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ABSTRACT

Rice is the staple crop for most consumers in Asia. More than half of the global population
depends on rice. However, scarce resources for agricultural production and unfavorable
conditions will make it hard to meet future demand in rice and threaten future food security.
Hybrid rice technology is a method to increase the productivity of resources needed for rice
production. Current developments show not only yield improvements in comparison to existing
conventional and hybrid varieties, but also fuel hopes for new abiotic and biotic stress tolerance.
The objective of this study is to determine what impact hybrid rice varieties can have on food

security.

Using the RICEFLOW model, a spatial-equilibrium framework with detailed information about
the global rice value chain, the potential for adoption and impacts on food security of new hybrid
rice varieties can be estimated. Higher production quantity and significant effects on rice prices
are the results. More importantly, global rice consumption demands are increasing. So far hybrid
rice has already made some sizeable contributions to per-capita availability of rice in a few
countries such as China. However, at forecasted demand a large-scale diffusion of hybrid rice
will be needed. Accordingly, this study quantifies the impact of hybrid rice on food security and
shows that the need for agricultural intensification is prevalent, of which new hybrid rice
varieties present a potential to deal with food security issues. The results show that hybrid rice
diffusion can increase global rice production by 12.8% up to 2025, inducing increased rice
availability of up to 7.61% in the countries that are most dependent on rice as staple crop.

Moreover, retail prices could be lowered by up to 134.03 % in regard to prices of 2009.
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I. INTRODUCTION

World food prices spiked in 2007 and 2008; it was the biggest spike since the world food crisis
in 1972 and 1973. Rice prices peaked in early 2008 with prices tripling in only a couple of
months. In many countries this led to surges in domestic retail prices of rice, impacting food
security of the population in those regions where rice is a staple crop. Especially lower income
groups, whose income can barely cover food expenses, were at that time in a severe condition
of food insecurity. While both the 1972/73 and 2007/08 food crises had a similar effect on food
security issues, the causes differed (Dawe, 2010).

The world food crisis in the 1970s was started by a widespread drought during the
summer months and reduced immensely the dry-season rice production in Southeast Asia. The
drought continued in the autumn months, affecting also wheat and corn crops and increasing
food prices globally. Food availability declined sharply, and national protective measures
stopped global rice trade for nine months in 1973. Consequently, rice producing countries had
to cope with the lack of food, and countries depending on rice imports were suddenly left with
a depleted food availability (Timmer & Dawe, 2010).

The food price increase in 2007 and 2008 had different reasons. There was a slight
production fall of wheat in 2007 of 3.9%, and a U.S. driven mandate for biofuel production put
pressure on the availability of corn. This led to higher corn and wheat prices, but this was not
solely the reason for a global food crisis (Naylor & Falcon, 2008). Speculative trading of
commodities led to the price peaks. Speculative fervor in oil and metal markets spread to
agricultural commodities, leading to price peaks of wheat in February 2008, of corn in June,

and of oil in July (Timmer, 2008). National protective policies and declining stocks most likely



caused the rice prices to spiral further upwards (Dawe, 2010; Yu, Tokgoz, Wailes, & Chavez,
2011).

What were the lessons drawn for rice availability and production from both food crises
(according to Timmer & Dawe, 2010)? Before the 1970s food crisis hit, there was actually an
optimistic feeling about the global food situation. The so-called Green Revolution introduced
high-yielding seeds in the late 1960s that increased agricultural productivity tremendously.
Moreover, the Green Revolution entailed a whole set of agricultural innovations in addition to
high-yielding seeds, such as synthetic fertilizers and pesticides, irrigation infrastructure, and
modernized management techniques (Ruttan, 1977). Norman Borlaug, the ”Father of the Green
Revolution”, the International Rice Research Institute (IRRI), and the International Maize and
Wheat Improvement Center (CIMMYT) were on the forefront on developing high-yielding
seeds for rice and wheat. The widespread diffusion of those seeds indeed led to increased rice
production mainly in South Asia and Southeast Asia, and it also led to the optimistic
expectations for food security. The drought of 1972, though, changed the situation. After all,
the food crisis was a shock that only enforced the trend of agricultural intensification measures
that were taken during the Green Revolution. It became clear that only higher average yields
could produce sufficient quantities to meet demands and on top could help setting up grain
reserves that might be used in case of need. Furthermore, the temporary lock down of global
rice trade led to an increased awareness among governments of rice importing countries.
National research for new crops was intensified to meet the goal of self-sufficiency in crop
production. Up to today, rice remains only a minor traded commodity, consequently it is

produced all over the world (Timmer & Dawe, 2010, p. 5).



The last food crisis induced a global public debate about the consequences of
speculations in food and about the consequences of alternative uses of agricultural products.
Whereas there are different opinions about the impact of commodity speculation on food prices,
the higher demand of agricultural products for different reasons is undeniable. As a matter of
fact, mitigation measures such as protective trade policies and the use of national rice stocks
were eventually fueling the food crisis. That led to the call for a more internationally
coordinated approach in case of severe food security situations. A call that seems unreachable
in the near future when taking the sensitivity of agricultural production in general and in
current multilateral agricultureal trade negotiations into account. But also the importance of
crop stocks was stressed again during the last food crisis, which led to realistic policy intentions
to strengthen regional approaches to food security (Timmer & Dawe, 2010, p. 7).

In addition to temporary shocks on food availability, agricultural production in general
and rice production in particular face certain trends to be addressed. Three often mentioned
trends are demand growth, limited availability of productive land, and the climate change. The
United Nations projects the world population to be 9.5 billion by 2050 (UN 2011). The
population whose major staple crop is rice will increase by more than 1 billion. Moreover,
agricultural products for alternative uses such as bio-energy is intensifying. Accordingly, it is
estimated that production of agricultural commodities needs to double in order to meet that
additional demand (Trethowan, Turner, & Chattha, 2010). Regarding rice production, though,
estimates are more varying. Some projections estimate that rice production needs to increase
only 5% up to 2020 (Timmer, Block, & Dawe, 2010), others speak of 8% up to 2019 (Mohanty,
Wailes, & Chavez, 2010).In any case, agricultural production increase is further challenged by

the limited availability of agricultural land. Regarding rice production, there has been very



limited extensification of agricultural land for the last 30 years. Deteriorating land quality and
the use of agricultural land for other purposes has led the United States Department of
Agriculture (USDA) to estimate that there will be a decline of area available for agricultural
production (USDA, 2010). Climate change is putting two main stresses on global agricultural
activities: increased mean temperature and a higher probability of extreme weather events
(Lobell & Burke, 2010). On a global average basis, climate change will thus potentially lead to
lower yield productivity and also to a higher risk of crop failure, which increases the risk of
food crises.

These current trends emphasize the need for advancements in agriculture similar to
innovations such as the Green Revolution achieved on a large scale. One promising
development in rice production to deal with the trend and to mitigate possible food insecure
situations is the ongoing research in biotechnology. Biotechnology is mostly understood as
advanced breeding methods, which can range from tissue culture to molecular markers, genetic
modification (GM), or the use of bio-informatics (Stewart Jr., 2008). Regarding rice research,
there are currently genetically modified rice varieties with certain advantages towards
conventional rice varieties, such as the Golden Rice, which is used against malnutrition as it
enhances Vitamin A intake. In general, however, there are global resentments either against the
genetical modification of crops or against the associated business model for the
commercialization of GM crops. On the other hand, some advanced breeding techniques of rice
do not change the genetics of plants directly but can still enhance certain characteristics and can
therefore more easily be deployed globally.

Advanced breeding techniques were first applied by Yuan Longping in China during the

1970s (Li, Xin, & Yuan, 2009). Different rice varieties with favored characteristics were cross-



bred respectively hybridized systematically in order to produce hybrid varieties that entailed the
advantageous characteristics of their parents. Initially, hybrid rice research aimed for increasing
the yield of rice, though, contemporary research is also looking for other aspects such as
resistance towards certain pests or the need for less water input. In any case, progress in hybrid
rice research is expected to lead to a higher average yield of rice plants. Hybrid rice varieties
have become quite successful agricultural innovations so that their deployment is relatively
wide in some rice producing countries compared to other agricultural innovations (more than
60% as in China). As hybrid varieties are already diffused widely, an impact on food security
for those countries consuming rice as staple crop cannot be denied. Nevertheless, diffusion
rates can still improve and hybrid rice can still play a more vital role in securing food
availability. In regard to future trends, it could even be said that there is an obligation to
mitigate future food risks in the best possible way in which hybrid rice is able to contribute
more than today. If hybrid rice can affect food security positively, how much can hybrid rice
contribute to future food availability? Can hybrid advantages deal with increasing demand
solely or will there also be a need for other agricultural innovations in order stabilize the global
food situation? The objective of this thesis is to quantify what impact hybrid rice can have on
future food security.

The literature deals with manifold aspects of agricultural innovations, from the
development of innovations to their adoption and diffusion. Reviews of the development
process of agricultural innovations mostly deal with analyzing the environment that might
induce innovations such as hybrid rice varieties (e.g., Aubert, 2005; Hayami & Ruttan, 1985;
Kislev & Shchori-Bachrach, 1973; Sunding & Zilberman, 2001). Regarding adoption and

diffusion, there are efforts to systemize behavior of adoption of hybrid rice varieties by rice



producers (e.g., Diederen, van Mejil, Wolters, & Bijak, 2003; Feder & O'Mara, 1981; Janaiah
& Xie, 2010; Rogers, 2003; Shaw, 1985). Also consumer responses to hybrid rice
commercialization are covered by various studies (e.g., Carletto, De Janvry, & Sadoulet, 1996;
Just & Zilberman, 1983). There are numerous works dealing with current trends and their
implications on rice production and rice research (e.g., Lobell & Burke, 2010; Napasintuwong,
2009; Nelson et al., 2009; Trethowan et al., 2010). Similarly, projections for agricultural
production, demand for agricultural commodities, and prices can be found in various sources
(Pandey et al., 2010; USDA, 2010; Wailes & Chavez, 2011). Though, there are only a few
quantitative studies on what impact diffusion of hybrid rice can have on food security (Durand-
Morat, Wailes, & Chavez, 2011; Janaiah & Hossain, 2003). This might be explained by the
difficulty to make exact estimations. Current models that reflect global agricultural production
exist and can be used for making predictions (Adenduer, 2008; Matriz, Molina, Valera,
Mohanty, & Jamora, 2010). However, those models are extremely data intensive and rely on
behavioral assumptions, so that actually each result might vary from one another. It would be
more accurate to say that quantitative models can hint to certain trends instead of making exact
predictions. Nevertheless, a sound estimate for the impact of hybrid rice, and in fact of any
agricultural advancement, can give valuable insight for policy analysts and policy makers
regarding global food production and consumption, hence, for food security concerns and the
need to fund such initiatives. Accordingly, this thesis aims to estimate the impact of hybrid rice
on food security. Food security is here understood as the availability of staple crops at an
affordable price (according to Virmani, Mao, & Hardy, 2003). RICEFLOW is a spatial partial
equilibrium model and will be used in this study to reflect global rice production, consumption,

and trade (see Durand-Morat & Wailes, 2010). By that, the analysis for food security impacts



will focus on demanded quantities and supplied quantities as well as on the retail price.
However, further implications, such as on efficiency of production input use, can also be made
in order to indicate possible effects of hybrid rice adoption on other aspects of agricultural
production, although this issue willis beyond the scope of this study.

This thesis will begin with a literature review to make the reader familiar with theories
regarding agricultural innovations as well as with rice and hybrid rice (chapter 2). The first part
of the literature review will have a theoretic focus (section 2.1). The theory of induced
innovation will make the point that agricultural innovations are only developed if the
environment demands them. The following section about adoption and diffusion theory will
explain when and how adoption of agricultural innovations occurs. Certain considerations that
can impact the diffusion process will be discussed followed by a section about intellectual
property rights that illustrates the current situation of research and development. In the second
part of the literature review, the evolution from conventional rice to hybrid rice will be outlined
(section 2.2). The importance of rice in the global economy will be elaborated, and the aspects
of research, design, development, and deployment of hybrid rice will be highlighted. The
literature review will end with an outline of the deduced research questions (section 2.3); the
section for the methodology follows subsequently (chapter 3). In the methodology section,
methods will be discussed that could possibly be used (section 3.1). The RICEFLOW model is
selected as best fitting for the purpose of this thesis (section 3.2). The data sources will be
described (section 3.3) before the modeled scenarios for the calculation of the impact of hybrid
rice will be presented (section 3.4). The following section will present the results of the
simulations and will discuss them (chapter 4). The thesis will conclude with the implications of

this thesis, with its limitations, and with possible aspects for future research (chapter 5).



II. LITERATURE REVIEW
2.1 Towards Agricultural Innovation
Innovations are generated in various stages. There are several concepts categorizing the stages

such as Figure 1, which follows the categories listed by Sunding and Zilberman (2001, p. 211).

Figure 1. Generation of innovation.

> Discovery >> Registration >> Development>> Production >> Marketing >

The first stage represents the emergence of a concept or the idea. In case of making use

of intellectual property, registration would present the patenting process. The third stage entails
the evolution from laboratory research to scaled up development, adjusting for
commercialization and the integration into the fourth stage, the production. After production
follows the last step, marketing an innovation.

A similar but more simplified concept is known as Research and Development (R&D),
which does not entail the deployment. A third complementary concept that is often used is
research, design, development, and deployment (RDD&D). It emphasizes also the marketing of
innovations, but puts more emphasis on the transfer from concept to production.

This chapter about theories of innovation and adoption will orient itself on the presented
stages in Figure 1. The first stage of discovery will be discussed with the theory of induced
innovation. The next three stages will be discussed in terms of how they influence adoption and
diffusion of innovations, which itself occurs in the fifth stage. In that way, this chapter will

answer more fundamental questions, e.g. why innovations arise and how they are deployed.



2.1.1 Induced Innovation

Sometimes innovative ideas originate from creative minds without any link to physical reality.
Most often though innovations are inspired by necessities, desires or circumstances. Hayami
and Ruttan (1985) argued that innovations evolve closely linked to economic conditions. They
formalized the theory of induced innovations and could empirically verify it. Their argument is
that development of innovations is an economic activity that is mostly affected by economic
conditions. Innovations are a necessary product because of relatively scarce resources and
because of beneficial opportunities. New technology is developed for facilitating the
substitution of relatively abundant factors for relatively scare factors. For instance a scarcity of
labor will induce labor-saving innovations. Water constraints can induce drip irrigation or other
water-saving innovations. Food scarcity or high prices of commodities might lead to high-
yielding crop varieties. While scarcity and opportunities are the necessary condition for the
induced innovation theory, the sufficient conditions are technical feasibility and scientific
knowledge. Further, if the institutional setting gives sufficient incentives for research and
development, innovation activities are likely to evolve. The following figure explains the

theory formally.



Figure 2. A model of induced technical change in agriculture.
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Figure 2 shows on the upper y-axis Price of Land, on the lower y-axis Land
Infrastructure and on the x-axis Price of Fertilizer. Here, i represents an innovation possibility
curve that embraces less elastic land-fertilizer isoquants such as ij, which illustrates different
crop varieties, cultural practices, and so on. Over time the production costs of fertilizer might
shrink relatively to the price of land, this is depicted by a changing land-fertilizer price ratio
from bb to ZC. The induced innovation theory claims because of a changing price ratio, a new
technology (e.g. a more fertilizer-responsive seed variety) will be developed to take advantage
of the relative lower costs for fertilizer. This is depicted in the graph i;along a new innovation
possibility curve i7. This new technology substitutes fertilizer for land and possibly requires

better land management and better control of water. This complementary relationship between
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fertilizer and land infrastructure (as for example irrigation and drainage systems) is implied by

a linear relationship [F,B].

Figure 3. Hypothetical process of the induced development of a modern high-yielding variety
of rice.
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Figure 3 shows two graphs that depict the hypothesis of the induced innovation theory
about why high-yielding hybrid rice varieties in India, Philippines, Thailand, Japan were
developed from 1955 to 1975. In Figure 3a the metaproduction function U is assumed, which
embraces different fertilizer response curves. Each response curve represents a rice variety,
which is characterized by different degrees of fertilizer responsiveness. In this case u, shows a
response curve for the conventional rice seed and u; represents a new high-yielding variety.

Figure 3b shows the average product curve UAC and the marginal product curve UMC
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corresponding to ug, u,, and U. The conventional rice seed has been used traditionally and is
the optimal respectively profit-maximizing variety for the fertilizer-price ratio p,. Respectively,
u; is the high-yielding variety that represents the optimum for a fertilizer-price ratio p;, whereas
p; reflects lower fertilizer-rice price ratio than p,. Over time the fertilizer-rice price ratio
declines to p;; but if the available rice is the conventional, then rice producers can increase
their yield only from A to C (respectively from D to F). Thus the cost reduction of fertilizers
results in a new equilibrium for individual producers but also in a disequilibrium in the
metaproduction function. Only if a new variety u;becomes available can both equilibriums be
achieved. The induced innovation theory hypothesizes for the development of high-yielding
hybrid rice varieties in the observed countries that the development is undertaken when the
additional benefit of adjustment from C to B (respectively from F to E) is higher than the costs
of development for u;.

This is a simplified picture of the induced development of high-yielding varieties. There
are various other important factors. For example the characteristics of the fertilizer response
curve depends on water control and husbandry practice. If water control and husbandry practice
were inadequate high-yielding varieties would not show the fertilizer-responsive character. It
might also be that high-yielding varieties actually produce more yield even without fertilization
when fields have good irrigation and drainage, making the proposed relationship invalid. Often
weed control is also highly important. All of this raises the question if fertilizer is the sole
variable or if a package of different inputs would not be a better factor in the above figure.

For current development of high-yielding varieties a wide range of economic conditions
can create necessity for more yield. An increase of the global population is raising the demand

for food. Since a tremendous population growth occurs in Asian countries where rice is the
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staple crop, demand for rice especially is growing. Accordingly rice price is likely to increase
in the long-term trend if the growing demand is not met by growing supply. This higher price
can be an innovation-inducing factor for new high-yielding varieties. Similarly, there is only
limited agricultural space available. Therefore rising demand can only be met through
intensification of agriculture, which could possibly induce new high-yielding varieties. Also the
trend of global warming and extreme weather events puts additional stresses on plants,
reducing average yield on many crops, among them rice. These new conditions can also be an
inducing factor for the development of stress resistant varieties that have higher yields than
current varieties.

The induced innovation theory explains why mechanical and biological technology is
developed due to economic conditions. Inducing factors are changes in price ratios that are
important for and affect the observed technologies directly. In the following we will see how
innovative technologies are adopted and diffused and what might speed up or slow down these

processes.

2.1.2 Adoption and Diffusion

There is generally a time lag between the development of an innovation and its
commercialization. There is generally an even bigger time difference between the
commercialization and its widespread use. Theories of adoption and diffusion describe when,
how, and why innovations spread. Analysis of adoption behavior examines the questions of if
and when individuals adopt innovations. In the sense of a new hybrid seed it analyzes if a
farmer is using this seed at a certain time and how much of its farmland is planted with the new

seed. Diffusion on the other hand can be understood as an aggregate adoption. The theory of
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diffusion tries to explain why a certain percentage of total land share is planted with a new
hybrid seed or why a certain percentage of farming population is using the new hybrid seed.

Everett Rogers made the theory of diffusion popular in 1962 by studying diffusion of
hybrid corn in Iowa and analyzing different diffusion rates of different counties. According to
Rogers, “diffusion is the process in which innovation is communicated through certain
channels over time among the members of a social system” (Rogers 2003, p. 5). In every
diffusion research study, the four main elements — innovation, communication through
channels, duration of time, and composition of social system — can be identified.

Innovation itself is a highly subjective perception. In general it is valid to say that if an
idea seems new to an individual, it is an innovation. When speaking about technological
innovation including agricultural innovation, Rogers mentions two aspects: hardware and
software. In other words technological and agricultural innovations combine mostly the tool
and the knowledge on how to use it. The decision to use an innovation or not is consequently a
rational one — in the sense of a cost benefit analysis — but also a behavioral one — e.g. in the
sense of perception of quality, environmental impact, and so on. Whether or not an innovation
is eventually used is a process of evaluating information. Individual adoption is essentially “an
information seeking and information-processing activity in which an individual is motivated to
reduce uncertainty about the advantages and disadvantages of the innovation” (Rogers, 2003, p.
14).

Communicating the innovation is essential for a widespread diffusion. Individual
information processing is necessary, but at the same time a starting point for the
communication process, in which participants create and share information with each other

about an innovation in order to reach a mutual understanding. Communication channels are the
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means through which participants communicate. For successful diffusion of an idea
communication must be given (e.g. all actors speak the same language) and channels must be
efficient. The speed of spreading information depends primarily on the channel, which can
range from interpersonal channels to mass media.

Depending on the information processing ability of individuals and on the efficiency of
communication, timing can vary. One can differentiate between time for adoption and diffusion.
The individual innovation-decision process tends to follow the steps from gaining knowledge,
to persuasion towards adopting an innovation, to implementation, to final confirmation about
the decision made. Depending on the individual behavior and the individual exposure to
information, the adoption time varies. Time for diffusion of an innovation to a certain level
varies accordingly in absolute terms, but relatively it follows a similar pattern for any
innovation.

The social system is “a set of interrelated units that are engaged in joint problem solving
to accomplish a common goal” (Rogers 2003, p. 23). Diffusion occurs within a social system,
but its set depends on the research question of each study. The social structure of a system is
decisive for innovation diffusion and depends on norms, opinion leaders, change agents, etc.

Taking the four elements into account, Rogers and other diffusion researchers found out

that most diffusion occurs in a S-shaped function of time. The function can be estimated as
-1
Y=K[1+ e @+PD)]
where Y; is diffusion at time ¢t (as the percentage of farmers adopting hybrid rice), K is the

upper limit, a is starting point of estimation, and b is the pace of diffusion (Sunding &

Zilberman, 2001, p. 228). The S-shaped function can be seen in the following figure.
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Figure 4. The diffusion process.
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Figure 4 shows three innovation curves, which are described by the percentage of
adoption on the vertical axis (i.e. rate of diffusion) and by time on the horizontal axis. One can
see that the time varies for each innovation curve to mature, i.e. to reach its maximum.
However, the relation between timing and adoption is similar for each curve and describes the
S-shape. The initial period shows the introduction of an innovation to a social system, where
only so-called “Earlier Adopters” utilize an innovation. When through communication a critical
mass of adopters materializes, the take-off period begins, which has a higher marginal rate of
diffusion. Eventually the rate of diffusion saturates, diffusion reaches its peak, and marginal
diffusion is low. At this time only “Late Adopters” start utilizing innovations.

Griliches (1957) discovered that the three parameters of the diffusion function are
significantly affected by economic variables such as rates of profitability, size of farms, and so

on. Later empirical studies confirmed this basic finding (Feder, Just, & Zilberman, 1985).
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Additionally, a more behavioristic research contributed to the S-shape function with different
attitudes of adopters towards innovations in general. Rogers divided adopters into five ideal
types: innovators, early adopters, early majority, late majority, and laggards (Rogers, 2003, pp.
282-284). Innovators have big financial resources and human capital and are willing to invest it
in uncertain investments. Innovators are often associated with cosmopolites and also have wide
networks and social relationships to have early access to innovations. Early adopters are more
locally integrated and are local opinion leaders; they decrease uncertainties about innovations
and play an important role to trigger the critical mass of adopters. The early majority adopts
ideas before the average social system’s member does. They are also well integrated in
communication channels, but are not, on the other hand, opinion leaders. This group amounts to
roughly one third of all adopters. The late majority is more skeptical towards innovations and
only adopts if the advantages are confirmed to outweigh disadvantages because of scarce
resources. In addition, peer pressure is mostly necessary to convince the late majority. This
group amounts to also roughly one third of all adopters. Finally, laggards are almost isolated in
social networks and are the most localite adopters. Suspicion or even resistance to innovation
as well as precarious economic positions can be forces why adoption occurs only late.

Paul David (1969) contributed with the threshold model towards the S-shaped adoption
path. David developed an equilibrium model of innovation adoption and showed that the
heterogeneity of farmers and the resulting S-shape are due to different farm sizes and farm size
distribution. A minimum farm size would be required to adopt innovations. David’s
assumptions were verified during the green revolution for adopting high-yielding varieties
(Ruttan, 1977). Figure 5 shows different adoption curves for large and small farms. The slower

diffusion rate for small farms can be seen.
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Figure 5. Stylized model of high-yielding varieties’ diffusion process.
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Source: Ruttan, 1977, p. 22

The threshold for minimum farm size would decrease over time, hence, more and more
farmers could adopt an innovation. Later research confirmed David’s finding, but different
innovations’ S-shape functions are due to different factors. In general, the explanations for the
diffusion process have in common that a certain threshold of a certain factor or different factors
need to be reached in order to diffuse an innovation widely. Exactly which factors are critical
depend on the type of innovation. Caswell and Zilberman (1986) showed for example that drip
irrigation systems will be adopted by farms with low water-holding capacity and would depend
on well depth when irrigation relied on groundwater. In Figure 6 the dynamics of diffusion

associated with the threshold model are explained graphically.
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Figure 6. Dynamics of diffusion associated with the threshold model.
g(L)

Source: Sunding & Zilberman, 2001, p. 233.

For Figure 6 it can be assumed that L is the farm size and g(L) the density of farm size
distribution (L could also represent any other factor, which is necessary for an innovation, e.g.
well depth). In this case, farm size distribution is unimodal and normal. A new innovation is
introduced at time O that is only adopted by farms with a size larger than LS. Over time the
critical size declines, which results in minimal farm size of L§ in year 2. Hence, the marginal
adoption rate is equal to the area abLS LS between year 1 and year 2. In regard to this graph and
given its unimodality, the threshold model assumes that the marginal decline for L is constant.
Accordingly, the marginal diffusion increases initially and then declines, leading to a S-shaped
diffusion curve as illustrated in Figure 4.

In summary, this past section has introduced the foundations of the diffusion of
innovations theory. Building on this, the following sections will deal with various

considerations that can have an impact on the pace of adoption and diffusion.
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2.1.3. Geographic Considerations

Diffusion research discovered that not only microeconomic characteristics affect the rate of
diffusion, but also distance and geographic considerations had to be taken into account
(Diamond, 1999; Hégerstrand, 1952; Rogers, 2003). The effect is especially significant in
developing countries in which infrastructures create high transaction costs including
transportation costs or where means of communication are not efficient (Sunding & Zilberman,
2001, p. 235). Hiagerstrand (1952) was able to model a so-called neighborhood effect, which
suggested that there is a higher likelihood that an innovation would be adopted by someone
who was closer to another adopter rather than being further away. Diamond (1999) argued that
geographic barriers constrain rapid diffusion of agricultural innovations. Historical examples
show that domestic animals spread from Asia to Europe rather quickly on the same
geographical latitude, whereas crop and animal systems could not diffuse easily in the
Americas and in Africa, where different latitudes’ climates were not suitable for all crops and
animals. Diamond showed that climatic conditions and latitudes need to be considered in
diffusion estimation of agricultural innovations. In fact that holds also true for hybrid rice.
China has been successfully cultivating hybrid rice varieties for decades now, but an adoption
of those seeds by farmers in more southern regions, such as South Asia and Southeast Asia, has
been difficult due to differing geographic conditions (Janaiah & Hossain, 2003). Farmers in
northern Vietnam were thus far more able to adopt Chinese hybrid rice on a sustainable basis
since climate zones are similar to China (Nguyen & Nguyen, 2003). On the other hand in
Bangladesh, Chinese hybrid rice varieties had to be interbred with local rice varieties as

restorer lines in order to be successful (Janaiah & Xie, 2010).
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2.1.4 Risk Considerations

Agricultural adoption research with a focus on hybrid rice varieties during the green revolution
noted that farmers in fact did not fully adopt the new seed; farmers used hybrid seeds only on a
fraction of their land, whereas they continued to use conventional seeds on the remainder of
their land. According to Roumasset (1976) risk was the main consideration.

The literature presents two general approaches on how to model risk in adoption of new
seed varieties: one is to use a static expected utility portfolio for a discrete problem and the
other is a continuous optimization that chooses the optimal land share for new technologies and
uses variable inputs (Sunding & Zilberman, 2001). For the static model certain probabilities for
expected outcomes are used to determine the probability for the mean profit and associated
standard deviations. The probability reflects the risk, ranging from yield loss to very high yield,
which can be estimated based on previous seasons. Regarding high-yielding varieties, those
varieties tend to have a higher mean yield than conventional varieties, although the risk of crop
failure due to pests or other external effects is higher. The static model is mostly used in
literature to decide whether to adopt a new variety at all.

The continuous optimization model or the dynamic model uses a similar basis as the
static model, though it makes a decision of which share of land should be planted with a new
variety. Based on variable inputs, production costs, and estimated revenues, the optimal land
share for the new technology is calculated and adjusted over time. Just and Zilberman (1988)
argue that the continuous optimization model better suits large-scale farmers that can spread
their risk among different crops, whereas the static model should rather be used for small-scale
farmers that are more likely to use only one crop. However, there is no clear limit and rule

when to use which model. Because of the theoretic vagueness and because of no exact
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specifications, this paper will not make use of risk considerations in the production function.
Nevertheless, risk could still be considered in the sense of stochastic results for output variables

(see section 3.2).

2.1.5 Institutional Constraints

Agricultural markets are competitive but far from being perfectly competitive. Institutional
constraints and market distorting policies affect farmers’ behavior and the rate of adoption and
diffusion of agricultural innovations. Moreover, there also occur reverse effects where the
diffusion of innovations can have an effect on the institutional setting. The literature deals
mainly with the former most notably with credit and tenure issues in the context of developing
countries.

Hoff and Stiglitz (1993) showed that asymmetric information and uncertainty are
prevalent in rural credit markets. In rural areas where transportation costs and transaction costs
to gain information about borrowers are high for commercial banks, asymmetric information
between lenders and borrowers occur. Additional uncertain conditions in agriculture and
financial markets in general raise the risks for lenders. Therefore it can be difficult for farmers
to receive credits for new investments, e.g. for agricultural innovations. Farmers on the other
hand either use their own equity if available for financing new investments or they might use
their land or even their future crop as collateral. Credit constraints cannot only be a quite risky
condition for farmers in the absence of safety nets or insurance, but certainly credit constraints
affect adoption behavior (Hoff & Stiglitz, 1993, pp. 33-38).

Just and Zilberman (1983, 1988) implemented a credit constraint in their static model of

adoption under uncertainty (see section 2.1.4). Their model presented three conditions for
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farmers: a binding credit constraint, a partially binding credit constraint, and no credit
constraint. The three conditions correlated with farm size as an explanatory variable, showing
binding constraints for small farms to no constraints for large farms. It was also recognized that
the severity of the constraint could be subject to the lender’s perception of the profitability of
agriculture and of the profitability of the adoptable innovation. Additionally, interest rates tend
to be higher for small farms so that large farms are in an even more favorable condition.

Land tenure is another institutional setting that is not per se a constraint but which also
tends to impact adoption. Most literature “takes tenure as given and assesses its impact on
adoption of technologies” (Sunding & Zilberman, 2001, p. 248). An important form of tenure is
a land rent where the tenant pays a fixed amount of money to the landlord. Adoption behavior
can be affected by different rental characteristics. If innovations make use of physical and
human capital more than financial resources, the land rent will most likely have no impact on
adoption behavior. In fact if an innovation is only profitable if it is utilized on a certain amount
of land, a well-functioning rental market is necessary to accelerate adoption behavior (Sunding
& Zilberman, 2001, p. 249). However, regarding availability of financial resources for renting
additional land and regarding the usage of renting land there is again a difference between large
and small-scale farmers. Large farmers own more land themselves than small-scale farmers and
rent additional land in case of need. And as shown above, credit constraints might not be
significant for them. Therefore risk of investment in innovations is, for large famers, not so
much a matter of financial survival since they can fall back on personal property. Small farmers,
though, often rent the majority of agricultural land and are constrained by credit availability.
Furthermore, rental contracts range from short-term to long-term contracts. Short-term

contracts tend to further deter adoption of innovation, since tenants are not secure of
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maintaining the same land for long. Long-term contracts, on the other hand, give incentives in
maintaining the land and making use of innovations. It depends on different factors to realize a
positive or negative impact of tenure on adoption behavior. Thus, whether the innovation is
mobile or fixed with land is important.

A third type of major institutional constraint that is covered by the literature are
complementary inputs. Some innovations might be in need of complementary inputs in order to
be fully functional. The green revolution diffused high-yielding hybrid rice varieties, which
required more water and fertilizer than conventional seeds. McGuirk and Mundlak (1991)
recognized that adoption of high-yielding rice varieties was constrained in the Indian region of
Punjab due to limits on fertilizer availability and water resources. Only private investments in
new wells and private and public partnerships for fertilizer production could speed up the
diffusion. High-yielding maize varieties were even more constrained since there was no disease
control for the diseases from which these highy-yielding maize varieties suffered. Constraints
by complementary inputs can be partially removed by a well-developed infrastructure.
Recalling the neighborhood effect (according to Hégerstrand, 1952), farms further away from
commercial centers tend to have lower adoption rates. One reason is that complementary inputs
are not as easily available. Lower transportation costs are a mean to increase the supply of

complementary inputs, hence, increase the diffusion rate.

2.1.6 Technological Treadmill
Putting all considerations that might constrain adoption of agricultural innovations aside, there
are also reasons why a successful and advantageous innovation might not be beneficial after all.

Cochrane (1979) argued that most of the farmers will not benefit from an agricultural
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innovation after a widespread diffusion. Based on Rogers’ adopter categories (2003), Cochrane
simplified the categories for his purposes to three: early adopters, followers, and laggards
(Cochrane, 1979, p. 387). The early adopters are only a few farmers whose decision to adopt a
new technology will not have a big impact on aggregate supply and retail prices. The followers
correspond to Rogers’ classification of early and late majority, hence, representing most of the
adopters. The followers’ adoption will affect significantly the production quantity marketed and
will reduce retail prices as well as profits. It remains specific to the innovation if the followers
gain or lose from the innovation. The laggards are the ones adopting at last or not at all. Those
farmers will definitely not benefit from agricultural innovation according to Cochrane. If they
do not adopt they produce the same amount as before the innovation diffused but with lower
retail prices. If they adopt the price effect is likely to level out additional revenue. Eventually,
the widespread diffusion of the agricultural innovation would level out revenue advantages and
put all farmers in the similar situation as before the adoption of the innovation. Cochrane
coined the term technological treadmill accordingly as the constant necessity to adopt
innovation in order to keep the revenue advantage (Cochrane, 1979, pp. 387-390).

As we saw before, especially large farms adopt innovations in early stages, whereas
smaller farms tend to adopt at a later stage. Therefore the structural effect of the technological
treadmill might not only even out possible gains but might even worsen the situation for small
farms, an effect that is especially significant in countries where there is a highly uneven
distribution of farm sizes such as in most developing countries. On the other hand, the effect for
consumers will definitely be positive with more quantity available at a lower price. Regarding

hybrid rice for example, one can assume that a widespread diffusion of new high-yielding seeds
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might increase the yield but also decrease the market price, not necessarily resulting in profit
gains for farmers in the long run.

Adoption research in Israel confirmed Cochrane’s assumptions and complemented it.
Kislev’s and Shchori-Bachrach’s research showed that there are groups of farmers that are
advantaged in terms of human capital, such as education or social networks (Kislev & Shchori-
Bachrach, 1973). Those groups are able to adopt technological innovation earlier and more
efficiently than other farmers, which puts them in a constant early adopter position with
accompanying benefits. In contrast, the majority of farmers with relative disadvantages in
human capital will not benefit as much if at all from innovations (Kislev & Shchori-Bachrach,
1973, p. 36).

Ireland and Stoneman (1986) believe that companies, which develop new agricultural
technologies, are aware of adoption behavior and dynamics, such as the technological treadmill.
They argue that those companies design their products’ prices accordingly, starting with low
prices to increase adoption of their product and raising the prices following an increase in
diffusion rates. Thinking in this regard about alternative ways of commercialization, public
research and patent policies seem to be necessary to reduce farmers’ input costs and to reduce

negative impacts of the technological treadmill.

2.1.7 Policy and Institutional Support

Policies are market-distorting factors, which might have a positive or negative impact on
adoption behavior. In general, developed countries’ agricultural policies tend to stabilize output
prices and make products affordable, whereas developing countries tend to tax outputs.

However, input prices tend to be subsidized in any case (Sunding & Zilberman, 2001, p. 250).
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This section will present briefly a non-exhaustive choice of policies with respect to effects on

adoption behavior for hybrid varieties.

Price Supports

Hybrid rice varieties are produced by an expensive, research-intensive technology. High
expenditures in research are usually passed on to high input seed prices for the farmers. This
contradicts an aim for widespread diffusion, in which also small-scale farmers can adopt a new
technology. High diffusion rates of hybrid rice therefore need either price support respectively
significantly higher yields or reduction in other input costs.

Just et al. developed a model that analyzed impact of price policies on adoption under
uncertainty (Just, Rausser, & Zilberman, 1986; Just & Zilberman, 1988). They included price
distributions of inputs and outputs and also institutional constraints. In the case of high-yielding
varieties that might have a higher risk (such as hybrid rice varieties) and using a static expected
utility portfolio, price support increases the varieties’ profitability, leading to higher adoption
and diffusion rates. McGuirk and Mundlak (1991) found supporting facts for the model
proposed by Just et al. during the green revolution in the Indian province of Punjab, where a
guaranteed price enhanced the adoption rate of high-yielding rice varieties.

There is also an indirect effect of price supports in regard to availability of credits. For
many small-scale farmers it is hard to receive credits because of the lack of collaterals. Some
availability to credits depends on expected incomes. Price support can stabilize and increase
expected income, lowering the hurdle to obtain credit and eventually increase the rate of

diffusion (Sunding & Zilberman, 2001, p. 250).
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Output taxation

Taxation of agricultural products is mostly prevalent in developing countries. Output taxes in
general increase the consumers’ price and reduce demand quantities. For agricultural output
taxes specifically, it is found that relative prices of agricultural products are reduced and that
price of agricultural land is depressed, which results to a reduced incentive to adopt agricultural
innovations (Fulginiti & Perrin, 1990; Zhong, Turvey, Zhang, & Xu, 2011). In the case of
Argentina it was found that output taxation not only decreased relative prices of agricultural
outputs and slowed diffusion rates of agricultural innovations, but even reduced investments in

biotechnology research (Cavallo & Mundlak, 1982).

Macroeconomic policies and international trade

General policies that affect all sectors of an economy are likely to affect adoption of
innovations. These policies include fiscal and monetary policies and can have effects on the
performance of the economy in general, on the inflation rate, on the interest rate, and on the
exchange rate (Hughes, Penson, Richardson, & Chen, 1987). For instance if policies induce
growth of GDP then farm income is likely to increase to, which possibly leads to investments
in agricultural innovations. If the inflation rate, for example, is increased through monetary
policies, farm income tends to increase in the short run, which might also increase adoption of
innovations. In contrast, if lowered interest rates reduce capital costs and can thus increase rates
of adoption for capital-intensive technologies such as hybrid rice. Finally, favorable exchange
rates might increase export of hybrid rice seeds or agricultural products pushing diffusion rates

globally and domestically.
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International trade regimes are tightly connected to general policies and comparative
advantages in various countries and therefore will affect countries’ adoption and diffusion rates
in different ways. Carletto et al. (1996) found that the liberalization of trade in the U.S. with
Central America had a positive impact on adoption rates of new crop varieties in Central
America. Moreover, changes in agricultural output led to new infrastructure such as
packinghouses and transportation facilities, which again reemphasized adoption of new crops.
Liberalized trade rules might therefore enhance adoption rates.

However, trade barriers can also be adoption enabling. Europe and Japan adopted high-
yielding varieties and invested in other agricultural innovations such as greenhouse
technologies and new irrigation systems when trade barriers prevented import of cheaper
foreign agricultural products (Sunding & Zilberman, 2001). Again on the contrary, Argentina’s
and Chile’s agricultural sector suffered in times of limited trade. New innovations were adopted
and agricultural income and output enhanced only when trade got liberalized (Coeymans &
Mundlak, 1993). In other words there is no blueprint on how general policies and international

trade regimes might affect adoption and diffusion rates, though their effects are undeniable.

Environmental policies

Especially in developed countries environmental policies are becoming a major force for
development of new technologies. Developing countries mostly focus on their agricultural
policies rather than take environmental concerns into account. Nevertheless, rudimentary
environmental policies that are implemented to protect humans and the ecosystems can be

found in developing and developed countries. Those policies can either encourage development
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and deployment of new technologies but can also hamper it (compare Sunding & Zilberman,
2001, p. 252).

One example is the ban of certain pesticides. Chemicals can be highly efficient and
necessary for growth of certain crops, but they can also be quite harmful. Banning chemical
pesticides, on the one hand, can give the incentive to adopt new nonchemical treatments,
biological control, and so on. On the other hand, it might hamper adoption of high-yielding
varieties since new varieties often depend on pesticides for which there are no nonchemical

alternatives.

Input subsidies

Input subsidies can have enabling and deterring effects at the same time. Subsidies had a great
impact on the success of high-yielding varieties during the green revolution. They increased
profitability through cost reduction and had an indirect impact through credit effects (Brooks,
2005). Similarly, subsidies for pesticides and fertilizers led to adoption of high-yielding
varieties in other developing and developed countries (Sunding & Zilberman, 2001). Negative
environmental side effects can occur in input subsidies, which might contradict existing
environmental policies (Khanna & Zilberman, 1997). On the other hand, elimination of
subsidies or even additional taxation on inputs can also lead to adoption of new technologies
such as more precise application technology for reducing residues and in the long term for

increasing yield.
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2.1.8 Intellectual Property and Deployment

2.1.8.1 Intellectual Property in Plant Technology

At the time when the literature about adoption and diffusion was developing, agricultural
innovations were generally treated as public goods. Innovations were available to everyone and
everybody could make use of these free of charge (Alston, Pardey, & Taylor, 2001). In the last
several decades, however, intellectual property rights were more often utilized to create barriers
to access to innovations. From public sector driven research, currently the private sector is
driving prog