i.e., ¢y/c is sufficiently high and the land constraint is effective (supply of
water is high). This result is consistent with part (ii) of Proposition 3 (perfect certainty), stated below.
The planting costs affect the risk of producing the respective crops. For example, in case (i) not all

land will be used if h; is so high that the probability of receiving enough water is less than h, /M, ,

ie.,

= h
P(V>acz)=F(acz)<W2

2

In case (ii) the same situation occurs if

P(V>ac1):F(ac1)<%.

1

In case (iii) the situation is a bit more complicated. Consider now

ﬁ_l ﬁ and ﬁ_l &
M1 - Mz Mz

as a function of h, —h, and h,, respectively. Since these functions are decreasing in h, —h, and h,,

respectively, it will be the case that the inequality in (3.23) will be true for sufficiently high h, —h,

13



and h, when c, <c,. Thus, there is increasing risk when h, increases and h; increases faster than hs.
However, when c, >c, the left hand side of (3.23) is decreasing in h, and increasing in h, —h, . Thus,

in this case there is increasing risk when h, increases and h; does not increase as fast as h,. In this case
crop one is the most profitable if sufficient water is supplied. Thus, even a risk neutral farmer may
grow both crops when uncertainty about water supply is high.

The next result concerns the special case in which the farmer is assumed to have perfect

certainty. Note that only part (ii) of Proposition 3 stated below is a special case of Proposition 2.

Proposition 3

Assume that n=2, M, > M, and M ;> h i j=1,2. Assume furthermore that the farmer

knows the supply of water with perfect certainty.

(i) If V<min(ac,,acz) and Mj—hj<Mk—hk,j;tk,j,k:I,Z,

then z;=0 and z, =V .

(ii) If V2max(ac;,ac,) and c;(M;—h;)<c,(M,—=h,), j#=k jk=12,

* *
then z;=0 and z; =ac,.

(iii) If acj<V<ack and Mj—hj<Mk—hk,j¢k,j,k:],2,

then z;=0 and z, =V .

(iv) If acj<V<ack and cj(Mj—hj)>ck(Mk—hk),j?&k,j,kzl,Z,

* *
then z,=ac; and z, =0.

) If acj<V<ack, cj(Mj—hj)>ck(Mk—hk) and ¢; <<y, j#k,j k=12,

* *
then z;=ac; and z; =V —ac;.

The result in (i) of Proposition 3 states that when the land constraint is not binding the farmer

will only produce the crop with the highest marginal profit per unit water. In case (ii) the profit from

producing crop j only is ac; (M i—h j) . Thus, it will be most profitable to produce solely crop j if crop

14



j has the highest marginal profit per unit land. Case (iii) is similar to case (i) and case (iv) is similar to
case (ii). In case (v) we realize that the conditions imply that the low water intensive crop has the
highest marginal profit per unit water. Thus, both crops will be produced when the following
conditions are fulfilled: The low water intensive crop has highest marginal profit per unit water,
supply of water is higher than the requirement to grow this crop on the entire farm, and marginal profit

per unit land from the high water intensive crop is higher than for the low water intensive crop.

4. The general case with more than two feasible crops

With the same notation as above we get in this case that

n-1 n
(4.1) m(z)=MEmin(z,V)+M,Emin(z,,(V-z, )+)+...+MnEmin[zn,{V— zj} J—Z hiz;.
+ i=
where z=(z,2,,...,z, ) ,and z; =X,;c;. Similarly to the analysis above we obtain

n(z) =(M1 —MZ)G(ZI)+(M2 —M3)G(Z1 +ZZ)

n-1 n n
+...+(Mn1—Mn)G( Zj]+MnG( ZJ}—Z hz,
=1 j=1 =1

= =

4.2)

with budget constraint
Z.
4.3) —1<a.
C.

Now assume that M, >M, >...> 0. The conditional profit function is strictly concave in this case and

the first order conditions are given by

— — . (. . 7\‘
(4.4) (M, _Mz)F(Z1)+(M2 —M3)F(z1 +z2)+...+MnF(2 zj]=h1 =,
i=1 1
(4.5) (MZ—M3)§<Z;+Z;)+...+MH§( Zj]:hz-}-A_uz’
j=1 )
(4.6) (M, —M4)?(ZT +2, +z;)+...+Mnf[z zj] =h, +£_H3,
=1 C3

15



., etc., and

l’l

4.7 M F[szJ h, +——un

where A is the Lagrange multiplier associated with the constraint (4.3) and y; is positive when z;f =0,

and zero otherwise.
It is possible to derive similar results as in Proposition 2 from the first order conditions (4.4)

and (4.7). We shall, however, leave this for another occasion.

5. Allowing for bounded rationality

The modeling approach discussed above is based on the assumption that the farmer is able to evaluate
perfectly the expected profit conditional on a given allocation of land to each crop. However, many
studies as well as laboratory experiments seem to indicate that people are boundedly rational in the
sense that when a decision-maker faces replications of the same choice experiment, he may make
different choices in different replications. In our case it seems reasonable that there may be a
considerable degree of bounded rationality. The reason for this is that the farmer does not have a

precise knowledge of the distribution of the supply of water. Even if he did, he may not be able to

solve the type of optimization problem we have discussed above (given F, {M j} , {h j} and {c j} ). As

we shall discuss in the next section our particular approach to bounded rationality leads to a practical
maximum likelihood method that can conveniently be applied to a sample of micro data.

Consider for simplicity the model with 2 possible crops. Let

(5.1) U(z,,2,)=7(2,,2,) +¢(2,2, )

where 7(z,,z,) is given by (3.10) and &(z,,z,) is a stochastic error term (taste-shifter), and assume

now that the farmer maximizes U(z,,z,) rather than maximizing n(z,,z,) (subject to the land

constraint (3.12)). As mentioned above, one important contribution to the error term stem from the

farmer’s inability to assess the correct objective distribution of the water supply. Specifically, let Gi(z)

denote the subjective function farmer i applies instead of the objective function, G(z) = Emin(z, V) .

In general, Gi(z) may differ from G(z). Thus the error term ¢(z,,z,) may be interpreted as

s(zl,zz) =(M, —Mz)(Gi (z,)—G(zl))+M2 (Gi (z1 +22)—G(z] +Zz))+n(Zl,Z2)

16



where the first two terms are due to possible deviation of the subjective functions {Gi} (based on the

distribution of water supply) from the objective G function and the term n(z1 ,22) is due to

optimization error. For farmer i one may have, as a special case, that the two first terms do not vary
from one “experiment” to another, that is from one year to another. In this special case the two first

terms represent in fact “pure” unobserved heterogeneity. We assume that the farmer is perfectly

certain about the values {M j} , which he uses to determine the priority rank ordering of the crops with

respect to the distribution of water. Let d be the lowest level of land use observed in the data. In
addition, we shall also assume that the farmer is boundedly rational in the sense that he does not

consider all possible allocation combinations within the set Q given by

(5.2) QE{(ZI,Zz)IdSﬁ-FZ—ZSa,ZIZO,Zzzo},

¢ &

but rather considers only a subset Q of Q. The subset Q is random in the sense that its points are

generated by a probability mechanism. This probability mechanism is such that the points in Q are
dispersed randomly. The intuition is that the subset of alternatives the agent actually takes into
consideration may vary across identical choice experiments due to psychological processes that are not

fully understood—or can be controlled by him. This type of approach has been investigated by

Dagsvik (1994). We shall now outline the version of Dagsvik’s approach. Let {ik k= 1,2,...} =0 , be

an enumeration of the points in Q, where 2k = (Zlk, sz) . For simplicity write €, = S(Zk) . One

convenient way of representing random sets consisting of independently scattered points is to apply

the formalism of the multidimensional Poisson process. We shall therefore assume that the points

{(2k J€y ), k= 1,2,...} are distributed according to a nonhomogeneous Poisson process on QxR with
intensity 1(z)0(g), where u(z) and 6(z) are positive functions defined on Q and R, respectively. This
means that the points {(Zk J€y ), k=1, 2,...} are independently scattered across 2x R, and that the
“coordinates” {Zk} and {ék} are independent. The intensity representation given above means that

the probability that there is a point (Zk ,ék) of the process for which ik € (z,z + dz) and

€, € (s, e+ ds) equals w(z)0(e)dzde . Moreover, the probability that more than one point of the

process lies within (z,z + dz) X (8,8 + ds) is negligible. To gain more insight in the properties of the

17



multidimensional (inhomogeneous) Poisson process, let C be a subset of QxR and N(C) the number

of Poisson points located within C. Then the expected number of points within C equals
(5.3) EN(C) = j n(z)0(e)dz de ,
C

and the probability that there are exactly n points within C is Poisson distributed with parameter

EN(C), that is, it is given by

EN(C))'
(5.4 P(N(C):n):exp(—EN(C))—( (' ) .
Recall that in our context the probability mechanism is meant to account for the heterogeneity in
behavior across farmers, and also for one farmer across seemingly identical “choice experiments”. For
example, if we focus on fluctuations in behavior of one farmer due to bounded rationality, the
“empirical” counterpart to the probability density in (5.4) is the fraction of times, in a large number of

replications of a choice experiment, the farmers pick n points within C, where each point consists of a
combination of a potential allocation (Zk) and the associated taste-shifters, (ék ) . If population

heterogeneity has been properly controlled for, heterogeneity across farmers will be indistinguishable
from heterogeneity across time for a given farmer.
Assume furthermore that the farmers behavior satisfies the /ndependence from Irrelevant

Alternatives assumption (IIA). We can express this formally as follows. Let A < Q2. Then

(5.5) P(U(ZJ):meU(ik)

maxU(ik)=mkaX‘3(ik)j =P(U(2j) =maxU(zk ))

Z eA Z eA

for Zi € A . The condition stated in (5.5) means the following: The left hand side expresses the
probability that y/ i 1s the preferred allocation within Q, given that the preferred allocation lies within

the subset A Q. The right hand side of (5.5) states the probability that Zj is the preferred allocation

within the subset A.

Let @(z) be the probability density of the farmer’s chosen allocation in Q. That is, ¢(z)dz is

the probability that the chosen allocation lies within (z,z +dz) .
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Theorem 1
Suppose the choice setting of the farmer can be represented as described above and that 114

holds. Then

exp(er(2)u(z)
jexp(rﬂ(u)),u(u)du

Q

(5.6) o(z)=

The proof of Theorem 1 is given in Dagsvik (1994), Section 4.

The empirical counterpart to @(z)dz is the fraction of farmers in the sample with chosen

allocation within the interval (z,z + dz) . The parameter 7 is positive and 1/1 represents the degree of
dispersion of the error term &(z). In our application it is reasonable to assume that the points {Zk} are
evenly distributed in Q. This means that the distribution pi(z) is uniform. In this case (5.6) reduces to

exp(tn(z))
exp(tn(u))du '

(5.7 9(z) = J-

Q

The analysis carried out above is completely analogous in the case with more than two

products.

Above we have treated the alternative allocations within O symmetrically. A possible
extension would be to allow the error terms to have different correlation patterns in different subsets of

Q as follows:

A, ={z:(0<z <ca,z,=0)U(z,=0,0<z,<ac,)}

z, z

— . 2 _

A,=3z:—+—=2a,7,>0,2,>0
Cl cZ

z, z
Aj=2z:"+2<a,72,>0,2,>0
cl CZ

A plausible hypothesis may be that the correlation between the error terms for alternatives within Ay is

different from the corresponding correlation for alternatives within A, j#k, j,k {1,2,3} . This can be
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accounted for by applying a nested logit formulation. We shall, however, not discuss this extension

further in this paper.

6. Estimation

The theoretical model developed in Section 4 is deterministic in the sense that it is silent about
individual unobserved heterogeneity and variations from one year to the next for each farmer. A
conventional estimation strategy would for example be to specify how the distribution of water supply
vary across farmers and to use the first order conditions to derive the estimation procedure. In general,
this will be a rather cumbersome and complicated strategy. In contrast, the estimation procedure based
on the random utility model of Section 5 leads to a relative simple estimation procedure.

We shall now discuss how the framework developed in Section 5 can be applied for
estimating the unknown parameters. As above we consider the case with only two possible crops, but
the general case is completely analogous. The unknown parameters are the parameters associated with
the (subjective) distribution of the supply of water. As in the previous section we shall assume that the
distribution of V/a is independent of the area a. However, more general regimes may easily be
handled. In practice, data on the supply of water is usually not available. If so, one cannot, a priori,

obtain estimates of by; directly from observed quantities. We assume, however, that the farmer knows

{M j} and {h j} . He uses the information about {M j} to assess the rank ordering of the crops with

respect to allocation of water. Note next that we can write

(6.1) ‘ET[(ZI,ZZ) =m, [%G(zl)—s—'zl]+m2&(G(zl +22)—G(z1))_ h,z,

2
11 11 b12 b12

where m, = 1b;; and m, =1b,, . Since by; cancels in Mj/blj and in hj/blj it follows that the right

hand side is known to the researcher apart from m; and m, and the parameters of G (which are the
parameters of F). The unknown parameters to be estimated are thus m;, m, and the parameters of F.

In principle, it is now straight forward to apply the density (5.7) in a maximum likelihood
estimation procedure. However, the computation of the denominator in (5.7) involves calculations of
multiple integrals. Fortunately, this problem is easily dealt with. McFadden (1984) has demonstrated
that one can consistently estimate the choice probability densities by replacing the “choice set” Q by a
finite and small subset of QQ which may vary across farmers. The points in this subset can for example
be drawn randomly with equal probabilities. In addition, the chosen subset must contain the observed
choice (for each farmer). This implies that the multiple integral in (5.7) is replaced by a simple finite

sum with a relatively small number of terms.
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Ex post, when the crops have been sold, it may be possible to estimate T because observed

profit, 7, satisfies

11 12

(6.2) Ef= E[ml &(min(ZT,V)) +m, %min(z’;,(v -7). )}

where E denotes the empirical mean taken across the sample (or subsamples). When m; and m, have
been estimated then one can estimate t from (6.2). Subsequently, one can estimate b;; and by, from the

estimates of m,/t and m, /<.

7. Conclusion

This paper discusses the modeling of multicrop agricultural production when the farmer is constrained
with respect to land and is uncertain about his supply of water. We have assumed that the farmer is
risk neutral and maximizes expected profit and that the production technology is Leontief with
nonjointness production. From the model we have derived a characterization of the farmer's decision
rule with respect to allocation of land to the respective crops. Since the crops require different
irrigation supply per hectare, the uncertainty about water supply and the investment costs play an
important role in the farmer’s allocation decision. For example, it is interesting to note that a risk
neutral farmer may go from single to multi-crop allocation when uncertainty about water supply
increases.

In this paper we have also considered a particular approach to bounded rationality in the
sense that the farmer is allowed to make optimization error. This leads to a stochastic decision rule,
which we have characterized. The motivation for the bounded rationality approach is that it seems
more realistic than the perfect rational setting and it will also simplify empirical analysis and
estimation.

Finally, we have discussed how the model can be estimated when micro-data are available.
Specifically, we have demonstrated how the bounded rationality approach simplifies the estimation
procedure drastically.

The modeling framework presented here seems convenient for analyzing effects of various
agricultural policies on distribution of income and agricultural production. In particular it can be used

to study and compare effects of various water reforms such as redistribution policies or water pricing.
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Appendix

The presence of seasonal specific crops

So far we have ignored the fact that farm production is heavily influenced by variations in weather
conditions. We shall now modify the framework above to account for the fact that some crops, such as
sugar, needs two seasons of cultivation before it can be harvested, while other crops can be harvested
after one season of cultivation. Typically, sugar needs a whole year of cultivation, but since during the
monsoon period irrigation is normally not required’, we only assume a setting with two seasons.

Here we shall only consider the case where n =3 and that “sugar” is the only crop that needs
all seasons to ripen. Assume also that “sugar” is indexed as crop no. 3 and that min (M] ,Mz) >M;.

This is not necessarily the case. Here it is understood that prices and production technology remains
constant through the year. We assume furthermore that there are only two seasons, in which crop 1 is

grown only in the first season and crop 2 is cultivated only in the second season. Thus

n(z,,2,,2;)=M,Emin(z,V,)—hz, —h,z, — 2h;z,

(A.1)
+M,Emin(z,,V,)+M;Emin(2z,,(V, + V, -7, - 2,), )
where
Z; = CXy;

and
(A.2) L DY

¢ G
must hold in the first season, while
(A3) LR P

C; G

must hold in the second season. Here V; is the total amount of water available in season j, j=1,2. We
assume here that z;, 7, and z; are all determined at the beginning of the year. Hence, in this setup, there
are no possibilities for the farmer to adjust the allocation of land to the second crop in the second

season. From (A.1) we get that

2 In the monsoon period the problem is one with too much water supply.
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(A4)
m(2,,2,,25) =M,G, (2, ) + M, G, (2, ) + MG, (225 + 2, + 2, ) — MGy, (2, + 2, ) —hz, —h,z, —2h,z,

where
(A.S5) Gi(2)= ZJ'E (v)dv,
0
(A.6) G,(2)= ]R(v) dv= ]E(v)Fz (z—v)dv,

Fix(v)is the c.d.f. of V| +V, and Fj(v) is the c.d.f. of V;, j=1,2.

The corresponding first order conditions are given by

— ¥ — _ }\’
(A7) MR (Z1)+M3(FlZ (22, +2 +2,)-F, (2 +Z2))=h1 +C_1_H1
1
— ., _ _ x,
(A-8) M,F, (22 ) +M; (F12 (225 +2,+2,) =, (7 +2, )) =h, +—=—-n,
2
and
(A9) 2M, l_:12 (223 +z,+ 22) =2h, + Mty — 1,

3

where A, A,, W, 1> and ps are the Lagrange multipliers; A; is positive when

* *
Z; z
_J+_3:a’

c; G

and zero otherwise, j=1,2, and y is positive when z; =0, and zero otherwise, k=1,2,3.
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