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Abstract:

Much of what is known about the process of technological innovation in agriculture has yet to be captured in the discussions of climate change adaptation.  The development of technological solutions to minimize risks of current climate can lead to two possible outcomes: increase in agricultural productivity and insights about adaptation to future climate change.   Research efforts about the role of technological change, driven by climatic constraints, are pivotal in making any assertion about the likely adaptation of agriculture to climate change.  Drawing upon the hypothesis of induced innovation this research investigates whether spatial variations in climatic resource prompted the development of location-specific technologies that led to increase rice productivity in Nepal.  Using the country’s district level time-series data (1991/92 and 2002/03), I examine whether districts with comparatively lower initial rice productivity levels have increased their rates of production relatively faster than those with higher initial productivity.  Complementing this analysis with relevant case studies, I also investigate the extent to which Nepal’s research establishments have provided farmers with technological options to alleviate climatic constraints in rice cultivation across the country’s climatically diverse terrain.  
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INTRODUCTION

Despite the evidence that technological innovation has been fundamental to growth and development of agriculture around the world, there is a dearth of research on the role of climate as a stimulus for innovation of technologies.  I argue that lessons about climate adaptation come from our ability to understand the process of existing technological innovation and its role in enabling farmers to cope with climatic challenges. Using Nepal’s district level time-series data over 12 years, I study the extent to which technological innovations have provided farmers with options to substitute for climate deficiencies in order to stabilize and enhance rice (Oryza sativa L) productivity in regions with sub-optimal climate.  Drawing upon the hypothesis of induced innovation, which states that the direction of technological innovation in agriculture is induced by differences in relative resource endowments, my goal is to investigate whether spatial variations in climatic resources prompted the development of location-specific technologies that substituted for climatic limitations in the rice-based cropping system of Nepal.  

The main thrust of this study is to investigate if climatic limitations have been factored into the research and development of agricultural technologies, so that rice yield of climatically constrained regions could be sustained through innovations, thereby ensuring productivity convergence across Nepal.  Insights from this research will provide informed choices about possible adaptation strategies that could be considered to ensure food security in the face of deleterious climate change.  Easterling (1996) suggests that one way to draw insights about the adaptation of agricultural system to changing climate is the use of retrospective analysis to understand how previous technological innovations have been targeted to address climatic constraints in specific locations.  Building upon this notion of retrospective analysis, I investigate the process by which Nepal’s agricultural research and development systems have addressed specific climatic challenges and opportunities in the past.  Logically, the core organizing questions then become: (a) do local climatic limitations provide incentives for farmers and public institutions to invest in research and development of technologies to overcome those limitations?; and (b) can the efforts of past decades to put in place a national agricultural research be a reasonable guide for adaptation to climate change?  
I begin by reviewing the salient research that supports the central argument of this paper. I then introduce the hypothesis of induced innovation as a basis for theoretical argument of climate-induced innovation in agriculture.  This is followed by the discussion of the value of climate-induced innovation in adaptation to climate change.  Section five briefly presents Nepal’s biophysical setting and the significance of rice in the country.  In section six I present general findings of this paper along with the discussion of the manner by which resource endowments have influenced the evolution of technological innovations in Nepal.  The article concludes with brief discussion of the implications of climate-technology interaction in gaining understanding of potential agricultural adaptation to climate change.  

BACKGROUND
Research and technological innovations in agriculture have enabled farmers to cope with various challenges and have been fundamental to the growth and development of agriculture around the world (Rosenberg, 1992, IFPRI, 2009).  They are extremely rich and diverse in nature.  One of the notable successes came from a global effort to fight wheat rust – a plague that has been known to humanity for thousands of year but had never been effectively controlled (Dubin and Brennon, 2009).  The wheat rust success evolved into a much larger a more multidimensional series of successes and came to be known as Green revolution.  Likewise, successes in Sub-Saharan Africa were no less important in addressing the persistent threat and hunger in the region.  For example, in East and South Africa, technological innovation in maize led to a growth in maize yields among the regions, primarily smallholder agriculturists (IFPRI, 2009). The introduction of zero-tillage rice-wheat cultivation techniques in Gangetic plains provided benefit to some 620,000 farmers.  In this practice, the seeds are planted in unplowed fields in order to conserve soil fertility, economize on scarce water, reduce land degradation, and lower production costs (Erenstein, 2009).
Although a future climate caused by global warming may be very different from the one that society has experienced in the past, insights for agricultural adaptation that confront us today may well be found in the experience of how climatic challenges were handled in the past.  Historical analogues about climate adaptation include deliberate translocation of crops across different agro-climatic zones, substitutions of new crops for old ones, and innovation of technology in response to scarcity of resources (Easterling, 1996). Example of crop translocation includes expansion of hard red winter wheat across climatic gradients of the North American Great Plains.  From 1920 to 1999, the northern boundary of hard red winter wheat expanded into a climatic region that was about 4.50C cooler and 20 percent drier than the climate for the wheat zone in the 1920.  Interestingly, the southward expansion of hard red winter wheat has not been as extensive where annual average temperatures at the southern boundary are 20C greater than those of the 1920 southern boundary (Rosenberg, 1992; Easterling et al., 2004).  Thus hard red winter wheat has been adapted to cooler and drier climates in the last 80 years.  In China, winter wheat planting has shifted from 38054(N to 41046(N.  This shift was aided by introduction of freeze-resistant winter wheat variety from high latitude countries (Chen and Libi, 1997).  
The growth of soybean in Ontario, Canada illustrates the examples of the substitutions of new crops for old ones. Although soybean was cultivated in Ontario throughout the 20th century, it was not a prominent field crop until the 1970s.  Between 1970 and 1997, the total acreage planted to soybean increased by over 500 percent, with the expansion being attributed to a series of technological innovations made in response to the climatic condition of Ontario (Smithers and Blay-Palmer, 2001).  A fundamental climatic constraint to soybean cultivation in Ontario was the prevalence of cold night temperature during flowering, confining soybean cultivation to the extreme southwestern portion of the province.  A key innovation to address this constraint was the introduction of cold-tolerant genetic material (Fiskeby63) from Sweden that led to the development of Maple Arrow cultivar which played a vital role in eastward spread of soybean crop.    According to Smithers and Blay-Palmer (2001), technological innovations were not only confined to development of cultivars but also to a range of agronomic activities including modification of planting time and crop rotation interrupted pest cycle enhancing the cultivation of soybean.  

The development of cowpea cultivars in the African Sahel illustrates the examples of technological substitutions in response to existing variability in climatic resources.  To escape the effects of drought, scientists in the African Sahel have developed early maturing cowpea cultivars with different phenological characteristics.  For example, to avoid the effects of late season drought, they have developed cowpea varieties (Ein El Gazal and Melakh) that mature between 55 – 64 days after planting (Elawad and Hall, 2002).  Similarly, to avoid mid-season drought, scientists have also developed a cowpea variety (Mouride) that matures between 70-75 days after planting (Cisse et al, 1997).  Unlike Ein El Gazal and Melakh, that begin flowering between 30-35 days from sowing and have synchronous flowering characteristics, the Mouride variety starts flowering in about 38 days after planting and spreads out over an extended period of time, thereby escaping the midseason drought.  To enhance the chances of significant grain production, agriculturists in this region have developed cropping techniques where both types of cowpea (short and medium maturing) are planted together so that variable climatic input is optimized (Hall, 2004).  Management of climatic risks is a critical aspect of economic survival.  Farmers are understandably risk averse in their adoption of new technology.  An interesting example is seen in the adoption of canola in southern Australia where Saders et al. (2003) offers an analysis of a dynamic cropping strategy based on a putative association between start-of-season rain (April and May) and total seasonal rainfall.  The study shows the advantage of long-term income when switching from a cereal only strategy in a year of low rainfall to a more risky strategy of canola and cereal based cropping systems in a year of high rainfall. 

Yet, notwithstanding this recognition, there is a dearth of research that unravels the role of climate as a stimulus for innovation of appropriate technologies (Ruttan, 1996; Ausbel, 1995; NRC, 1999; Smithers and Blay-Palmer, 2001).  Little is known about the manner in which technology has altered the relationship between climate and crop production and the roles that climate has played in development of the new innovations.  This research is a response to the challenge of developing a conceptual model that can be used as a basis for understanding agricultural adaptation to future climate change.  More specifically, by using the hypothesis of induced innovation, this research extends the boundaries of climate change research to take into consideration the environmental inducements of technology in developing countries.  It is an important area of investigation for at least three reasons.  First, a productive and sustainable agricultural system is necessary for providing food security to an ever-growing population of developing countries.  Second, traditionally agriculture occupies an important role in the local and national economies of most developing countries and is an important source of rural employment.  Finally, the relation between climate change and agricultural adaptation represents a classic example of the human-environment interface, an area of long-standing interest within geography.  
THEORETICAL FRAMEWORK
As stated earlier, this research will utilize the theoretical framework of the induced innovation hypothesis to examine the interaction between climate and technology as a foundation for understanding potential future agricultural adaptation to climate change and variability in Nepal.  Induced innovation refers to the process by which societies develop technologies that facilitate the substitution of relatively abundant (hence, cheap) factors of production for relatively scarce (hence, expensive) factors in the economy.  Although the hypothesis of induced innovation was originally based on the experience of agricultural development the United States and Japan (Hayami and Ruttan, 1985), lately it has been used to explain the complex process of technological and institutional change, which represents a major perspective on international agricultural development (Koppel, 1995).  The most fundamental insight of this hypothesis is that investment in innovation of new technology is the function of change (or difference) in resource endowment and the price of the resources that enters into the agricultural production function.  This has spawned a conceptual infrastructure that addresses the broader issues of how farmers and their supporting institutions determine priorities for agricultural production.  

As shown in Figure 1, climate change may alter these climatic resources by changing growing season length and soil moisture regimes, and by adding heat stress to the plant.  Such changes, following the hypothesis of induced innovation, will provide appropriate signals to farmers and public institutions to induce technologies suitable for the new environment.  Translating this argument, as presented in the conceptual model, the induced innovation hypothesis suggests an important pathway for the interaction of climate and technology and for the study of the agricultural adaptation to climate change.  The strength of this simple framework lies in its ability to highlight the central role of climate as a motivator of technological innovation and ultimately as a source of adaptation.  Within this conceptual framework, I will examine the role of spatial variability in climate as an incentive to the innovation of technologies in the Nepalese agricultural system.  

One of the assumptions made by the induced innovation hypothesis is that when agents of production (e.g., farmers, public institutions) experience problems with change in resource endowments such as that, perhaps, brought about by climate change, they are likely to seek new knowledge that will help overcome these constraints.  The change in resource endowment (see Figure 1), therefore, may solicit an adaptive response whereby farmers and their supportive institutions may adjust management techniques and the allocation of resources to offset the effect of climate change.  More specifically, in a society (e.g., Nepal) where land is already a scarce resource due to the combined effect of population growth and unfavorable climate for crop growth and development, as the pressure to grow food on climatically less favored areas continues, the marginal cost of production increases relative to the marginal cost of production via the application of technologies.  Eventually societies will reach a stage where land augmentation will become an appropriate means of increasing agricultural output.  This will ultimately lead to the development of technologies based on climatic resources of an area.  This may be through the adoption of location-specific crop varieties combined with other management strategies, such as efficient irrigation or application of chemical fertilizers.
CLIMATE-INDUCED INNOVATION IN AGRICULTURE
Climate-induced innovation occurs when location-specific climatic constraints produce new demands on technology.  Two outcomes are likely in this process.  First, climatic constraints may induce the development of new knowledge to optimize the use of available climatic resources resulting in increased production.  Second, such new knowledge has the potential to enhance the ability of a region to compensate for the constraints imposed by climate and become self-sufficient in agricultural production (McCunn and Huffman, 2000; Evenson and Gollin, 2000).  Logically, in the case of Nepal’s rice production, climate-induced innovation may provide opportunities for farmers to substitute for climate allowing for increased productivity in climatically less favorable regions, leading to a convergence of productivity across climatically different regions of the country.  The potential for convergence of productivity across different climatic regions can only be realized if and when farmers and research establishments devise and adapt technologies appropriate to the existing region-specific human environment conditions.

Following the thrust of the hypothesis of induced innovation, a priori it can be argued the innovation of technology in response to scarcity of climatic resources provides potential for rice productivity to grow faster in districts with marginal climate relative to the ones with more favorable climate.  This process is asserted ultimately to lead to a convergence in the yield of rice over time.  Such processes of targeted technological innovation may be reflected either through the development of higher-yielding location-specific rice varieties, the enhancement of land development activities (e.g. irrigation), the development of climate-specific agronomic practices, or a combination of all.  The adoption of short-season rice varieties, for example, allows farmers to escape the late-season drought that occurs in some areas of the country.  Similarly, the presence of irrigation alleviates the scarcity of water, a major constraint in the adoption of improved varieties of rice in Nepal.  
The hypothesis of induced innovation has been used to explain the relationship between resource endowment and the development of new technologies.  Over time it has been substantiated through many examples involving technical change in food production.  The premise of the hypothesis of induced innovation concerning the role of climate as a stimulant for technological innovation has gone largely unquestioned because it is a difficult assumption to test.  The critical question with regards to agricultural adaptation to climate variability and change, therefore, is whether substitution of technologies for climate would be employed in the future?  Advances in knowledge can permit the substitution of more abundant resources for increasingly scarce resources to reduce the constraints for agricultural production.  For example, innovation of early maturing cultivars has the greater potential of escaping the effects of drought which would be increasingly important to address the limitation of water scarcity due to a change in rainfall pattern.  In light of this discussion, reorientation of the way society institutes the agricultural research will be necessary to adapt and/or realize the opportunities for technical change provided by new climate.  Therefore, a research effort along the path induced by climatic stress is an essential step if meaningful insights are to be obtained with regard to agricultural adaptation to climate change.  
NEPAL’S BIOPHYSICAL AND CLIMATIC CHARACTERISTICS

Nepal’s diverse terrain is comprised of distinct ecological regions including the flat plains, or the Terai, in the southern part of the country, rising to higher elevations that are categorized sequentially as Middle Mountains or the Hills in the middle, and High Himal, or the Mountains in the north (see Figure 2).  The mountain region that lies above the altitudes of 5,000 meters comprises 35 percent of Nepal’s 147,181 square kilometers of land.  The Hills lie between altitudes of 600 to 5,000 meters, and accounts for 42 percent of the total land area.  The flat Terai region, a northern extension of Gangetic plain, is located below the 600 meters elevation and comprises 23 percent of the total land area.  Each of these regions represents a well defined geographic area with distinct bio-physical characteristics that are significantly different from each other, demanding location-specific technological innovations.  

The most outstanding feature of Nepal’s climate is the monsoon precipitation, which is characterized by two distinct phases: the “wet” and the “dry.”  The wet phase (June-September) occurs in the summer season when the country receives over 75 percent of the annual precipitation (Shrestha et al., 2000).  The monsoon, which is highly variable across space and time, is first experienced in the eastern part of the country.  The monsoon gradually moves westward with diminishing intensity.  The amount of summer monsoon and the number of days with rainfall decrease substantially as it moves to the west and northwestern part of the country (Chalise and Khanal, 1996) and the precipitation pattern becomes more varied with the diverse terrain within each physiographic belt (Chalise, 1994).  While the temporal and spatial variability of monsoon rainfall and its social relation of rice production are well recognized, the specific role it plays in the innovation of technology remains understudied.  The risks and impacts arising from monsoon variability are site specific and require technological innovations that reflect local conditions.
Although no discernible long-term change in climate has been observed, study by the Department of Hydrology and Meteorology reveal that the average temperature in Nepal is increasing at a rate of approximately 0.060C per year (CCNP, 2009).  The temperature differences are most pronounced during winter season, and least after the summer monsoon begins (Shrestha et al., 1999).  Consistent with the global trend, temperature is increasing at a faster rate in the higher elevations compared to the lower elevations.  Notably, the rate of warming is greater in the western half of the country compared to the eastern half.  The former is also significantly drier than the latter.  Unlike temperature trends, no evidence of change in aggregate precipitation has been noted though studies do point to an increased variability and intensity of rainfall in some regions of the country.  

If the observed trends of temperature change are overlain on the prevailing patterns of rainfall of the country, they reveal a negative association between the amount of rainfall and general trends of warming.  For example, the Hills and Mountain regions of the western part of the country, which receive lower average rainfall, exhibit a higher degree of warming compared to the central and eastern Hills and Mountain, which are comparatively wetter.  Theoretically, if this trend continues in the foreseeable future, the drier regions of the country will become even more so due to projected increase in temperature.  For farmers, such a prognosis poses a further challenge in their effort to ensure better rice productivity.  A recent study using general circulation models (GCMs) also projects a consistent warming of the Himalaya region (Agrawala, et al., 2003).  While the study also estimates an overall increase in precipitation, mostly during the monsoon season, it is not clear how these changes will affect the timing and period of monsoon rainfall.  

Along with maize, millet, wheat, and barley, rice is an important staple crop, accounting for about 50 percent of both the total agricultural area and production in the country (Pokhrel, 1997). Rice is grown in all agro-ecological zones, from the subtropical climatic region of the Terai and the valleys to the higher altitudes of 1,500 and 3,050 meters above sea level – the highest elevations in the world known to grow rice.  Most rice growing areas of the country have relatively optimal temperature for rice cultivation except the high Hills and the Mountain.  In Nepal, the total area under rice is estimated to be about 1.55 million hectares (HMGN/MOAC, 2002).  The two major rice cultivation practices found in Nepal are irrigated and rainfed wetland (lowland).  Both of these practices are common in all three ecological regions.  Where there are irrigation facilities rice fields may be irrigated during the rice growing season to supplement the rainfall.  However, areas under irrigated rice are extremely limited, so rainfed cultivation is the dominant practice for about 66 percent of the rice area (Pokhrel, 1997).  The consequences of an adverse climate change could therefore have a significant negative effect on rice production. 

DATA AND METHODOLOGICAL APPROACH

The districts for which data on rice productivity and irrigation acreage are available are the primary spatial units of analysis in this study.  Of the total 75 districts of Nepal (39 in the Hills, 20 in the Terai, and 16 in the Mountains), 73 districts are included.  Two districts in the Mountain (Mustang and Manang) are not included since rice is not grown there.  The choice of the district as the unit of spatial analysis is further justified because it is the smallest administrative unit that contains the full complement of government services.  For example, in the agriculture sector, every district has a government-run Agricultural Development Office (ADO) that employs agricultural extension workers responsible for promoting improved technologies.  Each district also is supplemented by the office of the Agricultural Input Corporation (AIC) and the Agricultural Development Bank (ADB), government subsidiaries established to market agro-technologies to the farmers.  In addition, the Department of Irrigation (DOI) has its offices at the district level, which are responsible for developing irrigation infrastructure.  All these agencies are pivotal in the development of specific agricultural technologies needed in various agro-climatic regions of Nepal.
This study is based on secondary data obtained from the various agencies of the government of Nepal.  The data concerning rice yield (productivity and yield are used interchangeably to indicate mean output per unit of land) and irrigation were obtained from the Nepal Agricultural Database (NAD) of the Ministry of Agriculture and Co-operatives (MOAC).  The average monthly rainfall data was obtained from the Department of Hydrology and Meteorology (DOHM).  The DOHM has compiled the average monthly precipitation for the period between 1968 through 1997 from the records of various meteorological stations throughout the country, and has used the data to represent the monsoon rainfall in this analysis.

Methodologically, following Barro and Sala-I-Martin (1992), convergence can be understood in two ways: convergence in terms of level of productivity across time, i.e., sigma (σ) convergence and the rates of productivity growth across space and time, i.e., beta (β) convergence.  Conceptually, the two measures used in the literature to test for convergence are related and provide alternative ways to examine similar phenomenon.  In this paper convergence in terms of level of productivity across time, i.e., sigma (σ) has been examined.  An approach to observe the occurrence of sigma (σ) convergence is to plot the evolution of standard deviations over time.  For example, McErlean and Wu (2003) show the evolution of σ-convergence by plotting the standard deviations of productivity across the three geographic regions of China from 1985 to 2000.  It occurs when the dispersion of rice productivity across 73 districts of Nepal tends to decrease over time.  

That is, if :


σit+T < σit






(1)

where, σit is the dispersion of rice yield (yit) across districts i at the initial period and σit +T is the dispersion of rice yield across districts at subsequent periods.

RESULTS AND DISCUSSIONS
I analyze the σ-convergence by examining changes in the evolution of the coefficient of variation (CVs) over time at aggregate (national) and disaggregate scales (ecological regions).  Analysis of the evolution of σ-convergence across the different scales is especially informative to see whether the pattern of σ-convergence observed at the aggregate scale is also found within the disaggregate scale (e.g., ecological regions).  The analysis of σ-convergence provides a measure of variability of rice productivity.  It occurs when the variability of rice productivity across the districts decrease over time.  Conversely, increase of variability implies in σ-divergence.

In general, there have been no distinct patterns to suggest the occurrence of σ-convergence in rice productivity because the CVs have not reduced substantially across the districts of Nepal during the 12 years.  The CV in 1991/92 was about 32 percent and continued to decline until 1996/97, with a record low in 1995/96 (23 percent).  The trend reversed thereafter, reaching an all time high of 40 percent in 2002/03.  The finding at the aggregate level does not preclude the fact that σ-convergence may not have occurred within a specific ecological region.  In the next section, I analyze the evolution of CVs at the scale of ecological regions to see if the pattern observed at the national (coarse-scale) level is also found within the ecological (finer-scale) regions

Figure 2 presents the general trends of the evolution of CVs over time in the three ecological regions.  Although exhibiting fluctuations, the CVs have declined in 20 districts of the Terai region.  From a high of 26.30 percent in 1991/1992, they have declined to a low of 7.60 percent in 1996/1997.  With the exception of 2002/2003, all other years show relatively lower CVs, hovering around 10 percent.  At the same time, CVs in 36 districts of the Hills have remained constant (at around 30 percent), and present no evidence of either σ-convergence or σ-divergence.  In the Mountains, however, the evolution of the CVs, from a low of 5.30 percent in 1996/1997 to a high of 29.80 percent in 2001/2002, shows no apparent sign of σ-convergence.
There are several factors that farmers have to consider to make crop production decision, and their ability to interact with factors such as market risk, varying costs and availability of critical inputs, and other environmental risk, makes some farmers (as well as regions) more productive than others.  There may be several factors at play in the apparent lack of σ-convergence.  The push toward implementing the goals of APP may have been constrained by widespread inaccessibility due to difficult geographic terrain, especially in the Hills and the Mountains.  At this level of abstraction, however, the trend does provide insights about the unfolding of climate-technology interaction, hence the need for further analysis.  
Rice has always been the focus of technological innovation in Nepal.  Over time researchers have developed location specific technologies (agronomic and cultivars) that reflect local conditions (NARC, 1999).  The Coordinated Rice Research Program (CRRP), which functions under NARC, coordinates with International Rice Research Institute (IRRI) for new genetic materials.  In the last 30 years, CRRP has released and recommended more than 40 improved varieties of rice to a wide range of climatic conditions of the country (HMG/MOAC, 2001).  Although farmers are selective in accepting them, owing to risks associated with rainfall variability and grain quality, the area covered by these improved varieties has increased steadily over time.  The new cultivars recommended for different climatic conditions have extended the technological choices for farmers even in areas with marginal climate.  In the early 1990s, the area covered by improved varieties of rice was estimated to be about 46 percent (Thapa, 1994), but had increased to 71 percent by the end of the decade (Goletti, 2001).  It is believed that greater rice productivity in climatically marginal areas can be linked to three overlapping interventions of: a) introduction and adoption of location specific rice varieties, b) adoption of climate-appropriate management practices, and c) institutional changes that led to technological innovation in marginal areas.       

a. Introduction and adoption of location specific rice varieties of rice: Agricultural research institutions in Nepal have released over 40 new varieties of rice since it started its formal research and development program in the country.  While most of these varieties were developed for high potential irrigated land (e.g., 13 for the Terai and the fertile valleys and 11 for the Hills), a number of them were also developed for climatically marginal areas.  About 25 percent of these 40 varieties were specifically recommended for rainfed regions having intermittent drought periods of which three were for the rainfed condition of mid and far-western Terai region, four for the drought-prone regions of the Hills, and three were developed as cold tolerant varieties for high altitude regions of the Mountains.  In the very poor rain-fed rice growing area of the Mountain and the Hills participatory plant breeding has led to a successful intervention and adoption of improved rice varieties.  

A good example if this was the release of two high-altitude rice varieties, Machhapuchre-3 and Machhapuchre-9, in the mid 1990s.  Studies show that Machhapuchre-3 was significantly superior to local varieties, producing 42 percent higher yield in rice growing areas situated between 1,500 to 2,200 meters above sea level (Sthapit et al., 1996; Joshi et al., 2001).  Similarly, Machhapuchre-9 was found to be doing well in areas located at altitudes greater than 2200 meters above sea level.  Likewise, Rampur Masuli, another improved rice variety, has been replacing local low yielding varieties due to its ability to mature 10-15 days earlier, an important consideration for farmers in regions with intermittent drought.  The additional features that have led to a wider adoption of this variety include better tillering, high yielding capacity, and tolerance against foliar diseases (Joshi et al., 2001).  
In Nepal, centralized research and development policies of the past may also imply that technological innovation policy could be assessed and planned without much consideration of particular climatic or other conditions at the local level.  It is at the local level that availability of technology and other information determines the production choices of farmers.  Understanding how location-specific needs are addressed by farmers and their supporting institutions is the first step towards identifying options for potential agricultural adaptation in a changing context.  
b. Adoption of climate-appropriate management practices:  Varietal improvement alone will have limited impacts on rice productivity, especially in marginal climatic areas.  Low soil fertility and lack of water are other major constraints that are difficult to overcome.  Researchers in Nepal have been engaged in devising improved agronomic management practices that alleviates constraints posed by climatic factors.  For example, to address the constant dilemma associated with the uncertainty of the onset of monsoon, researchers have been improvising traditional methods of “direct seeding” often practiced in risk prone environments (Pandey and Velasco, 2002).  According to Pandey and Velasco, the development of suitable varieties, availability of modern tools (e.g., power tiller drill), and increased access to herbicides have made this traditional technology more profitable in risk prone environments of many Asian countries including Nepal.  This method has not only reduced the demand on labor but has thrived in areas of erratic rainfall especially during the early stages of crop development.  According to Tripathi et al. (2004), economic analysis of direct seeding yielded an additional net return of 33 percent compared to the conventional method of transplanting.  

In another example, researchers working with farmers have helped them maximize yield potential of HYVs.  To do so farmers were required to follow a set of recommendations, one of which was adhering to specified timing of planting because delayed action could result in substantial loss of yield.  A study also shows that improved varieties of rice must be transplanted from the seed bed to the main field between 24-28 days in order to achieve maximum yield potential (Sah et al., 2004).  In a country where the timing and intensity of monsoon precipitation is highly variable, such a stringent condition can be problematic.  So it becomes mutually beneficial for both researchers and farmers to understand and implement agronomic practices that will result in higher production.  Evidence also suggests that farmers are quite capable of adopting complex technological interventions as long as there is reciprocal relationship between them and the researchers (Witcombe et al., 1996; Joshi et al., 2001).  

c. Institutional changes that led technological innovation in marginal areas:  Parallel to the government’s effort in developing technologies for improving production in agriculture, there has been a significant policy change that may have contributed to the observed growth in rice productivity.  One of the most important policy changes with regard to rice productivity has been the decision by the government to deregulate the fertilizer policy in 1997.  This change in policy (i) allowed the private sectors to import and distribute fertilizers; (ii) phase out a fertilizer subsidy, and (iii) deregulate fertilizer prices.  In the absence of detailed data it is difficult to precisely assess the impacts of the deregulation policy on the fertilizer use by the farmers.  Nonetheless, a study based on the analysis of household level data collected from 986 farmers indicated a significant growth in the application of fertilizer by the farmers of Nepal (Gruhn et al., 2003).  According to this study 81 percent of the farmers applied both inorganic and organic fertilizers during the 2001/02 crop year and reported increased supply of fertilizer, something they had not experienced previously. 

In the early 1990s, NARC instituted a significant change in agricultural research and development.  One of the outcomes was the setting up of Participatory Technology Development (PTD) a program that focused on development of technologies that are appropriate to the climatically marginalized regions of the country.  This was achieved through collaborative efforts among all stakeholders in agricultural development including farmers (Witcombe et al., 1996; Sperling and Ashby, 1999).  The PTD approach also incorporates indigenous knowledge so that new technologies are best adapted to local social and environmental conditions.  The PTD also provided a clearer strategy for coordination of new players (e.g. private enterprises and non-governmental organizations, NGOs) involved in innovation of agricultural technologies in Nepal (Biggs and Gauchan, 2001; Gauchan et al., 2003), an unlikely configuration a decade ago.  

A new institutional setting for technological innovation is no doubt complex involving plural systems and multiple sources of innovation.  Nevertheless, such environment provides space for a wide range of actors in technological innovation including farmers, private sectors, and NGOs (Sthapit et al. 1996), and allows for better interaction and learning.  While earlier work on varietal development lay only within the governmental research institutions this new institutional arrangement has been able to seek wider partnership among the various stakeholders who are focused on agricultural development on marginal areas.  This partnership has encouraged NGOs and other organizations to become stronger research institutions contributing significantly to innovations of technologies in agriculture.  The role of farmers in technological innovation has also grown significantly whereby they are now able to set their agendas based on their own resource endowments, which is facilitated by NARC and NGOs.  This new institutional approach has not only improved relationship between farmers and researchers, but has created an environment of dialogue that has benefited both partners.  The impact of PTD is reported to be especially positive in rice production in climatically marginal regions (Sthapit et al., 1996).    
CONCLUSISON

It is a challenge to make a compelling case for technological innovation as being driven solely by climatic factors because Nepal’s rice production is framed within the context of other changes that is part of its agricultural development.  Yet, this study recognizes that climate is one of most important factors that farmers in the country have to adjust to for their rice production system.  More importantly, this research uncovers recent changes in rice production technology made at the local level that is familiar with climatic constraints and local knowledge that signifies the thrust of location-specific innovation.  Lack of data has been a major shortcoming in the effort to establish an unambiguous empirical relationship between climate and technologies - this is an open research issue that can be addressed with time.   To partially compensate for this shortcoming, a detailed review of case studies was provided as a qualitative assessment of the development of climate-induced innovations over the period of the study.
The findings from both the empirical and the qualitative assessments indicate that Nepal’s research establishment is engaged in and committed to the development of location-specific technologies that address the constraints of climate.  Higher rice productivity is not only seen in climatically favorable regions but is also surprisingly observed in areas that are climatically sub-optimal for rice production.  The empirical analysis of productivity convergence, even indirectly, implies that technological changes can be represented by examining the direction of productivity over time and is an attempt to approximate the ultimate impacts of climate-induced innovation in agriculture. The development of technological innovations accompanied by changes in agricultural policies may have been responsible for higher rice productivity among the districts with marginal climate.  This assertion is supported both by the results of the empirical analysis, showing evidence of productivity convergence, as well as by the assessment of policies related to research and development.  The empirical analysis of productivity convergence, even indirectly, implies that technological changes can be represented by examining the direction of productivity over time and is an attempt to approximate the ultimate impacts of climate-induced innovation in agriculture. With respect to policy assessment, the new institutional framework exhibits change in policies that facilitated greater engagement of relevant stakeholders in the development and application of new technologies in rice cultivation (e.g. PTD approach).  
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Figure 1: 
Conceptual framework: climate-technology interaction
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Figure 2:  Map of Nepal showing three ecological zones (Mountains, Hills, and Terai) in the region
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Figure 3:  
Distribution of sigma as measured by the coefficient of variation across the three ecological regions of Nepal, 1991/1992 to 2002/2003 

