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ABSTRACT
The lack of ex-ante evaluation of germplasm in genebanks has been the single
most prevalent and long-standing complaint of plant breeders about the management of
genebanks. Advances in biotechnology offer the possibility of faster, cheaper, and more
efficient evaluation methodologies. Will these new technologies favor ex-post
evaluation, as some expect, or will it lead to more ex-ante evaluation? Will it also lead to
earlier development of varieties with disease resistance traits in anticipation of actual
infestations? Will the prospect of further advances in biotechnology favor delay of
evaluation and development? This paper addresses these questions in the case of
evaluation of germplasm for resistance to a disease.
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THE TIMING OF EVALUATION OF GENEBANK ACCESSIONS AND THE
EFFECTS OF BIOTECHNOLOGY
Bonwoo Koo and Brian Wright∗

1.

INTRODUCTION

Plant genetic resources have provided basic building blocks for the improvement
of plant varieties and recent advances in biotechnology have opened up more possibilities
for the use of these resources in crop improvement. Collections of germplasm (the
‘material that controls heredity’, Witt 1985, p.8) for conservation purposes in ex-situ
genebanks have been greatly expanded over the past decades. However, though the
principal justification for such extensive germplasm conservation is for its use in crop
improvement, materials in genebanks are not being used extensively by plant breeders
(Wright 1997). One frequently cited obstacle to greater utilization is the lack of
information useful to breeders regarding the samples of germplasm held as accession in
ex-situ collections.
Evaluation data1 are of the greatest value to plant breeders seeking particular
genetic traits for crop improvement, but only a small fraction of samples in the genebank
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1
The types of information regarding germplasm can be broadly categorized as
passport data, characterization data, and evaluation data (Office of Technological
Assessment 1987). Passport data include information on the origin and environmental
conditions of the material. Characterization data include environment-insensitive traits
such as morphological, biochemical, and molecular information, while evaluation data
include environment-sensitive traits such as yield potential and disease resistance.
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network have evaluation data.2 Even among the collections with evaluation data, the
information currently provided by genebanks is often perceived as inadequate. While
this situation has led many plant breeders to demand more complete evaluation of
genebank materials for crop improvement (Duvick 1984, Peeters, and Galwey 1988;
Goodman 1990; and NRC 1993), this viewpoint is not universally shared (see for
example Frankel 1989).
Existing studies on the use and management of genebank collections of genetic
resources deal largely with the optimal size of ex-situ genebank collections (Brown 1989
and Chang 1989), the value of genetic resources (Evenson 1996 and Simpson et al.
1996), or the optimal search strategy for useful traits (Gollin et al. 1997). However, the
neglected issue of the timing of evaluation and utilization of genebank materials has
become an important consideration for genebank managers, especially in the current
rapidly changing technological environment.
The timing of identifying and isolating useful traits has been an important factor
in crop improvement. For example, when the Russian wheat aphid began to affect the
United States in the late 1980s, the damage might have been mitigated if the sources of
resistance had already been identified. After the disease broke out, searches among
wheat varieties in the United States Department of Agriculture (USDA) collection
yielded almost no useful materials, and the resistance was later found from a number of
varieties from Iran and Russia (Robinson 1994). Lack of preparation might have

2

Although this point is frequently made, we must go back to Peeters and
Williams (1984) for hard data. They report that 65 percent of the samples in the
genebank network have no passport data, 80 percent have no characterization data, 95
percent have no evaluation data, and only one percent has extensive evaluation data.
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contributed to the estimated economic damage of $670 million by 1991 (Russian Wheat
Aphid Task Force 1991). On the other hand, when barley stripe rust fungus devastated
Europe and South America in the 1970s, plant breeders in the United States worked to
identify sources of resistance to the disease and could effectively cope with it when the
disease reached the United States in 1990 (Kurt Leonard, personal communication 1999).
In this paper, we focus on the cases similar to those just mentioned, in which a
trait for resistance to a pest or disease is already known but has not yet infested the
relevant crop, and address the following questions on evaluation and utilization of
genebank collections. When is it optimal to evaluate genebank material for a trait: i.e., ex
ante in anticipation of an infestation, or ex post after infestation of the disease in the
relevant crop? When is it optimal to develop a new variety incorporating the trait? What
is the effect of advances in biotechnology on the timing of evaluation and development?
And how is the timing of evaluation and development changed when there is a possibility
of a further technological breakthrough in either of these functions in the future?
Resistance is often achieved by transferring desirable traits, found either in
genebank collections or genetic stocks, into existing varieties by conventional breeding or
other means such as wide crossing or genetic transformation. Identification of resistance
before the outbreak of a disease can be difficult and costly. If an outbreak of a disease
occurs, the development of a new disease-resistant variety will be faster if the gene for
the resistance trait has already been located. However, there is some chance that the
disease never occurs or occurs in the remote future, in which case the money spent for
evaluation is, in hindsighti.e., ex postwasted. If evaluation is started after the
disease occurs, excess ex-ante evaluation is avoided. However, the social losses due to
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damages from the disease will be incurred during the delay until a new variety is
developed.
In a simple model of evaluation and development, we find that if a disease has
sufficiently low likelihood of occurrence, it is cost effective to delay evaluation of the
trait until the disease occurs. In addition, the benefit from ex-ante evaluation turns out to
be the largest when the hazard rate of the disease is at an intermediate, rather than at the
maximum, rate. Several recent innovations in tools and methods have made evaluation
for resistance traits and development of useful cultivars incorporating these traits cheaper
and faster.3 Such a cheaper and faster response might seem to favor ex-post evaluation.
But we show that in economic terms advances in biotechnology that reduce the cost or
increase the speed of evaluation or development tend to favor ex-ante evaluation more
than ex-post.
Current advances in biotechnology imply that further innovations are likely.
Well-known result of real option theory is that uncertainty about costs tends to favor
delay in an investment (Arrow and Fisher 1974; McDonald and Siegel 1986; and Dixit
and Pindyck 1994). Does this imply that a further anticipated breakthrough in the
technology of evaluation and development tends to favor delay, in contrast to the effect
of a current breakthrough? The usual real option effect is observed in our model for the

3

Molecular genetic techniques such as restriction fragment length polymorphism
(RFLP), random amplified polymorphic DNA (RAPD), and amplified fragment length
polymorphism (AFLP), are used to identify specific genotypes and agronomic traits of
interest and to “fingerprint” individual accessions. These techniques, together with cell
culture techniques and transformation techniques involving recombinant DNA (rDNA),
are also used for the development of new plant varieties by facilitating the transfer of the
desired genes and the development of new cultivars in a fast, reliable, and cost-effective
way (Rao and Riley 1994).
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case of innovation in evaluation. But we show that anticipation of the possibility of a
technological breakthrough in development may speed up, rather than delay, the timing of
evaluation and development. We conclude that both the level and rate of technological
progress in development may justify advancing the timing of the evaluation of genebank
accessions as well as the development of cultivars incorporating newly identified traits.
Section 2 introduces the model of the expected costs under different evaluation
and development alternatives, and examines the factors that affect the timing of
evaluation. Section 3 analyzes the effect of current advances in biotechnology on the
timing of evaluation and development, and section 4 extends the model to analyze the
implications of dynamic technological changes and compares our result with existing
arguments on real option theory. Concluding remarks follow in Section 5.
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2.

THE MODEL OF EVALUATION AND DEVELOPMENT

ASSUMPTIONS
We propose a highly stylized model that abstracts from many biological details.
We consider the search for a single qualitative trait4 (say, a resistance to a certain disease)
for a specific environment in a given ex-situ collection of germplasm, either ex ante or ex
post.5 For simplicity, we assume resistance is conferred by a single gene, and (contrary
to common experience) that single-gene resistance retains its effectiveness forever. The
evaluation process ceases as soon as a variety with the targeted gene is identified.6
We postulate a two-stage process for the development of a new disease resistant
variety: the search (or evaluation) process in which a genebank conducts a search in its
collection for a disease resistant trait, and the development process in which a genebank
develops a new variety, expressing the evaluated gene, for release to farmers.7 We
assume that the search process must be completed prior to the initiation of the
development process.

4

Frankel (1989) categorizes two kinds of traits of concern to plant breeders;
qualitative traits and quantitative traits. Disease-resistance traits are typically qualitative,
and are among the most sought-after traits in germplasm collections.
5
Ex-post evaluation is often performed by plant breeders, but for simplicity of
exposition we assume the genebank manager conducts the search.
6
Our search process is close to the process of screening, assumed by Simpson et
al. (1996). In practice, some sources of a trait may be more desirable as breeding
materials than others, so evaluation may continue after the first positive result of the
search (Evenson and Kislev 1976 and Gollin et al. 1997). We ignore this consideration
here.
7
Gollin et al. (1997) explicitly consider the prebreeding process by which
resistance genes found in the search process are transferred into a breeding program
before the development process. Our model assumes that the prebreeding process is a
part of the development process.
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A disease breaks out at a random future period t, according to a Poisson disease
hazard rate λ. By spending a constant flow search cost c, the genebank finds the targeted
gene at time s after the initiation of evaluation, according to a Poisson discovery rate φ.
Once a disease occurs, society suffers losses from the disease until the development of a
new disease resistant variety.8 It takes l periods with a constant development cost m per
period to develop a new variety,9 and the disease cost due to the delayed introduction of a
new variety is d per period of infestation. Diffusion of the disease and of the new variety
after development are, for simplicity, assumed immediate. The genebank is assumed to
be risk neutral and the discount rate is r.
Figure 1 shows the decision tree of a genebank manager on the timing of
evaluation and development.10 For simplicity, we ignore the option of “no action” by
assuming that the cost from a disease is high enough to justify the development of a new
variety once a disease occurs.

8

This assumption implies that we ignore the possibility of other types of disease
control such as chemical pesticides. Some soil-borne diseases may naturally decline in
severity after seven to ten years of continuous infestation, and in other cases crop rotation
can be used as a means of disease control (Leonard, personal communication 1999).
Finally, substitution of a nonsusceptible crop can reduce the losses caused by the disease.
The flow cost of infestation could be modified to recognize these mitigating factors.
9
Similar qualitative results are derived by assuming a stochastic development
process.
10
Squares in Figure 1 indicate the decision nodes for the genebank manager, and
the circle indicates the chance node with exogenously determined probabilities.
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Figure 1: Decisions on the timing of evaluation and development

[Delay evaluation until
disease infestation at time t]

Evaluation at t, followed
by development

[Initiate evaluation,
which succeeds
at time s]
If s > t

Development at s

If s < t

[Develop immediately]

Development at s

[Delay development
until disease
infestation at time t]

Development at t

The first decision that a genebank manager should make in period zero, prior to
an infestation, concerns the timing of evaluation; i.e., whether to evaluate immediately
(ex ante) or delay the evaluation until the infestation of a disease (ex post). If he chooses
to delay evaluation, evaluation and development should (by assumption) follow in
sequence immediately after infestation. If he chooses ex-ante evaluation in period zero
and the search for the traits succeeds in period s, he must decide the timing of
development if the infestation has not yet occurred (s < t). His decision then is whether
to develop immediately, before the disease infestation, or to delay until infestation
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occurs. Therefore, we consider three alternatives of evaluation and development: (i) expost evaluation/development ( Pt t ), (ii) ex-ante evaluation/ex-post development ( A0t ), and
(iii) ex-ante evaluation/ex-ante development ( A00 ).

THE EXPECTED COSTS OF EVALUATION AND DEVELOPMENT
Ex-post Evaluation/Development
One option a genebank manager can choose is to delay evaluation (i.e., the search
for the gene) until infestation of a disease. This is the current standard practice. (Of
course, if the disease is unknown prior to infestation, there is no alternative). If the
genebank starts to search for a resistant gene after the disease breaks out, society will
suffer losses during the evaluation period [t, t + s] as well as during the development
period [t + s, t + s + l]. The expected cost contingent on a search of duration s, evaluated
at time zero, is
C1 ( s ) =

∫

∞
0

( m + d ) L − rs  − ( r + λ ) t
c + d
− rs
e  λe
dt
 r (1 − e ) +
r


where L ≡ 1 − e − rl . The expected cost of ex-post evaluation/development is11
∞

Pt t = ∫ C1( s )φe −φs ds =
0

cλ
mLφλ
d ( r + Lφ )λ
+
+
( r + φ )( r + λ ) r( r + φ )( r + λ ) r( r + φ )( r + λ )

The terms on the right hand side (RHS) are the expected search cost, development cost,
and disease cost, respectively. Since all of these costs are incurred only if the disease
breaks out, the expected cost approaches zero as the disease hazard rate λ approaches
zero.
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In the following analysis, Aij (Pij) denotes the cost of ex ante (ex post)
evaluation, where i denotes the timing of evaluation and j denotes the timing of
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Ex-ante Evaluation/Ex-post Development
The genebank manager can also consider the option of starting before the
infestation (“outbreak”) of a disease in the relevant cropping area to search for a targeted
gene that has resistance to the disease. If such ex-ante search is optimal, it is optimal to
start searching at time zero. An example is anticipatory search for barley stripe rust
resistance in germplasm relevant to the United States. When the search results in
discovery after the disease occurs (s > t), development follows immediately by
assumption. The expected cost when s > t, evaluated at time zero, is
s c
d
( m + d )L − rs  − λt
C0 ( s ) = ∫  1 − e − rs + e − rt − e − rs +
e  λe dt
0 r
r
r



(

)

(

)

If the gene is found before the disease occurs (s < t) and the genebank manager chooses
to delay the development until the disease infestation, the expected cost is
∞ c
( m + d )L − rt  −λt
C2 ( s ) = ∫  1 − e − rs +
e  λe dt
s
r
r


(

)

The expected cost of ex-ante evaluation/ex-post development is derived using C0(s) and
C2(s).
c
mLφλ
mLφλ
+
+
r + φ r (r + φ)(r + λ) (r + φ)(r + λ)(r + φ + λ)
d (r + Lφ)λ
d (1 − L)φλ
+
−
r (r + φ)(r + λ) (r + φ)(r + λ)(r + φ + λ)

A0t =

Unlike the case of ex-post evaluation/development, the expected search cost (the first
term on the RHS) is incurred regardless of the disease infestation. The expected
development cost is larger (in present value) than the cost under ex-post
evaluation/development since it begins earlier and so is less discounted. However, the

development. For example, Ptt implies the cost of ex-post evaluation where evaluation is
done at time t and development follows immediately.
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expected disease cost is smaller since the resistant variety is, in expectation, developed
earlier.
Ex-ante Evaluation/Ex-ante Development
Another alternative is to develop a new variety even before the disease breaks out.
There exists a practice among plant breeders called “anticipatory breeding” in which
breeders try to incorporate resistance in cultivars for possible infestation of diseases.
Examples of ex-ante development are Australia’s development of locally adapted
cultivars resistant to Russian wheat aphids (Skovmand, personal communication 1999)
and to wheat stem rust (McIntosh and Brown 1997) in anticipation of infestations in the
future. The expected cost of ex-ante development when s < t is

(

)

(

)

∞ c
s +l d
mL − rs  − λt
C3 ( s ) = ∫  1 − e − rs +
e  λe dt + ∫
e − rt − e − r ( s +l ) λe −λt dt
s
s
r
r
r


The expected cost of ex-ante evaluation/ex-ante development is derived using C0(s) and
C3(s).

A00 =

d (1 − L)φ [λ + (r + φ)(1 − e − λl )]
c
mLφ
d ( r + L φ) λ
+
+
−
r + φ r ( r + φ) r (r + φ)(r + λ)
(r + φ)(r + λ)( r + φ + λ )

While the expected development cost is higher than for other alternatives, the
expected disease cost is the lowest. If the disease cost d is sufficiently large or the
likelihood of disease occurrence is high, ex-ante development can the most cost effective.
THE TIMING OF EVALUATION
Given ex-ante evaluation at the first stage, the decision on the timing of
development at the second stage is determined by comparing the expected cost of ex-ante
evaluation/ex-ante development ( A00 ) with that of ex-ante evaluation/ex-post
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development ( A0t ). Ex-post development is preferred given ex-ante evaluation if A0t is
less than A00 ; that is, if condition (1) is satisfied.
mL > d (1 − L)(1 − e − λl )

(1)

If ex-post development is chosen at the second stage, the decision at the first stage is
determined by considering the following cost difference function:
G ≡ Pt t − A0t
=−

cr
mLφλ
d (1 − L)φλ
−
+
(r + φ)(r + λ ) (r + φ)(r + λ)(r + φ + λ) (r + φ)(r + λ)(r + φ + λ )

(2)

If G < 0, ex-post evaluation/development incurs lower cost and delaying
evaluation is optimal. The first term on the RHS of (2) is the difference in the expected
search cost, which is nonpositive since the search cost is always incurred, and incurred
earlier, under ex-ante evaluation. The second term, the difference in the expected
development cost, is also nonpositive for a positive discount rate since development
occurs earlier when evaluation is ex ante. The third term is the difference in the expected
disease cost, which is nonnegative due to the longer period of delay under ex-post
evaluation.
For a rare disease (λ → 0), the cost difference is negative and ex-post evaluation
is more cost effective. The expected development cost and the disease cost under both
alternatives vanish when the disease hazard rate λ approaches zero, and only the expected
search cost remains as an important consideration. If the disease hazard rate is high (λ →
∞), the cost difference function G approaches zero, implying that there is vanishing
difference in the expected costs. Since the disease is expected to occur very soon, the
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expected timing of the evaluation process as well as the development process is almost
the same for both alternatives and thus the cost difference is negligible.
Proposition 1—Optimal Timing of Evaluation and Disease Hazard Rate.
Given ex-post development at the second stage, ex-post evaluation is optimal if
disease hazard rate is below a critical level λ1 and search cost is less than a critical level
c1.
Proof
From equation (2), we can derive the range of the disease hazard rate in which expost evaluation is preferred.
0 < λ < λ1 ≡

cr (r + φ)
Kφ − cr

(3)

where K ≡ [d(1 – L) – mL] > 0. If λ is less than the cutoff level λ1, ex-post evaluation
brings lower expected cost. In addition, the search cost should be less than c1 to make λ1
positive.
c < c1 ≡ Kφ / r

(4)
Q.E.D.

From the genebank manager’s point of view, proposition 1 implies that it is better not to
evaluate accessions ex ante for a gene (or trait) that is expected to be used rarely in the
future. For a rare disease, the use of the evaluated resistant gene will be long delayed and
the search cost incurred at the current time is large relative to the expected present value
of the benefits. For a disease that is more likely to cause an infestation soon, ex-ante
evaluation may be preferred if it is cheap enough, because it reduces the expected disease
cost. But the advantage of ex-ante evaluation is not monotonic in the disease hazard rate.
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Proposition 2—Ex-Ante Evaluation and Disease Hazard Rate.
The benefit from ex-ante evaluation is maximized when the disease hazard rate is
at an intermediate level.
Proof
The first-order condition of function G of equation (2) is
∂G − ( Kφ − cr )λ2 + 2cr (r + φ)λ + r (r + φ)[ Kφ + c(r + φ)]
=
=0
∂λ
(r + φ)(r + λ ) 2 (r + φ + λ ) 2
When equation (4) holds, only one root of λ that satisfies the condition of the above
equation is positive and finite. Thus, the rate λ*, which is associated with the maximum
cost difference G (or, maximum net benefit from ex-ante evaluation) is calculated as
λ* =

cr (r + φ) + J
>0
Kφ − cr

(5)

where J ≡ K(K + c)r(r + φ)φ2 > 0. The second order condition is satisfied around λ*.
∂ 2 G − 2[( Kφ − cr )λ − cr (r + φ)]
=
<0
∂λ2
(r + φ)(r + λ ) 2 (r + φ + λ ) 2

Q.E.D.

If, in addition to the costs accounted for above, there is a fixed cost associated with the
decision to evaluate ex ante (e.g., in terms of the genebank manager's time), then the
value λ* gives guidance to a genebank manager in forming priorities regarding evaluation
for resistance to various potential diseases. Ceteris paribus, diseases with hazard rates
near λ* are the best candidates for ex-ante evaluation. If a disease rarely occurs (i.e., low
λ), the advantage of early evaluation is less attractive. If a disease is expected to occur
soon, on the other hand, the trait will be evaluated soon under either approach and the
importance of decision timing is reduced.
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Figure 2: A cost difference function G

G

G(λ)

0

λ

1

λ

*

λ

Figure 2 shows the graph of a typical cost difference as a function of the disease
hazard rate. The value λ1 defined in (3) is the cutoff disease hazard rate below which expost evaluation is preferred. The size of the cost difference G for λ > λ1 indicates the
degree to which ex-ante evaluation is preferred: i.e., the larger the value, the better the
ex-ante evaluation approach in terms of cost effectiveness. The maximum advantage of
ex-ante evaluation is attained at λ*.
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3.

THE EFFECTS OF ADVANCES IN BIOTECHNOLOGY

Recently, innovations in biotechnology have occurred that can reduce the cost of
the search or development process and/or speed up the processes. Here we consider how
such innovations affect the decision on the timing of evaluation and development. We
identify two types of technological changes for our analysis. The first type includes
technologies that primarily affect the search process such as molecular genetic
techniques, while the other type includes those that mainly affect the development
process, such as transformation technology, cell culture techniques, and the use of
molecular markers to identify transformed cultivars in the breeding process.
ADVANCES IN BIOTECHNOLOGY AFFECTING THE SEARCH PROCESS
The effects of the changes in the flow search cost c and the discovery rate φ on the
cost difference around the cutoff value λ1 are
∂G
∂c
∂G
∂φ

=−
λ ≡ λ1

=
λ ≡ λ1

r
<0
(r + φ)(r + λ )

Kλ
>0
(r + φ)(r + φ + λ) 2

(6a)

(6b)

A higher search cost c favors ex-post evaluation (equation (6a)). The search cost
differs by the types of traits to be evaluated. For example, Peeters and Williams (1984)
report that the per-unit evaluation cost for rhizoctonia resistance in sugarbeet was $175,
while the cost of evaluating nematode resistance was only $60 per unit. If the cost and
probability of an outbreak of each disease were the same and if there were no economies
of scope in evaluation (ignored here), then ex-ante evaluation becomes relatively more
attractive for nematode resistance.
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A high discovery rate φ favors ex-ante evaluation in terms of the search cost due
to the discount factor, but it also favors ex-post evaluation since it is less costly to delay
evaluation when discovery is fast. Equation (6b) shows that the first effect dominates the
second effect around the cutoff rate λ1. If modern tools of biotechnology such as genetic
marker techniques and new genomic information reduce the time spent for the evaluation
process of certain resistance traits sufficiently, without increasing the flow search cost,
this should tend to favor ex-ante evaluation of germplasm for such traits.
ADVANCES IN BIOTECHNOLOGY AFFECTING THE DEVELOPMENT PROCESS
The effects of the changes in the development period l and the development cost
m on the cost difference are
∂G
∂m
∂G
∂l

=−

Lφλ
<0
(r + φ)(r + λ )(r + φ + λ )

(7a)

=−

(m + d )re − rl φλ
<0
(r + φ)(r + λ )(r + φ + λ )

(7b)

λ ≡ λ1

λ ≡ λ1

A low development cost favors ex-ante evaluation (equation (7a)). Since timing
of the development process under ex-ante evaluation is earlier than that under ex-post
evaluation, a reduction in the development cost has a larger impact when evaluation is
made ex ante. Modern technologies that reduce the development cost will favor ex-ante
evaluation. On the other hand, if strict government regulations on the use of
biotechnology increase the development cost and delay the introduction of a new variety,
ex-post evaluation will be more encouraged.
A shorter development period l decreases the expected development and disease
costs under both approaches. However, the rate of decrease in the expected costs under
ex-ante evaluation is higher than that under ex-post evaluation, because the saved costs
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are less discounted for ex-ante evaluation. Modern genetic engineering techniques that
speed up the development process favor ex-ante evaluation. We can summarize these
implications of advances in biotechnology as the following proposition.
Proposition 3—Optimal Timing of Evaluation and Advances in Biotechnology
Advances in biotechnology, which reduce the cost of the search or development
process and/or speed up these processes, increase the value of ex-ante evaluation relative
to ex-post evaluation.
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4.

THE IMPLICATIONS OF DYNAMIC TECHNOLOGICAL CHANGE:
REAL OPTION EFFECTS
The fast pace of innovations in biotechnology that have made the search for traits

and the development of new varieties incorporating them cheaper and faster is likely to
continue. Does anticipation of further advances reinforce or offset the effects of cheaper
and faster search and development on the timing of evaluation and development?
If a technological breakthrough might occur in the evaluation process, standard
real option theory clearly implies that anticipation of this fact should tend to delay
evaluation (Dixit and Pindyck 1994, pp. 140). If the breakthrough possibility occurs in
the development process, however, the effect is ambiguous since the benefit from the
technological breakthrough can be realized only after a successful search process. In this
section, we focus on this interesting case by assuming that a technological breakthrough
occurs only in the development process, and ask whether possibility of such a
technological change tends to delay or advance the timing of evaluation.
THE EXPECTED COSTS WITH A TECHNOLOGICAL BREAKTHROUGH
We now assume that a technological breakthrough reduces the flow development
cost by x from m to n (i.e., n = m – x). The breakthrough is assumed to be discrete; it
happens only once in the future at time u with a Poisson breakthrough rate β. Thus,
while the flow development cost at time zero is m, the cost at time t has fallen to n with
probability (1 − e−βt). Another simplifying assumption is that the technological
breakthrough can be utilized only if it occurs before the start of the development process.
That is, we rule out converting the development process to the new technology if a
breakthrough occurs in the middle of the process.
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Figure 3 illustrates the decision tree of a genebank manager when there exists an
anticipated technological breakthrough in development. The genebank manager now has
additional decision nodes at the time of a technological breakthrough, u. The decision in
period zero is whether to evaluate immediately (ex-ante evaluation), or to delay, either
until a technological breakthrough (“post-breakthrough” evaluation) or until disease
infestation occurs (“post-infestation” evaluation). Given ex-ante evaluation (i.e., the left
branch in Figure 3), if a disease breaks out before finishing the evaluation (t < s),
development must proceeds immediately after evaluation, by assumption. If a
technological breakthrough happens before finishing the evaluation and the disease has
not yet broken out (u < s < t), he must decide whether to develop immediately ( A00 ) or to
delay until the disease outbreak ( A0t ). If neither happens before finishing the evaluation
(s < t and s < u), he can (i) delay development until the outbreak of a disease regardless
of the technological breakthrough ( A0t ), (ii) delay until the technological breakthrough
( A0u ), or (iii) develop immediately ( A00 ).
On the other hand, if the genebank manager decides to delay evaluation (i.e., the
right branch in Figure 3), his decision depends on the relative timing of infestation and
breakthrough. If infestation occurs before a breakthrough (t < u), he begins evaluation
immediately, followed by development. Otherwise, the decision environment is the same
as the previous case without a breakthrough possibility except for the decrease in the size
of development cost. One alternative is that the manager delays both evaluation and
development until infestation even if the technological breakthrough has happened before
the disease, in which case the expected cost is Pt t . The second alternative is to evaluate
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Figure 3: Decisions on the timing with a technological breakthrough
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after the breakthrough but to delay development until the disease infestation ( Put ), and
the third is to develop immediately after the evaluation, even if the disease infestation has
not yet occurred ( Puu ). The expected costs of each alternative are summarized in the
following (the details of the derivations are in Appendix 1 and 2).
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Ex-ante evaluation/post-infestation development
c
nLφ
nLφ
xLφ
+
−
+
r + φ r (r + φ) (r + λ)(r + φ + λ) r (r + φ + β)
xLφ(r + β)
d (r + Lφ)λ
d (1 − L)φλ
−
+
−
r (r + β + λ)(r + φ + β + λ) r (r + φ)(r + λ) (r + φ)(r + λ)(r + φ + λ)

A0t =

Ex-ante evaluation/post-breakthrough development
c
nLφ
nLφ
xLφ
+
−
+
r + φ r (r + φ) (r + β + λ )(r + φ + β + λ ) r (r + φ + β)
xLφ(r + β)
d (r + Lφ)λ
−
+
r (r + β + λ )(r + φ + β + λ ) r (r + φ)(r + λ)

A0u =

−

d (1 − L)φ[λ + (r + φ)(1 − e −λl )]
d (1 − L)φ(1 − e − λl )
+
(r + φ)(r + λ)(r + φ + λ )
(r + β + λ )(r + φ + β + λ )

Ex-ante evaluation/development
d (r + Lφ)λ
d (1 − L)φ[λ + (r + φ)(1 − e −λl )]
c
nLφ
xLφ
A =
+
+
+
−
r + φ r(r + φ) r(r + φ + β) r(r + φ)(r + λ)
(r + φ)(r + λ)(r + φ + λ)
0
0

Post-infestation evaluation/development
Pt t =

cλ
nLφλ
xLφλ
d (r + Lφ)λ
+
+
+
(r + φ)(r + λ) r (r + φ)(r + λ) r (r + φ + β)(r + β + λ) r (r + φ)(r + λ)

Post-breakthrough evaluation/post-infestation development
c(β + λ)
nLφλ
nLφλβ
+
+
(r + φ)(r + β + λ) r (r + φ)(r + λ) (r + φ)(r + λ)(r + φ + λ)(r + β + λ)
xLφλ
d (r + Lφ)λ
d (1 − L)φβλ
+
+
−
r (r + φ + β)(r + β + λ) r (r + φ)(r + λ) (r + φ)(r + λ)(r + φ + λ)(r + β + λ)

Put =

Post-breakthrough evaluation/development
Puu =
+

c(β + λ )
nLφ(β + λ )
xLφλ
+
+
( r + φ)( r + β + λ ) r ( r + φ)( r + β + λ ) r ( r + φ + β)(r + β + λ )
d (r + Lφ)λ
d (1 − L)φ[λ + (r + φ)(1 − e − λl )]β
−
r (r + φ)(r + λ ) (r + φ)( r + λ )(r + φ + λ )( r + β + λ )
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THE EFFECT OF A BREAKTHROUGH POSSIBILITY
We now analyze how the possibility of a technological breakthrough in the future
affects the current decision on the timing of evaluation and development. From the
previous section, the conditions that ex-post development is preferred given ex-ante
evaluation (equation 1) and ex-post evaluation is preferred to ex-ante evaluation given
ex-post development (equation 2) can be rewritten as follows.
V ≡ mLφ − d (1 − L)φ(1 − e − λl ) > 0

(8)

W ≡ cr (r + φ + λ ) + mLφλ − d (1 − L)φλ > 0

(9)

These equations specify the parameter space in which ex-post evaluation and
development is preferred without a breakthrough possibility. When there exists an
anticipated technological breakthrough, ex-ante development before a breakthrough (and
before an infestation occurs) is always (conditional on the chosen parameter space and
ex-ante evaluation) dominated by the development at the time of a breakthrough ( A0u )
under condition (8). Since the disease cost is low relative to the development cost,
delaying development until the breakthrough will bring a lower cost to a genebank
manager. In addition, if the size of a technological breakthrough is large, delaying
development further until the disease infestation is not optimal. That is, A0u < A0t if
xLφ > V

(10)

If the reduction in the expected development cost due to a breakthrough is large
enough to dominate the increase in the present value of the cost due to early
development, it is optimal to develop at the time of a breakthrough rather than to delay
until the disease infestation. Thus, given conditions (8), (9), and (10), ex-ante
evaluation/post-breakthrough development ( A0u ) is optimal if evaluation is made ex ante.

24
If, on the other hand, evaluation is initiated at the time of a technological
breakthrough and the disease has not occurred after the evaluation (u + s < t),
development follows immediately after evaluation if condition (10) holds: i.e., Puu < Put .
To find the optimal ex-post evaluation alternative, we need to compare Puu with the
expect cost from delaying evaluation until the disease infestation ( Puu ):
Puu − Pt t = θ[W + V (r + φ) − xLφ(r + φ + λ )]
where θ ≡ β /[(r + φ )(r + λ )(r + φ + λ )(r + β + λ )]. If, given ex-post development, there
is negligible difference in expected cost between ex-ante evaluation and ex-post
evaluation without a breakthrough possibility (i.e., W, defined in (9), is close to zero), the
sign of the above equation is negative by condition (10). Therefore, post-breakthrough
evaluation and development ( Puu ) is optimal if evaluation is delayed.
Proposition 4—Optimal Timing of Evaluation and a Breakthrough Possibility
An anticipated technological breakthrough in development can advance the
timing of evaluation from ex post to ex ante, which in turn advances the timing of
development.
Proof
If condition (10) holds and W is close to zero, A0u is the optimal ex-ante
evaluation alternative and Puu is the optimal delayed evaluation alternative.
A0u − Puu = η{(V − xLφ)r (r + φ)(r + β + φ) + xLφλ[φ(φ + λ) − r (r + β)]}
where η≡β/[r(r + φ)(r + β + φ)(r + β + λ)(r + β + φ + λ)]. Negative sign of the above
equation implies that ex-ante evaluation is optimal within the parameter space where expost evaluation is preferred without a breakthrough possibility. The first term in the
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bracket is negative by condition (10), and the second term is negative if φ(φ + λ) < r(r +
β) (and if λ > 0, assumed in equation (4)). Thus, the sufficient condition where ex-ante
evaluation is preferred is φ(φ + λ) < r(r + β).

Q.E.D.

Proposition 4 implies that the possibility of a technological breakthrough advances the
timing of evaluation (and development) for φ(φ + λ) < r(r + β). If a technological
breakthrough is expected to happen soon (i.e., β is high) and is likely to happen before a
discovery occurs (i.e., φ is low), this will favor early evaluation since the breakthrough
then increases the value of immediate development. If λ is high, on the other hand,
immediate development is likely even without a breakthrough, so the latter has less expected
effect on timing. Similarly, if the breakthrough happens after discovery (i.e., low β and high
φ), there is no marginal advantage to advancing evaluation to exploit the breakthrough.
Figure 4: Optimal timing of evaluation with a technological breakthrough
Discovery
rate (φ)
t

A0
1.6

1.2

u

A0

0.8
u

Pu
0.4

t

Pt

No action
0

0.2

Size of a breakthrough (x)

0.8

1
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Figure 4 illustrates an example of the optimal evaluation alternatives under
different parameter spaces. When there is no possibility of a technological breakthrough
(x = 0), ex-ante evaluation/ex-post development ( A0t ) is preferred for φ > 1.18 and expost evaluation ( Pt t ) for 0.25 < φ < 1.18. Within this range where ex-post evaluation is
preferred, as the size of a breakthrough increases, the set of optimal alternatives expands
to include post-breakthrough evaluation/development ( Puu ) and ex-ante evaluation/postbreakthrough development ( A0u ). The benefit from a large technological breakthrough
can be substantial if it is utilized earlier. This will induce ex-ante evaluation to capture
the benefit of earlier utilization if condition φ(φ + λ) < r(r + β) holds. Thus, continuous
advances in biotechnology in the future may induce early evaluation of genebank
accessions and consequently early development of cultivars.
This result is contrary to the usual argument of real option theory in which
uncertain future environment delays the timing of a decision. The reason for this
difference is that in this model it takes time to utilize the breakthroughthat is, the
evaluation process must be successfully completed before utilizing the breakthrough in
development. If the evaluation process is instantaneous or the breakthrough happens in
evaluation, our model favors delaying as in standard real option theory. However, in
situations where it takes time to finish the first stage of a two-stage investment process,
the timing decision may be different from the argument of real option theory. The ability
to delay the second stage (development) depending on the state makes early investment
in the first stage (evaluation) more attractive, as in Bar-Ilan and Strange (1998). But here
the real option value due to technological uncertainty actually can advance investment in
both stages relative to the case of no technological uncertainty. Bar-Ilan and Strange
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(table 4, p.452), by contrast, find that uncertainty (in output price) increases the “trigger
price” whether the investment may be suspended after the first stage, thus discouraging
early investment relative to the case with zero price variance.
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5.

CONCLUSION

The agricultural environment is continuously changing, and so is the demand for
germplasm by plant breeders. Predicting future use of germplasm in ex-situ genebanks is
increasingly difficult. One of the most important policy issues regarding management of
genebank collections concerns the evaluation of their collections prior to utilization. A
commonly expressed view is that all traits likely to be relevant in crop improvement
should be completely evaluated ex ante to facilitate and encourage the utilization by plant
breeders.
This paper examines the optimal timing of evaluation of germplasm for disease
resistance traits and of development of cultivars incorporating those traits, from the social
point of view. We consider the case where the disease-causing agent is known, but the
date of crop infestation is stochastic. We find that for a trait that has low probability of
being needed soon, ex-ante evaluation tends to be dominated by delayed evaluation. This
result is especially important for the management of genebanks, which suffer chronic
funding problems. Instead of spending scarce financial resources for the expensive
evaluation of rarely used genes, it might well be more efficient to focus on other
activities; for example, provision of basic information and construction of an information
network for better information flow (Frankel 1989; Williams 1989).
Technological progress has an important influence on the timing of evaluation of
accessions and of the development of cultivars incorporating traits identified in the
evaluation process. Innovations that reduce search and development costs and/or speed
up search and development rates turn out to favor ex-ante evaluation. The possibility of a
future technological breakthrough in the cost of evaluation tends to delay evaluation, as
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one might expect from the common general intuition about real option value in which
prospective technological progress affecting the cost of an investment tends to delay the
timing of an investment. But the possibility of a breakthrough in the cost of development
may advance the timing of the whole process, contrary to real option theory.
We showed that, for the parameter space where ex-post evaluation is preferred,
the breakthrough possibility may advance the timing of evaluation from ex post to ex
ante. The reason is that the marginal benefit from the technological breakthrough is
larger when development process is started earlier. If the initial situation favors ex-ante
evaluation, the possibility of a breakthrough reinforces the effect on the earlier
evaluation. We can conclude that both the level and rate of technological progress may
justify advancing the search process and consequently the development process, except
when the possibility of a breakthrough refers to the evaluation stage itself.
This study covers only one small aspect of the problems faced by genebank
managers: i.e., evaluation for single-gene disease resistance traits. Depending on the
specific cost conditions, evaluation for multiple traits simultaneously might often be
optimal, complicating the above analysis. The case of a sequence of technological
breakthroughs is another interesting extension. The question of evaluation for more
complex quantitative traits associated with yield is the subject of ongoing research in
functional genomics. As the science becomes better understood, exploration of the
economics of different managerial strategies regarding genebank accessions should
continue to be a very interesting topic.
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APPENDIX 1:
EXPECTED COSTS OF EX-POST EVALUATION
The search cost of ex-ante evaluation is c/(r + φ). If the evaluation succeeds after
infestation (t < s), then development follows immediately. The expected cost (excluding
the search cost) when t < s is
s d
( n + d )L − rs − βs ( m + d )L − rs  −λt
e  λe dt
e +e
Qa ( s ) = ∫  e − rt − e − rs + 1 − e − βs
0 r
r
r



(

) (

)

If the genebank manager delays development until infestation for t > s, the expected
development and disease cost is

(1 − e )∫
− βs

( n + d )L −( r + λ )t
dt
λe
0
r
s

for u < s

and

(e

− βs

− e − βt

)∫

∞
s

∞ ( m + d )L
( n + d ) L −( r + λ ) t
λe
dt + e − βt ∫
λe −( r + λ )t dt
s
r
r

for u > s

Thus, the expected development and disease costs of post-infestation development when t
> s is
Q1 ( s ) =

( n + d ) Lλ − ( r + λ ) s
xLλ
e
+
e − ( r +β + λ ) s
r (r + λ)
r (r + β + λ)

The expected cost of ex-ante evaluation/post-infestation development is derived using
Qa(s) and Q1(s).
c
nLφ
nLφ
xLφ
+
−
+
r + φ r (r + φ) (r + λ)(r + φ + λ) r (r + φ + β)
xLφ(r + β)
d (r + Lφ)λ
d (1 − L)φλ
−
+
−
r (r + β + λ)(r + φ + β + λ) r (r + φ)(r + λ) (r + φ)(r + λ)(r + φ + λ)

A0t =

If development is delayed until the technological breakthrough or the disease infestation,
the expected cost is
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(1 − e )∫

− βs

∞
s

(

)

s +l d
nL − rs − λt

e − rt − e − r ( s +l ) λe − λt dt 
e λe dt + ∫
s
r
r


(

for s < u

)

and

s +l t d
nL −( r + β )u −λt
βe
λe dudt + ∫ ∫
e − rt − e − r ( u + l ) β e − βu λe −λt dudt
s
s r
s
s r
for s < u < t
t d
∞
− rt
−r ( u +l )
− βu
− λt
e −e
β e λe dudt
+∫ ∫
s + l t −l r

and

e − βt ∫

∞

∫ ∫

t

(

∞
s

)

( m + d ) L −( r + λ ) t
λe
dt
r

for s < t < u

The expected cost of ex-ante evaluation/post-breakthrough development is
derived using Qa(s) and above equations.
c
nLφ
nLφ
xLφ
+
−
+
r + φ r (r + φ) (r + β + λ )(r + φ + β + λ ) r (r + φ + β)
xLφ(r + β)
d (r + Lφ)λ
−
+
r (r + β + λ )(r + φ + β + λ ) r (r + φ)(r + λ)

A0u =

d (1 − L)φ[λ + (r + φ)(1 − e −λl )]
d (1 − L)φ(1 − e − λl )
−
+
(r + φ)(r + λ)(r + φ + λ )
(r + β + λ )(r + φ + β + λ )
If development follows immediately after evaluation regardless of a technological
breakthrough, the expected development and disease cost is

(1 − e )∫

− βs

and

∞
s

(

)

s +l d
nL − rs − λt

e λe dt + ∫
e − rt − e − r ( s +l ) λe − λt dt 
s
r
r


(

)

s +l d
 ∞ mL − rs −λt

e − βs  ∫
e λe dt + ∫
e − rt − e − r ( s +l ) λe − λt dt 
s
s
r
r



for u < s

for u > s.

The expected cost of ex-ante evaluation/development is derived using Qa(s) and
above equations.
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APPENDIX 2:
EXPECTED COSTS OF EX-ANTE EVALUATION
When a disease breaks out before a technological breakthrough (t < u), the
genebank starts to evaluate and develop a new variety without further delay. The
expected cost of ex-post evaluation when t < u is
u c + d

( m + d ) Lφ
xLφ
Qp ( u ) = ∫ 
+
−
e −( r +φ )( u −t )  λe −( r + λ )t dt
0 r +φ
r( r + φ )
r( r + φ )



When the technological breakthrough happens before the disease (u < t), and if
evaluation and development are delayed until the disease infestation, the expected cost is
∞

Q2 ( u ) = ∫ R2 λe −λt dt
u

∞ ( c + d )
( n + d )L − rs  −φs
where R2 = e − rt ∫ 
1 − e − rs +
e φe ds . The expected cost of post0
r
 r


(

)

infestation evaluation/development is
Pt t = ∫ (Q p ( u ) + Q2 ( u ))βe− βu du
∞

0

=

cλ
nLφλ
xLφλ
d ( r + Lφ )λ
+
+
+
( r + φ )( r + λ ) r( r + φ )( r + λ ) r( r + φ + β )( r + β + λ ) r( r + φ )( r + λ )

Given that evaluation is initiated at the time of the breakthrough, development can
be started at the time of the disease infestation (if it occurs after the search is completed).
The expected cost for u < t is
∞

Q3 ( u ) = ∫ R3 ( s )φe −φs ds
0

where

(

)

c − ru − r ( u + s ) − λt
e −e
λe dt
u r
u + s  ( n + d )L
d
+∫ 
e − r ( u + s ) + e − rt − e − r ( u + s )
u
r
r


R3 ( s ) = ∫

∞

(

)λe


− λt

dt + ∫

( n + d ) L − λt
λe dt
u+s
r
∞
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The expected cost of post-breakthrough evaluation/ex-post development is
derived using Qp(u) and Q3(u).
c(β + λ)
nLφλ
nLφλβ
+
+
(r + φ)(r + β + λ) r (r + φ)(r + λ) (r + φ)(r + λ)(r + φ + λ)(r + β + λ)
xLφλ
d (r + Lφ)λ
d (1 − L)φβλ
+
+
−
r (r + φ + β)(r + β + λ) r (r + φ)(r + λ) (r + φ)(r + λ)(r + φ + λ)(r + β + λ)

Put =

If the genebank manager starts to develop immediately after the evaluation
regardless of the disease outbreak, the expected cost for u < t becomes
∞

Q4 ( u ) = ∫ R4 ( s )φe −φs ds
0

where

(

)

∞ c
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R4 ( s ) = ∫  e − ru − e − r ( u + s ) +
e
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 r


(

)
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The expected cost of post-breakthrough evaluation/development is derived using
Qp(u) and Q4(u).
Puu =
+

c(β + λ )
nLφ(β + λ )
xLφλ
+
+
( r + φ)( r + β + λ ) r ( r + φ)( r + β + λ ) r ( r + φ + β)(r + β + λ )
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−
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34
REFERENCES
Arrow, K.J. and A.C. Fisher. 1974. Environmental preservation, uncertainty, and
irreversibility. Quarterly Journal of Economics 88: 312–319.
Bar-Ilan, A. and W.C. Strange. 1998. A model of sequential investment. Journal of
Economic Dynamics and Control 22: 437–463.
Brown, A.H.D. 1989. The case for core collections. In The use of plant genetic resources,
A.H.D. Brown, O.H. Frankel, D.R. Marshall, and J.T. Williams, eds. Cambridge:
Cambridge University Press.
Chang, T.T. 1989. The case for large collections. In The use of plant genetic resources,
A.H.D. Brown, O.H. Frankel, D.R. Marshall, and J.T. Williams, eds. Cambridge:
Cambridge University Press.
Dixit, A.K. and R.S. Pindyck. 1994. Investment under uncertainty. Princeton: Princeton
University Press.
Duvick, D.N. 1984. Genetic diversity in major farm crops on the farm and in reserve.
Economic Botany 38: 161–178.
Evenson, R.E. 1996. Valuing genetic resources for plant breeding: Hedonic trait value,
and breeding functions methods. Paper presented at the symposium on The
Economics of Valuation and Conservation of Genetic Resources for Agriculture,
May 13-15, Rome.
Evenson, R.E. and Y. Kislev. 1976. A stochastic model of applied research. Journal of
Political Economy 84(2): 265–281.
Frankel, O.H. 1989. Principles and strategies of evaluation. In The use of plant genetic
resources, A.H.D. Brown, O.H. Frankel, D.R. Marshall, and J.T. Williams, eds.
Cambridge: Cambridge University Press.
Gollin, D., M. Smale, and B. Skovmand. 1997. The empirical economics of ex situ
conservation: A search theoretic approach for the case of wheat. Paper presented
at the conference Building the Basis for Economic Analysis of Genetic Resources
in Crop Plants, Aug 17-19, Palo Alto, California.
Goodman, M.M. 1990. Genetic and germplasm stocks worth conserving. Journal of
Heredity 81: 11–16.
McDonald, R. and D. Siegel. 1986. The value of waiting to invest. Quarterly Journal of
Economics 101: 707–727.
McIntosh, R. and G. Brown. 1997. Anticipatory breeding for resistance to rust disease in
wheat. Annual Review of Phytopathology 35: 311–326.

35
National Research Council. 1993. Managing global genetic resources: Agricultural crop
issues and policies. Committee on Managing Global Genetic Resources:
Agricultural Imperatives. Washington, D.C.: National Academy Press.
Office of Technology Assessment. 1987. Technologies to maintain biological diversity.
OTA F-330, Washington, D.C.: U.S. Government Printing Office.
Peeters, J.P. and J.T. Williams. 1984. Towards better use of genebanks with special
reference to information. Plant Genetic Resources Newsletters 60: 22–32.
Peeters, J.P. and N.W. Galwey. 1988. Germplasm Collections and breeding needs in
Europe. Economic Botany 42(4): 503–521.
Rao, V.R. and K.W. Riley. 1994. The use of biotechnology for conservation and
utilization of plant genetic resources. Plant Genetic Resources Newsletter.97: 3–
19.
Reid, W.V. and K.R. Miller. 1989. Keeping options alive: The scientific basis for
conserving biodiversity. Washington, D.C.: World Resources Institute.
Robinson, J. 1994. Identification and characterization of resistance to the Russian wheat
aphid in small-grain cereals: Investigations at CIMMYT, 1990-92. CIMMYT
Research Report No. 3. Mexico: International Maize and Wheat Improvement
Center.
Russian Wheat Aphid Task Force. 1991. Economic impact of the Russian wheat aphid in
the Western United States. A report to the Great Plains Agricultural Council.
Manhattan, Kansas: Kansas State University.
Simpson, R.D., R.A. Sedjo, and J.W. Reid. 1996. Valuing biodiversity for use in
pharmaceutical research. Journal of Political Economy 104(1): 163–185.
Williams, J.T. 1989. Practical considerations relevant to effective evaluation. In The use
of plant genetic resources, A.H.D. Brown, O.H. Frankel, D.R. Marshall, and J.T.
Williams, eds. Cambridge: Cambridge University Press.
Witt, S.C. 1985. Biotechnology and genetic diversity. California Agricultural Lands
Project. San Francisco, CA.
Wright, B.D. 1997. Crop genetic resource policy: The role of ex-situ genebanks.
Australian Journal of Agricultural and Resource Economics 41(1): 81–115.

List of EPTD Discussion Papers
01

Sustainable Agricultural Development Strategies in Fragile Lands, by Sara J.
Scherr and Peter B. R. Hazell, June 1994.

02

Confronting the Environmental Consequences of the Green Revolution in Asia, by
Prabhu L. Pingali and Mark W. Rosegrant, August 1994.

03

Infrastructure and Technology Constraints to Agricultural Development in the
Humid and Subhumid Tropics of Africa, by Dunstan S. C. Spencer, August 1994.

04

Water Markets in Pakistan: Participation and Productivity, by Ruth MeinzenDick and Martha Sullins, September 1994.

05

The Impact of Technical Change in Agriculture on Human Fertility: District-level
Evidence from India, by Stephen A. Vosti, Julie Witcover, and Michael Lipton,
October 1994.

06

Reforming Water Allocation Policy Through Markets in Tradable Water Rights:
Lessons from Chile, Mexico, and California, by Mark W. Rosegrant and Renato
Gazmuri S., October 1994.

07

Total Factor Productivity and Sources of Long-Term Growth in Indian
Agriculture, by Mark W. Rosegrant and Robert E. Evenson, April 1995.

08

Farm-Nonfarm Growth Linkages in Zambia, by Peter B. R. Hazell and Behjat
Hojjati, April 1995.

09

Livestock and Deforestation in Central America in the 1980s and 1990s: A Policy
Perspective, by David Kaimowitz (Interamerican Institute for Cooperation on
Agriculture), June 1995.

10

Effects of the Structural Adjustment Program on Agricultural Production and
Resource Use in Egypt, by Peter B. R. Hazell, Nicostrato Perez, Gamal Siam and
Ibrahim Soliman, August 1995.

11

Local Organizations for Natural Resource Management: Lessons from
Theoretical and Empirical Literature, by Lise Nordvig Rasmussen and Ruth
Meinzen-Dick, August 1995.

12

Quality-Equivalent and Cost-Adjusted Measurement of International
Competitiveness in Japanese Rice Markets, by Shoichi Ito, Mark W. Rosegrant,
and Mercedita C. Agcaoili-Sombilla, August, 1995.

13

Role of Inputs, Institutions, and Technical Innovations in Stimulating Growth in
Chinese Agriculture, by Shenggen Fan and Philip G. Pardey, September 1995.

14

Investments in African Agricultural Research, by Philip G. Pardey, Johannes
Roseboom, and Nienke Beintema, October 1995.

15

Role of Terms of Trade in Indian Agricultural Growth: A National and State
Level Analysis, by Peter B. R. Hazell, V. N. Misra and Behjat Hojjati, December
1995.

16

Policies and Markets for Non-Timber Tree Products, by Peter A. Dewees and
Sara J. Scherr, March 1996.

17

Determinants of Farmers' Indigenous Soil and Water Conservation Investments in
India's Semi-Arid Tropics, by John Pender and John Kerr, August 1996.

18

Summary of a Productive Partnership: The Benefits from U.S. Participation in the
CGIAR, by Philip G. Pardey, Julian M. Alston, Jason E. Christian and Shenggen
Fan, October 1996.

19

Crop Genetic Resource Policy: Towards a Research Agenda, by Brian D.
Wright, October 1996.

20

Sustainable Development of Rainfed Agriculture in India, by John M. Kerr,
November 1996.

21

Impact of Market and Population Pressure on Production, Incomes and Natural
Resources in the Dryland Savannas of West Africa: Bioeconomic Modeling at the
Village Level, by Bruno Barbier, November 1996.

22

Why Do Projections on China's Future Food Supply and Demand Differ? by
Shenggen Fan and Mercedita Agcaoili-Sombilla, March 1997.

23

Agroecological Aspects of Evaluating Agricultural R&D, by Stanley Wood and
Philip G. Pardey, March 1997.

24

Population Pressure, Land Tenure, and Tree Resource Management in Uganda,
by Frank Place and Keijiro Otsuka, March 1997.

25

Should India Invest More in Less-favored Areas? by Shenggen Fan and Peter
Hazell, April 1997.

26

Population Pressure and the Microeconomy of Land Management in Hills and
Mountains of Developing Countries, by Scott R. Templeton and Sara J. Scherr,
April 1997.

27

Population Land Tenure, and Natural Resource Management: The Case of
Customary Land Area in Malawi, by Frank Place and Keijiro Otsuka, April 1997.

28

Water Resources Development in Africa: A Review and Synthesis of Issues,
Potentials, and Strategies for the Future, by Mark W. Rosegrant and Nicostrato
D. Perez, September 1997.

29

Financing Agricultural R&D in Rich Countries: What's Happening and Why, by
Julian M. Alston, Philip G. Pardey, and Vincent H. Smith, September 1997.

30

How Fast Have China's Agricultural Production and Productivity Really Been
Growing? by Shenggen Fan, September 1997.

31

Does Land Tenure Insecurity Discourage Tree Planting? Evolution of Customary
Land Tenure and Agroforestry Management in Sumatra, by Keijiro Otsuka, S.
Suyanto, and Thomas P. Tomich, December 1997.

32

Natural Resource Management in the Hillsides of Honduras: Bioeconomic
Modeling at the Micro-Watershed Level, by Bruno Barbier and Gilles Bergeron,
January 1998.

33

Government Spending, Growth and Poverty: An Analysis of Interlinkages in
Rural India, by Shenggen Fan, Peter Hazell, and Sukhadeo Thorat, March 1998,
Revised December 1998.

34

Coalitions and the Organization of Multiple-Stakeholder Action: A Case Study of
Agricultural Research and Extension in Rajasthan, India, by Ruth Alsop, April
1998.

35

Dynamics in the Creation and Depreciation of Knowledge and the Returns to
Research, by Julian Alston, Barbara Craig, and Philip Pardey, July 1998.

36

Educating Agricultural Researchers: A Review of the Role of African
Universities, by Nienke M. Beintema, Philip G. Pardey, and Johannes Roseboom,
August 1998.

37

The Changing Organizational Basis of African Agricultural Research, by
Johannes Roseboom, Philip G. Pardey, and Nienke M. Beintema, November
1998.

38

Research Returns Redux: A Meta-Analysis of the Returns to Agricultural R&D, by
Julian M. Alston, Michele C. Marra, Philip G. Pardey, and T.J. Wyatt, November
1998.

39

Technological Change, Technical and Allocative Efficiency in Chinese
Agriculture: The Case of Rice Production in Jiangsu, by Shenggen Fan, January
1999.

40

The Substance of Interaction: Design and Policy Implications of NGOGovernment Projects in India, by Ruth Alsop with Ved Arya, January 1999.

41

Strategies for Sustainable Agricultural Development in the East African
Highlands, by John Pender, Frank Place, and Simeon Ehui, April 1999.

42

Cost Aspects of African Agricultural Research, by Philip G. Pardey, Johannes
Roseboom, Nienke M. Beintema, and Connie Chan-Kang, April 1999.

43

Are Returns to Public Investment Lower in Less-favored Rural Areas? An
Empirical Analysis of India, by Shenggen Fan and Peter Hazell, May 1999.

44

Spatial Aspects of the Design and Targeting of Agricultural Development
Strategies, by Stanley Wood, Kate Sebastian, Freddy Nachtergaele, Daniel
Nielsen, and Aiguo Dai, May 1999.

45

Pathways of Development in the Hillsides of Honduras: Causes and Implications
for Agricultural Production, Poverty, and Sustainable Resource Use, by John
Pender, Sara J. Scherr, and Guadalupe Durón, May 1999.

46

Determinants of Land Use Change: Evidence from a Community Study in
Honduras, by Gilles Bergeron and John Pender, July 1999.

47

Impact on Food Security and Rural Development of Reallocating Water from
Agriculture, by Mark W. Rosegrant and Claudia Ringler, August 1999.

48

Rural Population Growth, Agricultural Change and Natural Resource
Management in Developing Countries: A review of Hypotheses and Some
Evidence from Honduras, by John Pender, August 1999.

49

Organizational Development and Natural Resource Management: Evidence from
Central Honduras, by John Pender and Sara J. Scherr, forthcoming.

50.

Estimating Crop-Specific Production Technologies in Chinese Agriculture: A
Generalized Maximum Entropy Approach, by Xiaobo Zhang and Shenggen Fan,
September 1999.

51.

Dynamic Implications of Patenting for Crop Genetic Resources, by Bonwoo Koo
and Brian D. Wright, October 1999.

52.

Costing the Ex Situ Conservation of Genetic Resources: Maize and Wheat at
CIMMYT, by Philip G. Pardey, Bonwoo Koo, Brian D. Wright, M.Eric van
Dusen, Bent Skovmand, and Suketoshi Taba, October 1999.

53.

Past and Future Sources of Growth for China, by Shenggen Fan, Xiaobo Zhang,
and Sherman Robinson, October 1999.

54.

The Timing of Evaluation of Genebank Accessions and the Effects of
Biotechnology, by Bonwoo Koo and Brian D. Wright, October 1999.

