




SEED-FERTILIZER ADOPTION DECISIONS

TABLE 1
Selected HYV Adoption Characteristics in Malawi, 1989-90

355

Agroeconomic stratum"

Blantyre Kasungu Mzuzu
All

strata

Adoption of seed
Percent of farmers growing local maize 97 99 97
Percent of farmers growing hybrid maize 14* 33 38

Maize area allocation by farmers growing hybrid maize
Mean percent of farm maize area planted to hybrid maize 30* 35 42

Adoption of fertilizer
Percent of local growers applying 44* 52 58
Percent of hybrid growers applying 71* 97 97

Application rate of fertilizer users
Mean kg N/ha, local maize 48* 37 37
Mean kg N/ha. hybrid maize 64· 86* 111*

98
27

34

50
87

41
82

..

Source: Data from Maize Variety and Technology Adoption Survey, CIMMYTIMOA, 1989-91
" Strata correspond to higher potential maize-producing zones in the Blantyre, Mzuzu. and Kasungu agricultural
development divisions. Strata n = 140. Total N = 420.
* Statistically significant differences between strata (5010), pairwise chi-square or I-tests.

modal application rates around 30 kg N/ha, just under the recommended level of 40 kg
N/ha.

In any production period, the data therefore confirm that a Malawian farmer's HYV
adoption decision is composed of several interrelated, simultaneous choices. The choices
can be defined as follows. The discrete adoption choice consists of a decision to use
fertilizer, hybrid seed, hybrid seed and fertilizer, or neither. The land allocation choice
consists of the number of hectares to plant in either fertilized or unfertilized local maize
and the number of hectares to plant in fertilized or unfertilized hybrid maize (extent of
adoption). The intensity choice is the fertilizer application rate per hectare, for either
local or hybrid maize, or both. The decisions are interrelated through credit or expenditure
constraints or fixity of land for the individual farmer in the short term, if not through
the portfolio behavior that results from certain attitudes toward risk.

A theoretical model that adequately represents farmer adoption behavior in Malawi
should reflect several key empirical findings. First, even when Malawian farmers adopt
hybrid maize, they devote a large portion of their maize area to local maize. Second,
when they adopt hybrid maize seed, they usually, but do not always, adopt fertilizer.
Third, farmers often adopt fertilizer without adopting hybrid seed. Fourth, on both
hybrid and local maize plots, although modal application rates approach recommended
levels, the application rates that farmers find to be optimal under their conditions vary
among them.

Factors Influencing HYV Adoption in Malawi
For the development of the theoretical model, analysis of descriptive statistics and

other qualitative information suggests plausible hypotheses about factors that explain
the adoption patterns observed in Malawi [12]. The most obvious hypotheses, and the
most frequently cited in development literature, are that expenditure (credit) and land
(farm size) constraints affect adoption decisions. Per hectare hybrid seed and fertilizer
costs tend to be high relative to average annual cash earnings from farm or nonfarm
income. The attractiveness of formal credit arrangements and borrowing opportunities
tends to vary among localities, depending on whether alternative cash crops can be pro
duced, credit clubs are operational, or off-farm employment opportunities exist. In more
isolated areas where input market outlets are few or have been recently closed, obtaining
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inputs without the special delivery mechanisms that are provided to club members may be
prohibitively expensive. For the individual farmer, input fixity caused by credit rationing,
supply and distributional problems, or expenditure constraints may mean that joint pro
duction of both varieties is more profitable than specialization in one or the other variety.

Land holdings are generally small, but are smaller in the Blantyre area than in other
survey zones. In most adoption settings, researchers have observed that farm size is related
to a cluster of socioeconomic factors that influence adoption, including wealth, social
status, qualification for credit, and related extension benefits. While these relationships
probably also hold in Malawi, the more critical relationship is what farm size implies
about meeting starchy staple requirements. In the study zones, maize occupies 800/0 to
90% of the average household's total cultivated area, and except in parts of the Mzuzu
survey zone, total cultivated area is total available land area. Maize area, total cultivated
area, and farm size are nearly equivalent variables. The overriding need to ensure subsis
tence requirements from a single crop (maize), combined with thin markets and the strong
revealed preference for local maize in consumption, imply that for a given household
size and composition, farm size determines whether or not land can be released for
production of hybrid maize or alternative crops.3

Hybrid maize is typically produced for sale. If hybrid maize were more profitable
for all farmers in all seasons, surplus local maize producers who are convinced of its
superiority and have plenty of cash would grow it. The data do not suggest that hybrid
maize technology is always more profitable. Yield distributions indicate that hybrid maize
yields stochastically dominate fertilized and unfertilized local maizeyields in the first-order
sense, but even when conventional costs and pricing assumptions are used to value re
turns,4 the results with respect to riskiness of net returns are inconclusive. The shape and
position of the cumulative net returns distributions indicate that farmers may reduce
overall economic risk by planting a varietal portfolio and that those who are motivated
by disaster avoidance may choose a lower land allocation to hybrid maize [12].

A final hypothesis is that learning behavior or experimentation may explain partial
land allocation to new technology. Both recommended and observed practices for cultivat
ing hybrid maize, as well as the fertilizer response with hybrid seed, are distinct from
those associated with local maize cultivation. Extension messages tend to be simple and
uniform, and farmers cannot be certain how the recommended technology will perform
on their own fields. Although a range of hybrid varieties has been developed to suit
various farming conditions, most farmers are not yet aware of differences in traits among
varieties.

Economic Model
The model depicts how a Malawian small farmer may choose to allocate maize area

between a local, flinty variety that is preferred for home consumption, but may be sold
in seasons of surplus production, and a higher-yielding hybrid variety that is consumed
primarily in times of duress and is usually sold.

3 The consumption preference for local maize is based primarily on its processing and storage quality, which
reflect the flintiness of the varieties. Historically, the maize known as "local" or "maize of the ancestors" has
had a higher proportion of hard starch than is found in the denty hybrids that have been introduced in the past.
Compared to denty hybrids, farmer varieties are more efficiently processed into the fine white flour used to
prepare the preferred type of porridge, and their hard grain is more resistant to weevil attack in storage.

4 In other words, no premiums are added to the nominal value of local maize to reflect preferences, superior
processing efficiency, and performance in village storage conditions relative to denty hybrids.
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Although the farmer may be either risk neutral or risk averse, the yields of both
the local variety (x) and the hybrid variety (y) are stochastic. The farmer has grown
local maize, with or without fertilizer, for many seasons, and is familiar with its yield
distributions. He or she is less familiar with hybrid seed and fertilizer technology. By
planting hybrid maize in any period, the farmer has the potential to gain information
about fertilized hybrid maize yields that is valuable in future periods. The farmer chooses
land allocations to both varieties (Lx, L y) and levels of fertilizer application (zx, Zy) that
maximize the expected utility of net income and information, given a constraint on total
maize area (L) and a cash/credit constraint (W) on production expenditures.

Net income (ft = n - p) is the value of net returns from maize production (n) less
a penalty (p) associated with falling below local maize subsistence requirements. The
penalty function assigns positive penalties (hidden costs) to combinations of choice and
output that are "disastrous." The penalty is also stochastic, since it is a function of the
ratio of local maize output [X = x(zx)Lx] to household requirements (X). The penalty
function is positive only when the household falls short of requirements (X <XC) and is
convex in (X/X), Lx, and Zx. When the household harvests more than its requirements,
the value of the penalty function is zero. The function is convex because, for any family,
the greater the shortfall, the greater the marginal cost of the strategy to be undertaken,
or the more severe the reorganization of household resources that will be required to
close the deficit. 5

The farmer also gains information about the fertilized hybrid yield distribution by
planting at least some area in fertilized hybrid maize and updating his or her information
set I, = [L,-i,y; i = 1, ... , 00]. The expected utility function is conditional on I, (E, =
E([U(' )]11,]), and expected future marginal utility is greater in any period whenever the
farmer chooses to grow hybrid maize in the current period.

Output prices are nominal observed market prices. Both output prices and fertilizer
prices are assumed to be known with certainty, because they are regulated and announced
before planting by the official market agency.

In summary, the farmer plans land allocation and fertilizer input decisions d, =

[Ltj, ztj;j = x,y] at the beginning of each season (t) with subjective beliefs about stochastic
returns at harvest time, the potential to gain information from allocating land to hybrid
maize, and a penalty function that maps land allocation decisions associated with shortfall
outcomes in local maize as an additional, stochastic cost:

Max

do, ... ,dT

T

~rl-IEIU[ft(dl)] :

1-\

~Llj :5 L , ; BCj(d,) :5 W,
j j

The problem is solved by backward induction. Viewed from any single period, the
decision d, satisfies

, The convexity of the penalty function is a critical mathematical assumption of the model, but is also
intended to express an observable, although not necessarily a very measurable, empirical reality. An extensive
sociological and anthropological literature describes household strategies for coping with food insecurity. The
degree of food insecurity ranges from the recurrent and predictable food deficits faced by households in the
hungry season to more extreme famine conditions. The convexity of the penalty function crudely reflects the
observation that responses to food shortages evolve in stages that become increasingly detrimental to the human
capital and resource potential of the household. In other words, the greater the shortfall for any household,
the higher the real cost of obtaining an additional bag of maize.



358 M. SMALE AND P.W. HEISEY

T
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In any production period, the farmer gains utility both from current net income and the
discounted future flow of information that results from current adoption decisions.

Various combinations of plausible assumptions can generate interior solutions to
the problem in any period. For example, a farmer who is risk averse in the Von-Neumann
Morgenstern sense has a utility function that is continuous and concave in net income
and information, although net income is a discontinuous function of choice variables,
yield, and penalty function parameters. Even when information has no value (utility is
not conditional on information) and no penalties are incurred with local maize production
shortfall (p has a value of zero), farmer risk aversion can predict an interior solution.
The extent to which land is allocated to hybrid maize then depends on the stochastic
structure of the two technologies and risk attitudes of the farmer.

Alternatively, when (a) information and (b) penalties are valueless, (c) the farmer
is risk neutral in the Von-Neumann Morgenstern sense, and (d) net returns per hectare
are constant, the farmer will plant only the variety with the highest returns per hectare
when any or all constraints are binding. In this rather unrealistic case, introducing either
a convex penalty function or a concave information function can generate an interior
solution.

A concave yield response function with net returns per hectare that are constant with
respect to hectares sown seems a more realistic assumption for the production technology.
When the farmer is risk neutral but unaffected by penalties or learning, an interior solution
is possible when fertilizer is fixed because of rationing or credit constraints, and net
returns functions cross. With the classical production technology of declining marginal
products for both inputs, even when the farmer is risk neutral, an interior solution may
hold when neither the penalty nor information matters.

Econometric Model

SIMULTANEOUS ESTIMAnON PROCEDURE

When rewritten from the general theoretical model with simple forms imposed for
the utility, penalty, yield response, and learning functions, the first-order conditions for a
single time period lead to a simultaneous system ofinput choice and expenditure constraint
equations. Each land allocation or fertilizer intensity equation has a censored dependent
variable whose value is positive, or zero in a large number of cases. With simultaneous
censored systems, maximum likelihood methods are conceptually possible but compli
cated [11,13]. As a feasible approach, Lee [14], Maddala and Lee [15], Nelson and Olson
[16], and Amemiya [17] have proposed two-stage estimation procedures. For brevity,
the general approach derived from the Nelson-Olson-Maddala-Lee propositions will be
termed NOML. Although Amemiya's GLS estimator is more efficient than the NOML
OLS estimator, the NOML approach has been used in this application because of compu
tational advantages associated with interpreting regression statistics and calculating pre
dictions.6

6 Amemiya (17] has proposed OLS and GLS alternatives to the NOML estimator and has shown that although
the NOML. OLS. and GLS estimators are consistent and asymptotically normal, his GLS estimator has a smaller
variance-covariance matrix in the case of one censored and one continuous variable. If the structural parameters
are estimated with OLS, the relative efficiency of NOML and Amemiya estimators is indeterminate. More gener
ally, Lee (13] then demonstrated that Amemiya's GLS estimator is asymptotically more efficient when the depen-
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In either approach, the only visible difference between the censored and any
noncensored estimation procedure (such as two-stage least squares) is that tobit is used
in the first stage to obtain the components of the matrix of reduced form coefficients by
regressing each endogenous variable on all of the predetermined variables, equation by
equation. In the second stage of the NOML procedure, the structural parameters are
estimated by regressing each LHS endogenous variable defined by the structural system
on only the relevant predetermined variables and on the fitted values of the relevant RHS
endogenous variables, created after the first-stage estimation.

By definition, the maize area constraint in the theoretical model holds and can be
used to reduce the number of first-order conditions to be estimated. The first-order condi
tions can then be rewritten to express the (a) land area planted in hybrid maize, (b) the
fertilizer application rate for hybrid maize, and (c) the fertilizer application rate for local
maize as general functions of input and output prices, the expenditure constraint, and
parameters and arguments of the utility and penalty functions. With some algebraic
simplification, the equations can be written as:

Ly =fi('TCy - 7tx, a;/ai, XIL, W, k)
Zy =f2(clpy, a;/ai, XIL, W, k)

Zx =!J(clpx, a;/ai, XIL, W, Ly)

where the identity

holds. Empirical measures of the variables are defined in Table 2.
If a mean-variance utility function is assumed, the utility function can be expressed

in terms of farmers' yield expectations and perceptions of yield variance. The difference
in expected per hectare profits (7ty - 7tx) was computed from farmers' subjective yield
distributions for hybrid and local maize. The ratio of perceived coefficients of yield
variation (aYI.lxlaxf.1y), also computed from subjective distributions, was used in estimation
instead of the ratio of yield variances (a;/ai) because it is more easily interpreted as a
measure of relative yield risk. The underlying subjective distributions from which the
measures were computed were elicited as triangular distributions in a series of questions
about the minimum, maximum, and modal outputs farmers would expect to obtain from
a given plot, by technology. Estimated outputs in terms of bags, oxcarts, or storage bins
were then converted to kg-equivalent and divided by the measured plot areas to obtain
farmers' yield estimates.

The subsistence ratio (XIL) in the estimating equations represents the exogenous
component of the argument of the penalty function with the maize area constraint substi
tuted. The subsistence ratio was computed from measured farm areas and minimum
annual maize subsistence requirements per household member, by age group. Estimates
elicited from household heads were compared to those derived from government of Ma
lawi nutritional standards and produced similar means and distributions for the variable.
The parameter (y) is represented by variable composed from farmers' responses to ques
tions about the strategies they would pursue first when they realized the maize harvest

dent variable has probit, censored, or tobit structure. There are, however, at least two distinct econometric
disadvantages to using the Amemiya procedure. First, the second-stage regression in Amemiya's procedure
introduces heteroskedasticity. The second disadvantage is that the actual number of observations in the system
estimated in the second stage of the Amemiya method can be very small and the number of degrees of freedom
is equal to the number of exogenous variables in the system.
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Predetermining variables
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C
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TABLE 2
Measured Variables

Land area planted to hybrid maize (ha)
Fertilizer application rate, hybrid maize (kg N/ha)
Fertilizer application rate, local maize (kg N/ha)
Difference in expected per hectare profits between hybrid and local maize (MK/ha),

(pyJ1y - ny - cZy) - (PxJ1x - nx - cZx)

Ratio of coefficients of yield variation computed from farmers' subjective yield distri
butions for hybrid and local maize

Ratio of estimated family subsistence requirements to total maize area (kg/ha)
Index of strategy used by family when faced with local maize deficit, ranging from

least to most severe
Value of maize stocks before planting, net returns from nonmaize crops and livestock,

off-farm income and remittances
Credit club membership dummy: I yes, 0 no
Agroeconomic stratum dummy: I Blantyre, 0 Mzuzu or Kasungu
Agroeconomic stratum dummy: I Mzuzu, 0 Blantyre or Kasungu
Total number of previous years the farmer has grown hybrids
Farmers' estimate of price at harvest, hybrid maize (MK/kg)
Farmers' estimate of price at harvest, local maize (MK/kg)
Expected yield of fertilized hybrid maize, computed from farmer's subjective yield

distributions (kg/ha)
Expected yield of local maize, computed from farmers' subjective yield

distributions (kg/ha)
Nonfertilizer production costs/ha, hybrid maize (MK)
Nonfertilizer production costs/ha, local maize (MK)
Price of N (MK/kg N)

would not be sufficient to feed the household for a year. Values were assigned to response
categories based on literature about the evolution of household coping strategies in sea
sonal hunger periods.7

Cash and credit constraints are represented by two variables because of how inputs
are distributed in Malawi. The expenditure constraint (W) was measured as annual cash
and value of in-kind income from nonmaize farm production, off-farm labor, and remit
tances. Whether the farmer belongs to a credit club influences the probability of growing
hybrid maize and applying fertilizer to hybrid maize, and because of the lumpiness of
the package diffusion method, the average area sown in hybrid maize and average rate
of fertilizer applied. Club membership (represented by a dummy variable, Dl) not only
relieves the farmer of the need for cash outlays at the commencement of the season, but
in Malawi, ensures that inputs are delivered to the farmer free of transport charges.

With a single period of cross-section data, gaining information through on-farm
experience can be expressed through a variable measuring the total number of (previous)
years the farmer has grown hybrid maize (k). Representing experience in this fashion is
consistent with a simple Polya process in the Heckman model [18], in which occupying
the "adoption state" in a previous time period influences the probability of occupying
that state in a later period.

7 A review of some of this literature, found in Corbett [19] was used as a guide.
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TABLE 3
Expected EtredJ of ExplaDatory Vuiables on Choice Variables

Choice variable
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Explanatory variable

11,-11_

0,11..10_11,
XIL
W
Dl
D2
D3
k
clp,
clp_
L,

L,

+

+
+
±
±
±

+
+
±
±
±

+
+
+
+
±
±

+

Probabilities of adoption, allocation, and intensity decisions are also likely to be
affected by agroeconomic zone. Dummy variables for agroeconomic stratum (m, D3)
have been included in the three regression equations.

The nitrogen-maize price ratio is embedded in the first-order conditions through the
yield response function. With controlled prices, the limited variability that exists in the
price variables (c/py, c/p", 1ty - 1t,,) reflects the extent of farmer involvement in informal
markets and private trading and differences in fertilizer type. Although the Malawi govern
ment has encouraged liberalization of markets in recent years, capturing price variations
and the price premiums attached to local maize through cross-section farmer responses
was difficult, especially in a clustered sampling procedure.

The envelope theorem implies that the relationships expressed in the first-order equa
tions must also hold at the economic optimum, where RHS endogenous variables can
be expressed as function of all exogenous variables in the system. Applying any two-stage
estimation procedure to this set of equations is in that sense similar to estimating algebraic
reduced forms with the assumption of linearity imposed.

Imposing linearity in a nonlinear system can result in biased estimators or unpalat
able, hidden assumptions about the structure of the underlying optimization problem.
If the dependent variables were noncensored, the system could be estimated nonlinearly,
reflecting any appropriate mathematical structure assumed for the functional forms of
the utility, penalty, learning, and yield response functions of the model. However, the
combined characteristics of censored endogenous variables, simultaneity, and nonlinear
relationships among variables and parameters create the conflict in this econometric appli
cation between model (mathematical structure, parameters, and associated assumptions)
testing and estimation of effects of policy (signs and significance) variables. In order to
estimate a nonlinear, simultaneous system of censored endogenous variables with existing
econometric procedures, either linearity or a set of strong mathematical assumptions that
generate a linear system in the structural equations must be imposed. Whether, for the
purposes of this exposition, imposing linearity or the alternative set of mathematical
assumptions is less desirable is unclear.8

COMPARISON OF SIMULTANEOUS AND SINGLE-EQUATION REGRESSION MODELS
The expected directions of the effects of the explanatory variables in each structural

equation of the simultaneous model are shown in Table 3. The second-stage regression

• An example of the more formal mathematical approach is found in Smale [201. but results were unsatisfac
tory.
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TABLE"
RegressloD Results for SlmultllDeoas Tobit, RecuniYe, aad IadepeDdeDt EstImatiOD ProcedDres

Procedure and choice variable

Simultaneous Recursive Independent

Explanatory variable L, z, z. L, z. z.

Constant -.0899 - .744' 37.3' -.0844 11.9 14.1
Jt,.-K... -.000197 - .000192
a,ll.!a,dl., - .067S· -24.1·· -4.09 - .0673· - 8.89·· -9.49
X/L - .000181·· -.OIS·· .012·· - .000181·· .00306· .001S

Y - .013S·· - 3.23·· - .18 -.0127· -LOS·· -1.30
W -.OOOO8S7 - .0137 .0IS·· -.00007 .0160·· .0179"
D1 .66" 141.0·· -16.2" .661·· 18.5·· 26.9··
m. -.0934 -38.3' 20.2' - .103 9.91' 7.6S
D3 .0838 18.9 -4.38 .0784 LOS 3.84
k .0661 ' 8.39' .06S6'
c/p, S.27
c/P. -4.S0·· -1.71· - 1.29
L, S2.94·· 2S.49··

Value of log-likelihood - 164.40 -744.0S -IISO.7 - 166.94 -1179.3 -1I86.S
Ale 177.40 7S7.0S 1163.7 176.94 1191.3 I 19S.5
SSR 21.96 1121129 189067 21.66 17S297 183738

•• Significant at .OS, one-tailed.
• Significant at .10, one-tailed.
, Significant at .OS, two-tailed

coefficients from the NOML method, or the estimates of signs and importance of effects,
are found in Table 4. Significance levels are those associated with asymptotic t values
and one-tailed or two-tailed tests. Regression results for alternative, nonsimultaneous
regression models are also shown in Table 4. The recursive approach is so named because
it suggests underlying single-equation models in which the researcher assumes that the
farmer chooses fertilizer levels before allocating land to seed varieties (Ly equation) or,
similarly, chooses a land allocation before selecting fertilizer levels (zx). g The independent
approach represents the usual single-equation approach, in which the adoption decisions
are not treated as interrelated.

The simultaneous, recursive, and independent models will be compared in four ways.
First, we apply a test for endogeneity of choice variables in a joint decision within a
tobit framework. Second, we employ several tests of goodness-of-fit to compare the
performance of the models. Third, we discuss the degree to which the estimated models
conform to our understanding of the empirical setting, and how similarities or differences
in policy prescriptions might emanate from viewing the seed-fertilizer adoption decisions
as simultaneous or not. Finally, to illustrate how policy predictions may be affected by
model choice, we choose certain values of the predetermined variables and use these to
predict (a) the probabilities that Ly and zx are positive and (b) their expected values given
that they are positive.

Smith and Blundell [21] have proposed a simple test for endogeneity of choice vari
ables in a joint decision. 1o Their test provides statistical evidence, at the .10 significance

• Note that the equation for fertilizer applied to hybrid maize contains no RHS endogenous variables and
is the same regardless of the underlying models presented. Here, the first decision in the recursive process is
assumed to be land allocation.

10 For the estimating equation in question, the first step of the procedure is to regress the hypothesized RHS
endogenous variable on relevant explanatory variables, and calculate the residual. In the second step, the LHS
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level, that land allocation to hybrid maize is endogenous in the equation for fertilizer
application to local maize. In other words, hybrid maize adoption and fertilizer adoption
on local maize appear to be, with some reliability, joint decisions. However, when the
test is applied to the land allocation equation, the null hypothesis that 7ty - 7tx is exogenous
cannot be rejected. Difficulties in measuring prices and farmers' subjective yields undoubt
edly contribute to errors in the variable intended to express the difference in expected
per hectare profits. The 7ty - 7tx variable is also a transformation of endogenous variables.

In general, there are no standard goodness-of-fit measures for either limited
dependent variable models or simultaneous equation models. We have applied three tests
that are modified for the tobit model from those suggested by Amemiya [22] for probit
and logit models. Amemiya recommends comparing several criteria because no one scalar
criterion can be viewed as optimal in every situation. Results are shown in Table 4.

Of the three tests, two related evaluation criteria are the negative of the value of
the log-likelihood function, - e, or the Akaike information criterion (AIC), - e + K,
where K is the number of parameters in the model. The Ale corrects the log-likelihood
value for degrees of freedom. Either criterion favors models with lower log-likelihood
values. Both criteria suggest that for the zx equation, the simultaneous model performs
somewhat better than either the recursive or the independent models. On the other hand,
application of the criteria to the L y equation would show little choice between the simulta
neous and recursive models - a result that is consistent with the nonrejection ofexogeneity
of 7ty - 7tx in the Smith-Blundell test.

A third criterion proposed by Amemiya, the sum of squared residuals (SSR), has
been modified for tobit models and is calculated as:

SSR = B(Yi - 5'Y
i=1

The Yi and Yi are actual and predicted values of the relevant dependent variable for
farmer i, respectively. The SSR criterion favors slightly the recursive model, but generates
identical mean prediction errors for all three models - suggesting little difference in pre
dictive capacity among the models. Taken together, the three criteria provide fairly weak
evidence of simultaneity.

The estimated coefficients for the three models (Table 4) can be interpreted by refer
ring both to the theoretical model and to the empirical setting, and are of policy interest
because they suggest which hypothesized variables are of importance to seed-fertilizer
adoption decisions. The results for the simultaneous estimation support the widely held
view that consumption preferences affect the adoption decisions of Malawian farmers.
As suggested by the theoretical model, the higher the local maize subsistence requirements
of the farm household relative to the total maize area it cultivates (X/L) in any period,
the fewer the hectares of hybrid maize the household sows, the lower the rate of nitrogen
applied to hybrid maize, and the higher the rate of nitrogen applied to local maize.

By contrast, the estimated effects of more conventional economic variables such as
the difference in per hectare profits (7ty - 7tx) and input-output price ratios (c/p" c/Px)
appear to have no appreciable effect on any of the adoption decisions except fertilizer
applied to local maize. The relationship of annual cash earnings (W) to fertilizer applied

endogenous variable is regressed on predetermined explanatory variables, the hypothesized RHS endogenous
variable. and the residual from the first regression. A (·test is conducted on the coefficient of the residual. The
null hypothesis is exogeneity.
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to local maize is very strong, but is not significant in land allocation or fertilizer application
decisions for hybrid maize.

These findings illustrate several aspects of the institutional environment in which
Malawian farmers have operated until recently. First, the primary diffusion mechanism
for hybrid maize seed and fertilizer has been through credit club membership, and the
dependence on this mechanism has limited opportunities for the participation of private
traders in input distribution. Because of the high costs of transporting imported fertilizer
overland from South African ports, fertilizer prices for farmers have been subsidized.
Output prices are preannounced, formally regulated by the official marketing agency,
and equal for all maize varieties. Even though the government has begun a market liberal
ization program, inputs are often difficult to find in isolated areas and traders are only
beginning to operate. Credit club members enjoy the distinct advantage of having inputs
delivered to their village directly, free of transport costs. The difference in the way farm
households value local and hybrid maize may appear in price differentials in local markets,
but is suppressed in the official price.

These pricing conditions imply that much of the relevant economic information is
missing from input and output prices in Malawi. Further, price variation is difficult to
capture in cross-sectional data and estimated price responses are usually weaker than in
time-series data. In the CIMMYT/MOA survey, farmers were asked to estimate output
prices they could obtain if they sold their hybrid or local maize. Some farmers automati
cally responded with the official market price, while others quoted prices from private
traders, but the overall variation was slight and price differentials for the maize types
were not statistically significant. Regression results for price variables undoubtedly reflect
these measurement problems.

The importance of credit club membership in both land allocation and fertilizer
application to hybrid maize expresses the fact that the institutional mechanism for diffus
ing the recommended seed-fertilizer package has a strong effect on whether or not it is
adopted as a package. With fertilizer application to local maize, prices and cash availabil
ity are more likely to matter in determining levels of nitrogen application because cash
purchase is much more frequent.

The ratio of the coefficients of variation computed from farmers' estimates of yield
variance for the two maize varieties also appears to affect hybrid maize adoption decisions.
Farmer experience with hybrid maize technology (k) is associated with an increase in
land allocation to hybrid maize. This result is consistent with the idea that, on the average,
farmers may be experimenting with the technology and increasing the area they sow as
they become more confident with its performance on their fields.

Simultaneity in adoption decisions is illustrated in the relationship between land
allocated to hybrid maize and the rate of nitrogen applied to local maize. In the theoretical
model, toe direct effect of an increase in subsistence requirements per hectare is to raise
the rate of nitrogen applied to local maize. An increase in subsistence requirements also
reduces the hectares allocated to hybrid maize. The indirect effect through land allocation
counteracts the need to apply higher rates of nitrogen to local maize, because the chances
for meeting local maize subsistence requirements are greater when less land is sown in
hybrid maize.

A comparison between the statistical results for the three regression models (simulta
neous, recursive, and independent) shows little difference in signs or significance of coeffi
cients for the land allocation equation. Given the structure of the underlying optimization
model, simultaneity is expressed in the land allocation equation only through the computa
tion of the difference in per hectare profits with fitted rather than observed values for Zy
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Comparison of Predicted Adoption Probablllties,E~ Land Allocation, and Expected

Fertilizer AppUc:ation Rates, for Simultaneous and Single-Equation Models
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Dependent variable

E(L,IL,>O) E(z.l:.. > 0)
Regression model" Pr(L, > 0) (hectares) Pr(z. > 0) (kg N/ha)

Simultaneous equation system
Mzuzu 0.56 0.40 0.65 37
Blantyre 0.35 0.32 0.80 38
Kasungu 0.50 0.38 0.64 30

Recursive single equations
Mzuzu 0.26 0.38 0.45 40
Blantyre 0.06 0.23 0.50 26
Kasungu 0.17 0.25 0.42 24

Independent single equations
Mzuzu 0.26 0.38 0.42 39
Blantyre 0.06 0.23 0.46 26
Kasungu 0.17 0.25 0.37 23

" Results reported are for non-credit club members. Continuous explanatory variables are held at their mean
values for each stratum. y is set at its model value.

and Zx. The closer the predicted values to sample values for the two fertilizer application
variables, the more similar the simultaneous and single-equation regression results. Be
tween the simultaneous and recursive regression results for fertilizer adoption on local
maize, there are differences in magnitudes, significance, and signs. Only differences in
magnitudes of coefficients are observable between the recursive and independent specifi
cations for the single-equation model.

How the three empirical models predict different adoption probabilities and levels
is illustrated in Table 5. To calculate the predictions, certain values for the predetermined
variables must be assumed. Here, all continuous explanatory variables have been held
at their mean values for each stratum, and y has been set at its modal value. For the
simultaneous regression equations, the estimated reduced form parameters and estimated
error variances were used to predict the probability that an endogenous variable is positive,
and given that the variable is positive, its expected value. II Similarly, estimated coefficients
and fixed values of independent variables can be used to construct predictions in single
equation models.

For example, results show that among the Mzuzu farmers, for both land allocation
and fertilizer application decisions, the predicted probabilities of adoption but not the
expected levels of the adopted inputs differ between simultaneous and single-equation
models. Both types of adoption indicators differ between models for the Blantyre and
Kasungu zones. From the previous discussion, predictions taking into account simultane
ity may be somewhat better for Zx than for L y•

In summary, a combination of statistical procedures and more intuitiveexploration of
the regression results suggest that, in the Malawi case, simultaneous estimation performs
somewhat better or no differently than recursive or single-equation estimation. There

" In a simultaneous system, either the first-stage or second-stage reduced form parameters, which are calcu
lated from second-stage regression estimates, can be used to calculate predictions [23]. Here, the second-stage
reduced form parameters have been used. Note that the second-stage reduced form parameters for fertilizer
application to hybrid maize are the same as the estimated structural parameters because none of the endogenous
variables are explanatory in those equations.
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are, however, important differences in some of the predicted probabilities and use levels
depending on which approach is chosen. Depending on the policy context and in other
empirical cases, differences may be meaningful.

Summary
With seed-fertilizer innovations, farmer adoption decisions are composed of the

choice of technique (seed only, fertilizer only, or both), the choice of land allocation
between techniques, and the level or rate of fertilizer applied. Systematic and stochastic
interdependence among adoption choices is created by such factors as the practice of
diffusing seed and fertilizer through credit clubs in packages of fixed size and composition,
the expenditure or credit constraints that bind farmer decisions, fixity of land or other
inputs, and climatic disturbances. Although simultaneous models are often appropriate
for estimating farmer adoption relationships, most empirical investigations ofagricultural
innovations have been based on single-equation models.

Analysis of data from a survey of Malawian farmers confirms that adoption decisions
in that environment can be characterized as above. A theoretical model is presented that,
in expressing some of the essential relationships that are hypothesized to affect farmer
adoption decisions in Malawi, produces a system of simultaneous adoption choice equa
tions. Simultaneous estimation of equations derived from the adoption choice equations
illustrates, in particular, the relationship between fertilizer applied to local maize varieties
and land allocation to hybrid maize. In Malawi, where consumption preferences playa
large role in varietal choice, higher rates of fertilizer applied to local maize reduce the
land the farmer needs to allocate to local varieties in order to meet household subsistence
needs. When the land constraint is binding, as is usually the case in Malawi, greater land
allocation to hybrid maize is therefore associated with higher levels of fertilizer applied
to local maize varieties. Because hybrid maize adopters are usually credit club members
or are among the wealthier farmers, they are also more likely to afford fertilizer for local
maize.

Comparison of single-equation and simultaneous regression results shows differences
in the magnitude, signs, and significance of coefficients and in predicted probabilities of
adoption. Application of a statistical test for endogeneity also provides some evidence
that land allocation to hybrid maize and fertilizer application to local maize are joint
decisions. Other statistical evidence for ranking the models in terms of predictive power
either supports the simultaneous model or is inconclusive. In general, the findings suggest
the importance of considering the interrelationships among recommended innovations
in designing farmer adoption models for developing countries. As in other economic
applications, choice of regression models has statistical implications and affects policy
predictions.

The focus of this paper has been to demonstrate the conceptual problems involved
in modeling farmer adoption decisions, rather than to recapitulate the statistical implica
tions of simultaneous equation bias. Although similar modeling problems are encountered
in the econometrics of multicrop input choice decisions, simultaneity issues have received
little attention in the literature on adoption of agricultural innovations. Several issues
do merit further research attention. First, alternative estimation procedures, such as those
defined by "Amemiya's principle" [17], may generate more efficient estimators than the
NOML approach, depending on the model proposed. Second, addressing the broader
issue of mathematical structure of the underlying optimization problem introduces com
plications in the choice of regression models. In general, when mathematical structure
is imposed on estimating equations in order to test the underlying economic model, it

•
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is no longer clear whether statistical results reflect conceptual hypotheses or algebraic
artifice [24]. In the simultaneous tobit case, nonlinearities and cross-equation restrictions
cannot be easily incorporated into either the NOML or Amemiya estimation procedures.
Considerable work remains in developing suitable econometric techniques for the estima
tion of simultaneous, nonlinear equations with censored variables. The application pre
sented here is therefore exploratory in nature, and raises other methodological issues
that need to be solved in order to improve the econometrics of farmer adoption behavior.

The views expressed in this paper are those of the authors and are not necessarily
to be attributed to CIMMYT.
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