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I.  
Introduction


The Green Revolution is the term describing the production of “high yielding” or “modern” (MV) crop varieties for developing countries and of subsequent adoption of these varieties by farmers.  Most studies of the Green Revolution date its beginning in 1964-65 when both rice and wheat MVs were made available to farmers in Asia and Latin America.  Some accounts of the Green Revolution are confined to wheat and rice MVs, and some accounts suggest that the Green Revolution produced a “one-time” increase in production of wheat and rice and was effectively completed by 1985. 


This “narrow” perspective on the green Revolution is in part due to limited data on MV adoption.  Dana Dalrymple in a series of important studies documented MV adoption in many countries for rice and wheat MVs for the period 1965 to 1984.  The Dalrymple studies were very important both for documenting the production and diffusion of MVs and for identifying the International and National plant breeding programs responsible for them.


But this narrow perspective is a very incomplete perspective and it has led to numerous inaccuracies of interpretation.  The Green Revolution described in this lecture offers a much broader perspective.  This broader perspective is based on data for 15 food crops included in the mandates of the 16 International Agricultural Research Centers (IARCs) in place today.  And it also encompasses more than 500 National Agricultural Research System (NARS) plant breeding programs.   The Green Revolution database includes the production of more than 8,000 MVs and of their adoption over the 1965 to 2000 period.


This broader perspective supports a quite different interpretation of Green Revolution experience than afforded by the narrow perspective.  The narrow perspective suggested that MVs were adopted only in “favorable” production environments (i.e., with high quality soil and climate conditions) and that MV adoption was accompanied by high levels of “chemical” use.  The narrow perspective also suggested a one-time production increase.


The broader perspective is considerably more nuanced.  MVs have been produced and adopted for all IARC mandate crops including crops that are naturally suited to unfavorable environments (e.g., crops produced in semi-arid and dryland environments).  The broader perspective also shows that “generations” of MVs have been developed for most Green Revolution crops and that each new generation of MVs had both displaced earlier generations of MVs and extended the “margin” of MV adoption.  This generational feature of MV production creates production and productivity gains that accumulate over time.


The broader perspective also notes that the “complementarity” between MVs and “chemicals” and the subsequent “intensification” of crop production is not uniform for different crops and is not uniform for different regions.  Chemicals include fertilizers, herbicides and insecticides, and the adoption of these chemicals is not uniform across crops and regions.  Low wage economies generally do not use herbicides for weed control.  Insecticide use varies by crop, but in all crops “host plant resistance” to insect pests has been an important breeding objective.  Most successful MVs are complementary with fertilizer (for sound economic reasons) but actual fertilizer use differs from country to country because market efficiencies (transaction costs) differ.


This broader perspective of the Green Revolution does not allow one to conclude that the Green Revolution was “ideal” in the sense that it benefited all countries and all regions in an equitable way.  In this lecture it will be argued that the production increases enabled by the Green Revolution in the aggregate in developing countries constitute a “global” success, and for some countries, a “local” failure. The population of developing countries increased from 1.6 billion in 1950 to 4.5 billion in 2000.  Some countries experienced more than a tripling of population.  Pakistan, for example, experienced a tripling of population but actually increased food production, per capita.  In the absence of the Green Revolution (i.e., had farmers been constrained to use varieties available in 1065), millions of children would not have survived childhood and millions more of those survivors would have suffered from malnutrition.


The Green Revolution did not reach all farmers.  Indeed, at least 15 developing countries with populations over a million were effectively excluded from the Green Revolution.  But for farmers reached by the Green Revolution, supply increases were large.  During the 1961-81 period food grain production increases in South and Southeast Asia were more than 3 percent per year.  The actual MV contributions to production were around 1 percent per year, but increased fertilizer use and irrigation expansion led to larger supply increases.  As a consequence, world prices for basic food grains and other crops declined even though many farmers did not realize Green Revolution gains at all.  “Real” world food prices in 2000 were 35 percent of their level in 1950.


Consumers benefit from lower food prices and the Green Revolution brought lower food prices to virtually everyone in the world.  Since low-income consumers spend disproportionately on food, this had favorable distributional consequences.


Farmers, however, benefited where access to Green Revolution technology enabled their costs of production to decline more than prices declined, but they lost income when they were delivered lower prices but did not have access to Green Revolution technology.The Green Revolution was based on “conventional” plant breeding methods (including wide crossing methods).  These methods were developed in the late 1800s and genetic inventions in the form of improved crop varieties were being made in many crops by the early 1900s.  Most, though not all, of these improved varieties were adopted in temperate zone developed countries.  Thus, in the first 50 years of the 20th century, developed countries realized their own Green Revolution.  The Gene Revolution has had little impact to date in developing countries (see comments in the concluding part of the paper.

II. Varietal Production and Adoption by Crop

Wheat

Wheat is the world’s most extensively cultivated crop, with roughly 225 million ha under cultivation.  Approximately 100 million ha are under cultivation in developing countries: 8 million ha in Latin America, 1.2 million ha in sub-Saharan Africa, 25 million ha in the Middle East and North Africa, and 65 million ha in Asia (of which 29 million ha are in China).  Several wheat types are cultivated.  Most are bread wheats, but significant quantities of durum wheats suited to pasta products are also grown.  Wheats are classified as spring type or winter type, with northern temperate regions (i.e., Canada and the northern United States) producing traditional spring types.  Winter types are produced in temperate and sub-tropical regions with mild winters, as in the southern growing regions of the U.S.  In tropical climates with relatively warm winters, spring types are planted, but in the fall, as are winter types.


Because of extensive investments in wheat research programs in Europe and North America, the temperate zone spring and winter types had been considerably improved relative to the tropical spring types by the 1960s.  The Rockefeller Foundation supported a wheat breeding program in Mexico in the 1940s and 1950s under the direction of Norman Borlaug.  This program eventually was transformed into the wheat program at CIMMYT, where, after 20 years of dedicated breeding work, the Green Revolution semi-dwarf bread wheats were adapted for widespread use in Asia, beginning in the mid 1960s.


The CIMMYT wheat program has continued its programs of germplasm management and diffusion of advanced materials to NARS breeders.  In the 1990s, CIMMYT’s wheat program maintained a staff of 35 senior scientists (70 scientists) in a number of locations, with an annual budget of only $12 million.  Approximately 1,700 NARS scientists in many programs are working on wheat improvement, with an annual budget of roughly $100 million in the 1990s.  (In the 1960s, NARS programs were one-third their present size.)


Figure 1.1 depicts the pattern of release of more than 2,400 new wheat varieties since 1965 by major wheat producing regions.  IARC content shares are also shown.  For 1970, 1980, 1990, and 1998, adoption estimates are reported, and for 1990 and 1998, these show IARC content of farmer-adopted varieties.


These data show that varietal production increased in Latin America and Asia until the mid-1980s and that varietal release in the 1990s is somewhat lower than in the 1980s but still remains at a high annual level.  These two “mature” regions may be showing some evidence of “exhaustion” of the genetic potential afforded by conventional breeding program.  


By contrast, the pattern of varietal release in sub-Saharan Africa and in the Middle East and North Africa is increasing with time.  


The IARC content measures are of interest because they reflect both the competitiveness of the IARC breeding programs (as reflected in the IARC cross shares) and the germplasm contributions of IARC programs (as reflected in the IARC ancestor shares).  The IARC cross shares are lowest in Asia, where NARS programs are strongest, and highest in sub-Saharan Africa and MENA, where the NARS programs are less well developed.  IARC ancestor shares are also high in all regions, reflecting high germplasm contributions.


Farmers have adopted modern varieties rapidly, and adoption rates have increased steadily since the “Green Revolution” period of the 1970s.  The level of MV adoption in Asia was modest in 1970 in spite of the Green Revolution, and adoption levels were very low across Africa and the Middle East.  By the 1990s, MV adoption levels were very high in Latin America and Asia.  Germplasm generated by IARCs was disproportionately important in both regions, with IARC-developed varieties adopted on a particularly large scale in Latin America.  By contrast, in Asia, the varieties adopted most widely were developed by NARS but with IARC ancestry. 


For both sub-Saharan Africa and MENA, modern variety adoption levels were high but lagged the Asian and Latin American levels by 10 to 15 years.  IARC crossed varieties were less important in adopted varieties than in released varieties, while varieties developed in national programs (with IARC backgrounds) were disproportionately represented in farmers’ fields.


Rice

Rice is the most important crop in developing countries.  Asian countries dominate production with 133 million ha.  (India, with 43 million ha, and China, with 33 million ha, are the leading countries.) Latin America and African countries each produce on roughly 8 million ha.  Developed countries, including Japan, produce on only 5 million ha.


Rice is produced in several different environments.  The dominant production environments are irrigated and rainfed “paddy” environments.  Rice is also produced in “upland” and “deepwater” environments, among others.  Most upland production is in Africa and Latin America; most deepwater production is in Asia.


Figure 1.2 depicts the release and adoption pattern by region for roughly 1,700 released varieties.  Few, if any, of these varieties are suited to deepwater production environments.  Varieties suited to upland production are also few in number, with a small concentration released in Brazil.


Three different IARCs have been involved in rice crop genetic improvement.  For Asia, IRRI has played a major role in producing important rice varieties.  The relationship between IRRI and Asian NARS is in some sense the most “mature” of such relationships.  After the 1970s, IRRI’s role was increasingly that of a germplasm supplier, producing parent material for NARS breeders.  This role was facilitated by an international network for germplasm exchange that provides NARS breeders with ready access to breeding materials.


IRRI’s success was first concentrated in irrigated rice environments and then extended to favorable rain-fed environments.  This success did not extend in any significant degree to upland rice environments nor to deepwater environments.  The early IRRI Asian rice varieties were also not particularly well adapted to Latin America or to Africa.


CIAT, in Colombia, established a rice breeding program a number of years after the IRRI program was established.  It was this program that undertook adaptive breeding required to bring the high-yielding semi-dwarf varieties from Asia to Latin America.  In contrast to the release pattern in Asia, where releases leveled off in the 1980s and 1990s, annual releases have continued to increase in Latin America.  


For African production conditions, neither IRRI nor CIAT had much success in generating varieties that met with widespread adoption.  WARDA, the regional rice development center, experienced considerable instability in the 1960s and 1970s, and was not effective until it was established as a center capable of doing its own breeding, and not fully effective until it moved from an urban location in Liberia to an experiment station in Cote d’Ivoire.  By the mid 1990s, WARDA’s program was beginning to show effectiveness.


The wheat and rice data show that the popular perception of the Green Revolution is at least incomplete, if not entirely naïve.  In the case of wheat, CIMMYT has continued to play a major role in varietal production.  The 1980s and 1990s were periods of higher annual varietal production than were the 1970s.  The Green Revolution of the 1970s was extended beyond its 1970s boundaries in part through the efforts of CIMMYT to extend the area of suitability for the basic high-yielding plant type.


For rice, the picture is more complex.  Varietal production in Asia was also higher in the 1980s and 1990s than in the 1970s.  With respect to the more advanced Asian NARS, IRRI’s role shifted to that of a germplasm supplier in the 1980s and early 1990s.  However, in the later 1990s, the political opening of Cambodia, Vietnam, and Laos, where national programs were relatively undeveloped, put IRRI back in the position of breeding crosses for direct release.  Outside of Asia, the extension of the Green Revolution in rice to Latin America was greatly assisted by CIAT’s program.  And with a delay, WARDA now is assisting in the expansion of the rice Green Revolution to Africa.


Maize 

Maize is grown in both temperate (mostly developed country) regions and in tropical and sub-tropical regions (almost entirely in developing countries – 24 million ha in Africa, 28 million ha in Latin America, and 40 million ha in Asia).  Major advances in maize varieties were achieved in temperate zone regions based on the “hybrid” technique of breeding in the first part of the 20th century.   Most of these hybrids were for maize fed to livestock.  The transfer of hybrid maize technology to the tropics was very limited as of 1960.   CIMMYT, the international center mandated with maize production, chose to pursue improvements in both “open pollinated varieties“ and in hybrid varieties.  A considerable quantity of maize produced in developing countries is consumed directly by humans.  


Figure 1.3 depicts maize varietal releases for public and private breeders in Latin America and Africa.  (Note that IITA is the lead IARC concerned with maize crop genetic improvement for West and Central Africa.)


Most of the public sector NARS varietal releases in maize have been open-pollinated varieties, although in the 1990s hybrids have become more important.   Almost all private sector varietal releases by contrast have been hybrids. By the 1990s private sector programs were developing more varieties than public sector programs in Latin America.   They are also becoming important in Asia and sub-Saharan Africa.


Early adoptions of modern maize varieties included both open-pollinated varieties and hybrids.   By the 1990s, however, it was clear that farmers in the regions favored hybrids over open-pollinated varieties.   Private seed firms produced many (if not most) of these adopted hybrids.   Thus, maize and to a limited extent, sorghum and millet – for which hybrids are being rapidly developed – represent cases where the private sector has produced genetic improvement for agriculture.   This has not occurred in the other study crops to a significant extent.


It is also clear from data on genetic resource content of varieties that CIMMYT and NARS breeding materials (germplasm) have been widely used by the private sector.   The public sector thus created the “platforms” on which the private sector was built.   A similar phenomenon occurred in temperate zone maize breeding many years earlier.


In many respects, maize has been a Green Revolution crop in the same sense as rice and wheat.  It is a major crop in developing countries.  Maize is highly location specific because of high photoperiod sensitivity.  Many generations of breeding effort are required for improvements.  The distinction between food and feed uses has turned out to be important.  The major crop genetic improvement gains have been realized in hybrid varieties, chiefly for feed uses.


Sorghum and Pearl Millet

Sorghum and pearl millet are grown extensively in semi-arid regions of Asia (chiefly India) and sub-Saharan Africa.  Of the 45 million ha planted to sorghum, 23 million ha are in Africa and 14 million in Asia.  For pearl millet, 38 million ha are planted worldwide, of which 20 million are in Africa and 16 million in Asia.  ICRISAT has developed research programs for both crops in both India and Africa.  ICRISAT maintains germplasm collections and provides germplasm to approximately 750 sorghum scientists and 300 pearl millet scientists in NARS programs.


India maintained breeding programs for both sorghum and pearl millet prior to the ICRISAT program and did release a number of modern varieties of sorghum and pearl millet in the 1960s and 1970s.   Figure 1.4 depicts the release of varieties of sorghum by five-year period after 1965.   Annual varietal releases in both Asia (India) and Africa show upward trends, with annual releases in the 1990s being roughly double the releases in the 1970s.   Varietal releases prior to 1980 were entirely NARS products.   After 1980 the ICRISAT content became important, particularly in Africa where 70 percent of the releases in the 1990s were ICRISAT crosses.  


During the 1990s, private firms began to develop and release hybrid varieties of sorghum.   These releases are not included in the data in Figure 1.4 but were significant during the 1990s (probably 30 percent of public releases).  The relevant feature of this private sector development is that ICRISAT material makes up a significant part of the genetic content of private varieties.   Thus, private sector firms are building programs on public sector “platforms.”  It should be noted that a number of the public sector varieties are also hybrids, requiring the seed production methods assorted with hybrids.   This also facilitated private sector research programs.


The adoption by farmers of improved sorghum varieties has differed markedly by regions.   In Asia, adoption rates for modern sorghum varieties increased rapidly during the 1990s.  Some of this increase was due to private sector hybrids.   Adoption rates have also increased in Africa, but with a delay.   The modern varieties released in Africa prior to ICRISAT’s involvement achieved little adoption.   By 1998 sorghum adoption in Africa had attained levels achieved in Asia 15 years earlier.


Figure 1.5 portrays varietal releases and adoption data for pearl millets in both Asia and Africa.   Here we note that with the establishment of the ICRISAT program, varietal releases increased significantly.   In fact, Africa effectively had no releases until the ICRISAT program was established.   ICRISAT parental material was especially important in both Asia and Africa.


The private sector has also begun to introduce hybrid pearl millet varieties in both Asia and Africa, and as with sorghum, these private sector varieties are built on platforms created by the NARS programs and the ICRISAT programs.


Adoption data are limited but do show patterns similar to those for sorghum.   In 1998 Asian producers were utilizing modern varieties at a high level.   These varieties also had significant ICRISAT content.


Beans

Dry beans are planted on 26 million hectares worldwide, with approximately 6 million ha in Latin America and 35 million ha in Africa.  (China and India are also major producers).   CIAT initiated a bean program in South America in 1973, with its mandate extending to Central America in 1979 and to Africa in 1983.   Seventeen Latin American NARS (88 breeders) had bean programs in the 1970s.   Only two programs were active in Africa in the 1970s, but by 1998, twelve programs in Africa (40 breeders) were operating.


CIAT in Colombia has been supporting bean improvement research for a number of years.  Beans are an important source of protein in the diets of many consumers in Latin America, especially Brazil, and in Africa.  Because of limited genetic improvements, beans have effectively been “crowded out” of productive areas by crops with greater genetic improvement, especially corn and soybeans.


Varietal releases are shown in Figure 1.6.   These data show steady increases in releases in both Latin American and Africa with high CIAT content (especially CIAT crosses) in both regions.   Varietal releases in Africa were low in the 1970s but significant in the 1990s.


Adoption of modern bean varieties has been low in spite of high numbers of releases.   This is in part due to high diversity in growing conditions and in taste patterns of consumers.


Lentilstc "Lentils"

Approximately 3.4 million ha of lentils are planted worldwide.   India is the leading producer with 1.2 million ha.   Most of the remainder is produced in the dryland tropical regions of the Middle East and North Africa.   ICARDA began lentil improvement in the late 1970s.   Few improved varieties (except in India) were released until the 1980s and 1990s.   In the 1990s most improved varieties were based on ICARDA crosses.  


Adoption of modern lentil varieties was negligible until the 1990s, but in recent years, significant adoption has occurred.  Virtually all modern varieties are crossed by ICARDA, attesting to a high impact in a crop where little was being accomplished prior to the IARC program.


Groundnutstc "Groundnuts"

Groundnuts are produced on 24 million hectares, over 95 percent in developing countries.  India, China, Nigeria, and Sudan are leading production regions.  Few modern groundnut varieties suited to developing countries were released prior to 1980.  Since then, varietal production in both Asia and Africa has increased steadily.  By the late 1990s, adoption rates for modern varieties were very high in China, and high in India and parts of Africa.


Potatoestc "
4.8 
Potatoes"

Potatoes are produced over a wide range of climate systems.   Globally, 38 million ha are planted.   Roughly one quarter of this acreage is in developing countries (Asia has 6 million ha, Africa 1 million, Latin America 1.5 million), and this acreage is growing as new varieties are developed.   Many potato landraces (farmers’ varieties) continue to be planted for local preference reasons.   More than 30 developing countries have potato-breeding programs with more than 300 breeders and related scientists working on genetic improvement in potatoes.   CIP provides genetic resource and breeding support in major regions.


Varietal production and adoption is shown for Latin America, Africa, and Asia in Figure 1.7.   Also all three regions rising levels of annual varietal release are noted.   Rising levels of CIP contributions dominate only in Africa.   Many of the NARS contributions are selections of landraces and much of the progress in potato productivity is due to improved handling and selection of seed by farmers.


The adoption of modern varieties is high in all three regions in the late 1990s.   CIP content in these adopted cultivars is low, however, reflecting the importance of cultivar selection in local areas.


Cassavatc "Cassava"

Cassava is a major food crop in Africa where 11 million of the world’s 16 million ha are planted.   Latin America plants 2.4 million ha and Asia 3.3 million ha.   Cassava is thus produced almost exclusively in tropical developing countries.   Two IARCs, CIAT in Latin America and IITA in Africa support NARS programs.


Varietal releases as noted in Figure 1.8 are of recent origin with few improved varieties released before the 1980s.   IARC content is high in releases reflecting the fact that the IARCs have dominated the genetic improvement in this crop.


Modern varietal adoption rates remain low in the late 1990s, although significant adoption has taken place in Africa.

III. MV Production:  A Synthesis and Analysis of IARC-NARS Complementarity 

and IARC Impact on NARS Investments
Table 1 summarizes the production of MVs (as measured by releases) by period for crops and regions (for all crops).  Table 1 also includes indicators of percentages of releases based on IARC crosses (IX), on NARS-crossed releases with IARC-crossed parentage (IP), other IARC ancestors (IA) and NARS only (IN) releases.

These data indicate the following:

(a) Varietal production for all crops increased steadily over time.

(b) IARC-crossed releases made upon high proportion (36 percent for all releases) of releases.  These releases were typically multiple releases in several countries.

(c) NARS-crossed releases had a high proportion of IARC parentage (and other ancestors).

(d) NARS-crossed releases had very low percentages of multi-country release.  Only ten percent of NARS-crossed rice MVs were released in a second country.

(e) Developed country programs produced virtually no MVs for developing countries.

(f) Private sector programs were important only for hybrid maize, sorthum and millets (and some rice varieties) and then only after IARC-NARS programs produced improved open-pollinated varieties (OPVs).

(g) No NGOs (other than the IARCs) produced MVs.

Table 1 clearly suggests that IARC programs complemented NARS programs, because NARS programs utilized IARC-crossed parents.  In Evenson (2003) and Evenson and Kislev (2004), this complementarity was formally tested by Evenson (2003).  This statistical analysis also examined the impact of building the IARC system on NARS investments.  The IARC system was shown to have both a complementary effect and a competitive effect.  The competitive effect comes from the fact that IARC-crossed releases in a given country compete with NARS-crossed releases in that country for adoption by farmers.

Tables 2, 3 and 4 report estimates that have relevance for Africa.  

Table 2 reports definitions of important variables for five crops.  The “endogenous” variables, i.e., the variables to be analyzed are NARS releases, VN, and NARS crop genetic improvement (CGI) scientists, BN.  The variables determining these endogenous variables are:


GI,  IARC Germplasm


GN, NARS Germplasm


HA, Hectares planted to the crop


POPDEN, Population Density


GDP/c, GDP Perception

Plus climate and Technology Capital Index (see Lecture 2)

Table 3 reports estimated “elasticities” for VN (NARS-crossed releases) with respect to BN, GI and GN.  These elasticities can be interpreted as follows:

· A 100 percent increase (doubling) in BN, the number of plant breeders will lead to a 23 percent increase in wheat NARS-crossed releases, 72 percent for rice, etc.  For the “pooled” (i.e., all five types) estimates a doubling of scientists will lead to a 45 percent increase in NARS MVs.  This indicates strong diminishing returns.

· A 100 percent increase in IARC-crossed releases in the country will complement NARS scientists.  For wheat, it will lead to 23 percent more NARS MVs.  For pooled crops it will lead to 38 percent more NARS MVs.

· A 100 percent increase in NARS-crossed releases (in prior periods) will lead to a 14 percent increase in NARS MVs.

Thus NARS scientists (BN), IARC germplasm (GI) and NARS germplasm (GN) all contribute to NARS MV productions.   A doubling of all three leads to a doubling of NARS NVs.  These estimates apply to all developing countries.

Table 4 reports estimated elasticities for the investment estimates.  These can be interpreted as follows:

· A doubling of hectares planted to wheat leads to a 75 percent increase in the numbers of CGI scientists. (for pooled crops it leads to a 50 percent increase). This can be interpreted as a scale economy effect.  Countries with larger acreage planted to a crop see themselves as needing less than proportional increases in CGI scientists to accomplish their goals.  This is an important implication for African programs, because many African countries have small acreage of many crops.

· A doubling of population density leads to a 112 percent increase in CGI scientists for wheat (and for pooled crops it leads to a 49 percent increase in CGI scientists).  This is also an important finding with implications for African countries as well.  This might be considered a “Boserup” effect (Boserup, 1975).  It effectively indicates that countries with low rural population densities, do not invest in CGI scientists because they perceive opportunities to increase production by expanding cultivated area.  In general, African rural population densities are well below those of Asian economies and this has investment implications.

· A doubling of GNP per capita leads to a 13 percent increase in GGI scientists (pooled estimate).

· A doubling of IARC germplasm leads to an 11 percent decrease in NARS CGI scientists when evaluated at mean hectares and population density.  

· When evaluated at population weighted mean hectares and population density, a doubling of IARC germplasm leads to a 21 percent increase in NARS GGI investments.  

It appears that that IARC system has a net positive effect on NARS programs overall, but that for small countries with low population densities, the IARC effect is negative (i.e., IARCs crowd out NARS investments).

IV. MV Adoption

Evenson and Kislev (2004) report an analysis of MV adoption by farmers.  Table 5 reports aggregate MV adoption data by regions and crops.  Table 6 reports data by African country.

For four crops (rice, wheat, maize and beans), Evenson and Kislev had cumulated MV adoption for a number of countries for 1975, 1985 and 1998.  Table 7 reports estimates of determinants of MV adoption.

The determinants of MV adoption were:


Hectares Planted to the Crop (FAO)


Crop Land Suitability Ratio (see below) (IIASA, FAO)


Initial Crop Yield Levels (1965, 1975, 1985) (FAO)


Initial Irrigation Percentage – All Crops (1965, 1975, 1985) (FAO)


Education of Males over 26 (Barro-Lee, World Bank)


IARC-Crossed Releases (Crop, Country, SPIA)


Crop, Period, and Crop x Period Effects

The initial yield variable was motivated by the analysis of Griliches (1957).  The same is true for the planted area, irrigation percentage and education variables.  The IARC-Crossed Releases variable is included in specification (2) to test whether the early targeting of the AEZs in a country by IARC programs has an effect.

The land suitability variable is of special interest, because it provides a test of the favorable/unfavorable environment hypothesis.  This hypothesis applies to both the date of origin and rate of diffusion (these are effectively combined here) of MV adoption.  It states that unfavorable AEZ environments inhibit MV adoption.  


The Global Agro-Ecological Zones database (GAEZ) from FAO and IIASA (FAO/IIASA 2000) was used to determine the total acreage of land ranked very suitable for each crop (including high, intermediate, low input levels).  This very suitable average was then divided by acreage planted to the crop (in 1975) to obtain the Land Suitability Ratio variable. 


This suitability variable provides an indirect test of the favorable/unfavorable AEZ environment hypothesis.  In countries where population density is high, a crop is more likely to be grown under unfavorable conditions.  Breeding programs are less likely to produce varieties acceptable to farmers if they have a high proportion of unfavorable conditions.


Consider specification (1) in Table 7.  This specification indicates that countries with large planted acreage in a crop have lower percentages in MVs.  This is possibly due to within country variation in the favorable/unfavorable ratio (not captured in the Land Suitability Ratios).


The Land Suitability Ratio is positively related to MV adoption.  This indicates that countries with low favorable/unfavorable (high unfavorable/favorable) ratios are impeded from MV access.


Higher initial yield levels are associated with higher MV adoption.  This may reflect suitability as well, but it also reflects the state of institutional development in the country.


Higher irrigation levels are not significantly related to MV adoption.


Higher levels of farmer schooling are not strongly related to MV adoption (Note, the schooling variable does not distinguish between rural and urban schooling levels).


In specification (2) there is some evidence that IARC targeting stimulates MV adoption.  Note that the effect of initial yield level is reduced in specification (2).

V. 
Production Impacts of MVs

The Evenson-Gollin (2003) study evaluated data from crop experiments and farmers’ field trials to estimate the yield increases of MV/Traditional varieties conversion.  The Evenson-Gollin study also utilitzed three country studies for India, China and Brazil to further evaluate these estimates.

Table 8 reports the annual yield growth contribution of MVs by crop, decade and region.  IARC growth contributions (distinct from NARS contributions) is reported as well.  When all crops are considered, comparisons can be made by region.  We see that Sub-Saharan Africa lagged other regions in CGI growth (MV) contributions.  In fact in the 1990s, Sub-Saharan Africa had finally realized gains that were realized in Asia in the 1960s.  The Middle East-North Africa region also lagged the Asian and Latin American regions.  This uneven delivery of gains from the Green Revolution has serious implications for farm income (see Lecture 2).

Some of the discrepancy in growth contributions by region is due to crop mix.  It may be noted in Table 8 that the Sub-Saharan African and MENA regions did realize gains in wheat in the 1970s and 1980s, but wheat area in the MENA and SSA regions are small.  For rice and maize, CGI gains were slower.

The Growth Contribution reported in Table 8 can be expanded into the growth accounting framework for all Green Revolution crops summarized in Table 9.  Since Production is Area time Yield, the growth in production is the growth in area plus the growth in yield, and since the MV component is available from Table 8, yield growth can be separated into two components, an MV component and an “other inputs” component.


Table 9 shows that in the early Green Revolution, MVs contributed significantly to growth in Asia and Latin America, but relatively little in other areas.  For all developing countries, MVs accounted for 21 percent of the growth in yields and about 17 percent of production growth I the early Green Revolution period.  Area expansion accounted for about 20 percent of the increases in production; the rest came from intensification of input use.

The late Green Revolution period (1981-2000) differed from the early period in several important respects.  In part because prices to farmers were declining, production growth was lower in all regions except Sub-Saharan Africa.  The area under food crop cultivation remained flat overall, with declines in Latin America offsetting the continued expansion of agricultural lands in Sub-Saharan Africa and the Middle East-North Africa region.  Yield growth accounted for almost all of the increases in food production in developing countries (86 percent).  Furthermore, the MV contribution to yield growth was higher in the late Green Revolution period than in early Green Revolution period, accounting for almost 50 percent of yield growth and 40 percent of production growth for all developing countries.  This indicates that in the late Green Revolution period, production gains were more dependent on MVs than in the early period, and that MV contributions were greater in the late period.

Although input use intensified in the late Green Revolution period, productivity gains from MVs allowed food production to increase dramatically with only modes increases in area planted to food crops – and with relatively slow growth in the use of inputs such as fertilizer and irrigation.

The Sub-Saharan African region is unusual in both periods.  Yield growth made only minor contributions to production growth in both periods, and the MV contributions to yield growth were also low – although considerably higher in the more recent period.  Production growth was based almost entirely on extending the area under cultivation.  In short, this region achieved a very partial and incomplete Green Revolution, with a number of countries realizing virtually no MV contributions to food production growth.

The limited scope of the Green Revolution in Sub-Saharan Africa was in part due to the mix of crops grown in the region (where root crops and tropical maize are dominant food crops) and in part due to the agro-ecological complexities of the region and associated difficulties in producing suitable MVs.  The table shows that such yield growth as was realized in Sub-Saharan Africa was almost entirely contributed by MVs, with little contribution from fertilizers and other inputs.

Why did Sub-Saharan Africa get so little growth from varietal improvement until the 1990s” The inherited state of knowledge and the pre-existing stocks of improved germplasm were important factors in differential regional performance.  Clearly institutional and political failure also mattered.
  But Figures 2 and 3 (and the underlying data) suggest that some of Sub-Saharan Africa’s low growth reflected the lack of usable modern variety technology until the 1980s and 1990s.  Recent evidence is more promising, however.  Varietal improvement appears finally to be making an impact in Sub-Saharan Africa in rice, maize, cassava, and other crops.

V. Returns to Investments in Research

The benefits reported in Table 8 can be treated as benefits ”streams” over time and compared to the costs of the plant breeding programs.  Costs include costs beginning in the 1940s.

These benefits and costs streams can be expressed in Benefit/Cost ratios or in terms of “internal rates of return” on investments.  The internal rate of return is the return that makes the present discounted value of the benefits and costs equal.  It can be interpreted as a real return to public sector investment.

Table 10 reports a summary of Internal Rates of Return (IRRs) from a survey (Evenson, 2001) of IRRs and from the SPIA studies.

The new calculations from the SPIA study (based on Table 8 benefits) show that all IARC programs have high IRRs.  The Asian NARS CGI programs have very high IRRs.  Latin American programs have lower IRRs.  African NARS CGI programs, however, have quite low returns to investment.  This reflects the fact that these programs were in place for many years before they produced MVs that farmers adopted.

VI. A Note on the Gene Revolution

The Gene Revolution, i.e., the application of recombinant DNA (rDNA) techniques to plants have, to date, been primarily a Developed Country phenomenon.  The first GM (Genetically Modified) product with wide scale usage was bsT (bovine somatotropin) introduced in 1994.  Herbicide-resistant products were introduced in 1996 (Roundup Ready Soybeans) as were the first BT (Bacillus Thuringiensis) products.  GM canola was also introduced in 1996.

In North America, farmers have adopted GM crops rapidly.  This adoption has taken place under conditions where premiums (for non-GM crops) and discounts (for GM crops) have not emerged.  In developing countries, BT cotton varieties have been widely adopted by farmers in many countries.  South African farmers have adopted BT cotton.

But GM products have had slow acceptance in most developing countries in Africa.  The Ag Biotech industrial firms point out that rDNA techniques have the potential to address problems of marginal environments – environments subject to abiotic stresses (flooding, drought, alkalinity, etc.).  In principle they could be used to extend the Green Revolution to difficult environments.  In practice, there is little actual work being done to address the marginal environments in Africa or elsewhere.  

But the “principle” is valid.  Biotech methods add to the arsenal of tools available to plant breeders.  Some biotech products can be incorporated into plant varieties without advanced biotech skills on the part of scientists.  But the full use of Biotech methods requires advanced training in molecular biology and in technique use.  Marker-aided backing, for example, requires mastery of techniques as well as the art of breeding.

Currently, Ag Biotech product developments are stalled by a high degree of consumer resistance and political opposition to GM foods.  Countries in Africa will have to develop food safety and environmental safety regulatory regimes for GM products.  This will take some time.

But the more fundamental issue is the development of the capacity to use the newer techniques available to the applied scientist to improve human welfare in Africa.

Table 1.  Average Annual Varietal Releases by Crop and Region 1965-1998.

	
	Average Annual Releases
	1965-1998 IARC Content**

	
	Crop
	1965-70
	1971-75
	1976-80
	1981-85
	1986-90
	1991-95
	1996-98*
	IXtc "IX"

	IPtc "IP"
	IA
	IN

	
	Wheat
	40.8
	54.2
	58.0
	75.6
	81.2
	79.3
	(79.3)
	.49
	.29
	.08
	.14

	
	Rice
	19.2
	35.2
	43.8
	50.8
	57.8
	54.8
	58.5
	.20
	.25
	.07
	.48

	
	Maize
	13.4
	16.6
	21.6
	43.4
	52.7
	108.3
	71.3
	.28
	.15
	.04
	.53

	
	Sorghum
	6.9
	7.2
	9.6
	10.6
	12.2
	17.6
	14.3
	.16
	.07
	.06
	.71

	
	Millets
	0.8
	0.4
	1.8
	5.0
	4.8
	6.0
	9.7
	.15
	.41
	.09
	.35

	
	Barley
	0.0
	0.0
	0.0
	2.8
	8.2
	5.6
	7.3
	.49
	.20
	.01
	.30

	
	Lentils
	0.0
	0.0
	0.0
	1.8
	1.8
	3.9
	(3.9)
	.54
	.05
	.01
	.40

	
	Beans
	4.0
	7.0
	12.0
	18.5
	18.0
	43.0
	(43.0)
	.72
	.05
	.01
	.19

	
	Cassava
	0.0
	1.0
	2.0
	15.8
	9.8
	13.6
	(13.6)
	.53
	.15
	.01
	.31

	
	Potatoes
	2.0
	10.4
	13.0
	15.9
	18.9
	19.6
	(19.6)
	.17
	.06
	.02
	.75

	
	Latin America

	37.8
	55.9
	65.9
	92.5
	116.2
	177.3
	139.2
	.39
	.14   
	.04
	.43

	
	Asia
	27.2
	59.6
	66.8
	86.3
	76.7
	81.2
	79.9
	.18
	.29
	.10
	.43

	
	Middle East-North Africa
	4.4
	8.0
	10.2
	12.2
	28.4
	30.5
	82.2
	.62
	.22
	.04
	.12

	
	Sub-Saharan Africa
	17.7
	18.0
	23.0
	43.2
	46.2
	50.1
	55.2
	.45
	.21
	.07
	.27

	
	All Regions All Corps
	87.1
	132.0
	161.8
	240.2
	265.8
	351.7
	320.5
	.36
	.20
	.06
	.38

	




*    Numbers in parentheses are simple repetition of 1991-95 rates because of insufficient data.

**  IX: Varieties based on crosses from international agricultural research centers; IP: Varieties based on crosses from national research systems with at least one parent from an international center; IA, Varieties based on crosses from national systems with at least one non-Parent ancestor from an international center; IN: Varieties based on crosses from national systems with no international ancestors.


Source:  Evenson and  Gollin, 2003

Table 2.  Variable Definitions: Means by Crop
	
Variable
	Definitions
	Wheat

(66)
	Rice 

(54)
	Maize

(32)
	Beans

(45)
	Potatoes

(51)

	 I. 
Endogenous Variables 

	BN
	Number of scientist man years in NARS CVI program (See Appendix 1)
	298
	206
	126
	25.6
	61.1

	VN
	Number of NARS crossed varietal releases (Source: Chapters 4-16)
	30.6
	19.5
	10.5
	4.36
	11.6

	 II. 
Exogenous Variables 

	GI
	International Germplasm Stocks: Cumulated number of IARC crossed varieties released in the countries
	19.0
	6.31
	1.88
	4.09
	9.98

	GN
	National Germplasm Stocks: Cumulated NARS crossed varietal releases (VN) in previous periods.
	21.1
	15.4
	6.15
	1.06
	6.61

	HA
	Hectares (000) planted to the crop at the beginning of the period
	2847
	4613
	244
	377
	1470

	POPDEN
	Population Density at the beginning of the period,  Rural Population/area in crops and pasture (FAO)
	256
	411
	523
	268
	230

	GDP/c
	GDP per capita in US dollars beginning of period, World Bank Atlas Method (World Bank Tables)
	2784
	2820
	1954
	2577
	3410

	Tech 2

 Tech 3

Tech 4
	Technology Capital Indicators from Evenson, 2000; Measures of Technological Capacity (See Appendix 21.2 of Evenson, 2003)
	.19

.48

.31
	.11

.38

.28
	.29

.54

.21
	.27

.37

.35
	.08

.51

.37

	Climate 2

3

4

5

6

7
	Climate class indicators, from Evenson, 2000 

(See Appendix 21.2 of Evenson, 2003)
	.26

.40

.31

.31

.18

.09
	.39

.22

.16

.06

.11

.06
	.64

.27

.18

0

.18

0
	.62

.25

.19

0

.13

.06
	.58

.24

.24

.06

.12

.06



Table 3.   Modern Varieties Production Elasticities

	
	2SLS (Second Stage)
	
	

	Independent

Variables
	Wheat
	Rice
	Maize
	Beans
	Potatoes
	Pooled
	3SLS

Pooled

	BN
	.23
	.72
	.81
	.62
	.52
	.45
	.60

	GI
	.23
	.20
	.50
	.73
	.92
	.38
	.46

	GN
	.04
	.28
	.04
	0
	.08
	.14
	.04

	Sum
	.50
	1.20
	1.35
	1.35
	1.52
	.97
	1.10


Table 4.  Elasticities:  Investment in Development of varieties in the National Agricultural Research Systems

	
	2SLS (Second Stage)
	

	Independent 

Variables
	Wheat
	Rice
	Maize
	Beans
	Potatoes
	Pooled

	HA***
	.75 
	.78 
	.67
	.59
	.51
	.50 

	Popden***
	1.12 
	.99 (1.26)

.044
	.84 (1.56)

(.005)
	.39 (.52)

(.279)
	.24 (.46)

(.704)
	.49 (.63)

(.000)

	GDP/C***
	-.08 
	.84 
	.49
	-.14
	.80
	.13 

	GI****
	-.05 (.10)
	2.80 (3.08)
	-.68  (.41)
	-.28   (.10) 
	-.16  (.09)
	-.11 (.21)


* 
Evaluated at mean GI and mean + 1 SD GI

(P values; sum of coefficients in parentheses)

***
Evaluated at mean Ha , mean + 1 SD Ha, mean + 1 SD Popden

****
Evaluated at mean

Evenson\Black-26-3-03; May 1, 2003

Table 5.
Modern Variety Diffusion 1970, 1980, 1990, 1998.
Percent Area Planted to Modern Varieties
	
	Latin America
	Asia (Including China)
	Middle East-North Africa
	Sub-Saharan Africa

	
	1970
	1980
	1990
	1998
	1970
	1980
	1990
	1998
	1970
	1980
	1990
	1998
	1970
	1980
	1990
	1998

	Wheat
	11   
	46
	82
	90
	19
	49
	74
	86
	5
	18
	38  
	66
	5
	22
	32
	52

	Rice
	2
	22
	52
	65
	10
	35
	55
	65
	
	
	
	
	0
	2
	15
	40

	Maize
	10
	20
	30
	46
	10
	25
	45
	70
	
	
	
	
	1
	4
	15
	17

	Sorghum
	
	
	
	
	4
	20
	54
	70
	
	
	
	
	0
	8
	15
	26

	Millets
	
	
	
	
	5
	30
	50
	78
	
	
	
	
	0
	0
	5
	14

	Barley
	
	
	
	
	
	
	
	
	2
	7
	17 
	49
	
	
	
	

	Lentils
	
	
	
	
	
	
	
	
	0
	0
	5
	23
	
	
	
	

	Beans
	1
	2
	15
	20
	
	
	
	
	
	
	
	
	0
	0
	2
	15

	Groundnut
	
	
	
	
	0
	15
	20
	50
	
	
	
	
	0
	0
	20
	40

	Cassava
	0
	1
	2
	7
	0
	0
	2
	12
	
	
	
	
	0 
	0
	2
	18

	Potatoes
	25
	54
	69
	84
	30
	50
	70
	90
	
	
	
	
	0
	25
	50
	78

	All Crops
	8
	23
	39
	52
	13
	43 
	63
	82
	4
	13
	29
	58
	1
	4
	13
	27


Table 6.
MV Adoption in Africa

	
	1985
	1998

	North


Algeria


Egypt


Libya


Morocco


Tunisia
	22

50

40

20

40
	71

90

80

60

90

	East


Ethiopia


Somalia


Sudan


Uganda


Kenya


Madagascar
	5

5

10

20

20

20
	15

10

30

30

60

40

	Central


Camaroon


Chad


Dem. Republic of the Congo


Republic of Congo


Republic of Central Africa


Gabon


Rwanda
	5

10

5

3

3

5

2
	19

30

10

10

10

20

5

	Western


Benin



Gambia


Guinea


Ghana


Togo


Mauretania


Niger


Burkina Faso


Ivory Coast


Mali


Nigeria


Senegal


Sierra Leone
	5

5

5

15

5

10

5

10

10

10

10

20

20
	15

10

10

42

15

20

10

45

30

30

20

50

50

	Southern


Angola


Botswana


Malawi


Mozambique


Zimbabwe


South Africa


Zambia


Namibia


Tanzania
	5

10

20

5

10

20

10

10

10
	15

35

50

15

50

50

30

20

25


Table 7.  Determinants:  Area Planted to MVs:  Rice, Wheat, Maize, Beans

	
	(1)
	(2)

	Hectares Planted
	-.01

(1.54)
	-.01

(1.81)

	Land Suitability Ratio
	.0104

(1.95)
	.0100

(1.88)

	Initial Yield
	.0056

(1.80)
	.0055

(1.05

	Initial IRRpct
	.00062

(.49)
	.00080

(.64)

	Education M>25
	.0055

(.45)
	.0017

(.14)

	IARC Release
	
	.0030

(1.80)

	Wheat
	.118
	.075

	Maize
	-.201
	-.256

	P2
	.179
	.182

	P3
	.375
	.373

	Wheat  x  P2
	.131
	.104

	Maize  x  P2
	.227
	.245

	Beans  x  P2
	-.018
	-.028

	Wheat  x  P3
	.142
	.083

	Beans  x  P3
	.025
	-.001

	Constant
	.1195
	.1758

	R2
	.492
	.502

	F
	10.85
	10.51


Table 8.
CGI and IARC Contributions to Yield Growth
	
	Annual Yield Growth Contribution for CGI
	Adoption Shares
	IARC Growth Contribution

	Crop/Region
	1960s
	1970s
	1980s
	1990s
	1960-98
	IX
	IA
	¼ Substitution
	½ Substitution

	Wheat
Latin America

Asia

M.E.N.A.

S.S. Africa

All Regions
	.394

.678

.189

.183

.514
	1.320

1.118

.531

.838

.981
	1.563

1.168

.861

1.093

1.125
	.768

.846

1.388

.855

.975
	1.059

1.006

.829

.531

.960
	.54

.23

.50

.37

.32
	.30

.35

.32

.26

.32
	.620

.465

.477

.285

.464
	.518

.427

.406

.254

.412

	Rice
Latin America

Asia

S.S. Africa

All Regions
	.077

.375

0.000

.342
	.787

.998

.085

.940
	1.315

.966

.572

.959
	.876

.713

1.219

.747
	.818

.868

.545

.794
	.30

.30

.20

.29
	.30

.30

.20

.29
	.374

.370

.174

.352
	.331

.327

.153

.312

	Maize
Latin America

Asia

S.S. Africa

All Regions
	.402

.407

.041

.311
	.474

.694

.131

.481
	.547

1.016

.481

.733
	.862

1.377

.197

.906
	.625

.959

.224

.665
	.10

.30

.20

.23
	.27

.32

.50

.32
	.203

.454

.129

.291
	.192

.405

.123

.265

	Sorghum
Asia

S.S. Africa

All Regions
	.148

0.000

.055
	.622

.257

.091
	1.403

.316

.716
	.976

.514

.683
	.847

.304

.504
	.05

.50

.22
	.20

.10

.16
	.195

.133

.151
	.186

.122

.127

	Millets
Asia

S.S. Africa

All Regions

	.515

0.000

.228
	.963

0.000

.428
	.954

.205

.537
	1.392

.425

.854
	1.043

.184

.565
	.27

.26

.27
	.41

.26

.58
	.552

.075

.286
	.510

.066

.262

	Barley
M.E.N.A.
	.073
	.199
	.424
	1.010
	.490
	.50
	.30
	.278
	.235

	Lentils
M.E.N.A.
	0.000
	0.000
	0.193
	0.750
	0.283
	0.70
	0.20
	0.144
	0.112

	Beans
Latin America

S.S. Africa

All Regions
	0.034

0.000

0.022
	0.041

0.000

0.027
	0.463

0.188

0.367
	0.281

0.426

0.331
	0.222

0.180

0.208
	0.70

0.80

0.75
	0.10

0.20

0.15
	0.127

0.122

0.131
	0.092

0.094

0.098


Table 8 (Contd.)

	
	Annual Yield Growth Contribution for CGI
	Adoption Share
	IARC Contribution

	Crop/Region
	1960s
	1970s
	1980s
	1990s
	1960-98
	IX
	IA
	¼  Substitution
	½ Substitution

	Cassava
Latin America

Asia

S.S. Africa

All Regions
	0.000

0.000

0.000

0.000
	0.043

0.000

0.000

0.006
	0.055

0.091

0.093

0.087
	0.238

0.485

0.771

0.636
	0.100

0.174

0.249

0.222
	0.05

0.80

0.80

0.74
	0.01

0.20

0.20

0.19
	0.005

0.118

0.169

0.142
	0.003

0.091

0.129

0.109

	Potatoes
Latin America

Asia

S.S. Africa

All Regions

	0.672

0.811

0.000

0.708
	0.885

0.672

0.716

0.711
	0.631

0.759

0.864

0.749
	0.694

0.846

1.099

0.846
	0.752

0.825

0.739

0.807
	0.07

0.05

0.55

0.08
	0.09

0.07

0.17

0.09
	0.104

0.086

0.379

0.117
	0.092

0.077

0.294

0.102

	All Crops
Latin America

Asia

M.E.N.A.

S.S. Africa

All Regions
	0.312

0.452

0.141

0.017

0.321
	0.600

0.932

0.270

0.142

0.676
	0.781

1.030

0.681

0.358

0.832
	0.751

0.890

1.228

0.497

0.823
	0.658

0.884

0.688

0.280

0.718
	0.28

0.26

0.50

0.38

0.30
	0.27

0.31

0.31

0.24

0.30
	0.279  (.42)

0.393  (.44)

0.391  (.57)

0.128  (.46)

0.328  (.46)
	0.245  (.37)

0.353  (.40)

0.332  (.48)

0.108  (.33)

0.291  (.41)


Table 9. Growth rates of food production, area, yield, and yield components, by region and period

	
	Early Green Revolution
	Late Green Revolution
	

	
	1961-80
	1981-2000
	

	Latin America
	
	
	

	 Production
	3.083
	1.631
	

	 Area
	1.473
	-0.512
	

	 Yield
	1.587
	2.154
	

	    MV Contributions to Yield
	0.463
	0.772
	

	    Other Input/Ha
	1.124
	1.382
	

	
	
	
	

	Asia
	
	
	

	 Production
	3.649
	2.107
	

	 Area
	0.513
	0.020
	

	 Yield
	3.120
	2.087
	

	    MV Contributions to Yield
	0.682
	0.968
	

	    Other Input/Ha
	2.439
	1.119
	

	
	
	
	

	Middle East - North Africa
	
	
	

	 Production
	2.529
	2.121
	

	 Area
	0.953
	0.607
	

	 Yield
	1.561
	1.505
	

	    MV Contributions to Yield
	0.173
	0.783
	

	    Other Input/Ha
	1.389
	0.722
	

	
	
	
	

	Sub-Saharan Africa
	
	
	

	 Production
	1.697
	3.189
	

	 Area
	0.524
	2.818
	

	 Yield
	1.166
	0.361
	

	    MV Contributions to Yield
	0.097
	0.471
	

	    Other Input/Ha
	1.069
	-0.110
	

	
	
	
	

	All Developing Countries
	
	
	

	 Production
	3.200
	2.192
	

	 Area
	0.683
	0.386
	

	 Yield
	2.502
	1.805
	

	    MV Contributions to Yield
	0.523
	0.857
	

	    Other Input/Ha
	1.979
	0.948
	


	Notes: Data on food crop production and area harvested are taken from FAOSTAT data, revised 2003 (http://apps.fao.org/page/collections?subset=agriculture) on total cereals, total roots and tubers, and total pulses. Asia consists of "Developing Asia" less the countries of the "Near East in Asia." Africa consists of "Developing Africa" less the countries of the "Near East in Africa" and the countries of "North-West Africa." The Middle East-North Africa consists of "Near East in Africa," "Near East in Asia," and "North-West Africa." Latin America includes Latin America and the Caribbean. Crop production is aggregated for each region using area weights from 1981. Estimates of production increases due to MVs are from (4). Growth rates of other inputs are taken as a residual. Growth rates are compound and are computed by regressing time series data on a constant and trend variable. The totals for "All Developing Countries" are derived by weighting the regional figures by 1981 area shares. 




Table 10:  Rate of Return Estimates Summary*

	
	Number

Required
	Distribution of IRRs
	Approximate

Median

	
	
	0-20
	21-40
	41-60
	61-100
	100+
	

	Crop Research
	207
	.19
	.19
	.14
	.26
	.21
	58

	Livestock Research
	52
	.21
	.31
	.25
	.12
	.09
	36

	Aggregate Research
	126
	.16
	.27
	.29
	.19
	.09
	.45

	Private Sector Spill-In
	11
	.18
	.09
	.45
	.27
	0
	48

	Ex Ante Studies
	87
	.32
	.34
	.21
	.07
	.06
	42

	Agricultural Extension
	81
	.26
	.23
	.16
	.21
	.13
	41

	By Methods


Project Evaluation


Statistical
	121

254
	.25

.14
	.31

.20
	.14

.23
	.24

.22
	.07

.20
	40

50

	
	SPIA Studies**

	
	NARS
	IARCs

	By Region


OECD


Asia


Latin America


Africa
	146

120

80

44
	.15

.08

.15

.27
	.35

.18

.29

.18
	.21

.21

.29

.18
	.17

.26

.22

.22
	.11

.26

.06

.05
	40

67

47

37
	83

31

9
	115

39

68


*       From Evenson, 2001

**     SPIA Studies Estimates from Evenson and Gollin, 2003
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Figure 1.1
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Figure 1.2. Varietal Releases and Adoption Shares: Wheat.
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(T = Traditional Variety;  M = Modern Varieties; IX = IARC Crosses; IA = NARS Crosses - IARC Ancestors; N = NARS Crosses – NARS Ancestors).

Figure 1.3 Varietal Releases and Adoption Shares: Rice.

(T = Traditional Variety;  M = Modern Varieties; IX = IARC Crosses; IA = NARS Crosses - IARC Ancestors; N = NARS Crosses – NARS Ancestors).
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Figure 1.4 Varietal Releases and adoption Shares: Maize.

(T = Traditional Variety;  M = Modern Varieties; IX = IARC Crosses; IA = NARS Crosses - IARC Ancestors; N = NARS Crosses – NARS Ancestors).
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Figure 1.4. Varietal Releases and adoption Shares: Maize.

(T = Traditional Variety;  M = Modern Varieties; IX = IARC Crosses; IA = NARS Crosses - IARC Ancestors; N = NARS Crosses – NARS Ancestors).
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Figure 1.5  Varietal Releases and adoption Shares: Sorghum.

(T = Traditional Variety;  M = Modern Varieties; IX = IARC Crosses; IA = NARS Crosses - IARC Ancestors; N = NARS Crosses – NARS Ancestors).
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Figure 1.6  Varietal Releases and adoption Shares: Pearl Millet.

(T = Traditional Variety;  M = Modern Varieties; IX = IARC Crosses; IA = NARS Crosses - IARC Ancestors; N = NARS Crosses – NARS Ancestors).
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Figure 1.7 Varietal Releases and adoption Shares: Barley.

(T = Traditional Variety;  M = Modern Varieties; IX = IARC Crosses; IA = NARS Crosses - IARC Ancestors; N = NARS Crosses – NARS Ancestors).
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Figure 1.8  Varietal Releases and adoption Shares: Beans.

(T = Traditional Variety;  M = Modern Varieties; IX = IARC Crosses; IA = NARS Crosses - IARC Ancestors; N = NARS Crosses – NARS Ancestors).
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Figure 1.9  Varietal Releases and adoption Shares: Lentils.

(T = Traditional Variety;  M = Modern Varieties; IX = IARC Crosses; IA = NARS Crosses - IARC Ancestors; N = NARS Crosses – NARS Ancestors).
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Figure 1.10 Varietal Releases and Adoption Shares: Groundnut.

(T = Traditional Variety;  M = Modern Varieties; IX = IARC Crosses; IA = NARS Crosses - IARC Ancestors; N = NARS Crosses – NARS Ancestors).
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Figure1.11  Varietal Releases and adoption Shares: Potatoes.

(T = Traditional Variety;  M = Modern Varieties; IX = IARC Crosses; IA = NARS Crosses - IARC Ancestors; N = NARS Crosses – NARS Ancestors).
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Figure 1.12  Varietal Releases and adoption Shares: Cassava.

(T = Traditional Variety;  M = Modern Varieties; IX = IARC Crosses; IA = NARS Crosses - IARC Ancestors; N = NARS Crosses – NARS Ancestors).





Figure 3-1. Varietal Releases and adoption Shares: Wheat.


(T = Traditional Variety;  M = Modern Varieties; IX = IARC Crosses; IA = NARS Crosses - IARC Ancestors; N = NARS Crosses – NARS Ancestors).








� It also appears that high transaction costs in fertilizer markets limited fertilizer use on modern varieties in Sub-Saharan Africa.
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