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Abstract

The stages of technological change in maize production in commercial and small-scale
semisubsistence systems are discussed and variation in the use of improved varieties/
hybrids and adoption of associated inputs are noted. The impacts of the new
biotechnologies and the increasing emphasis on resource-conserving technologies are also
discussed with respect to prospects for technological progress in maize production in
developing countries. Finally, strategic decisions that must be made by national agricultural
research systems in developing countries are reviewed, especially decisions related to the
relative emphasis to give to development of improved open-pollinated or hybrid maize
varieties; the participation of the public and private sectors in research to achieve
technological progress in maize production; and the types of farmers on which the public
research system should focus its efforts.
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Technical Change in Maize: A Global Perspective

Derek Byerlee and Miguel A. Lopez-Pereira

Introduction

Rapid productivity growth in basic food staples is now recognized as a major source of
economic growth in developing countries. Not only does productivity growth lead to
reduced prices for food staples, which especially benefits the poor, but the following rounds
of expenditures by large numbers of small-scale farmers stimulate growth throughout the
economy. The growing emphasis on structural adjustment, policy reform, and trade
liberalization has also reinforced the importance of productivity growth through technical
change in enabling countries to participate in an increasingly competitive and dynamic
world market.

Maize - the third most important cereal crop in the world and in developing countries 
has not remained unaffected by the trends described above. Maize was the first major cereal
to undergo rapid and widespread technological transformation, documented in the well
known story of hybrid maize in the USA (Griliches 1957). This success inspired the first
efforts to extend the gains of science-based agriculture to small-scale farmers in developing
countries. It is no accident that the Rockefeller Foundation program of agric1,lltural research
in Mexico in the 1940s was initiated by Henry A. Wallace, founder of one of the first and
most successful hybrid maize seed companies in the USA. During the 1950s, when the
Foundation's attention shifted to India, the initial emphasis for increasing food production
was also on hybrid maize (Goldsmith 1990).

However, some 40 years have elapsed since science-based technology was introduced to
maize producers in developing countries, and the record is patchy. While there have been
some notable successes, the achievements with maize have been dwarfed by the more
spectacular and widespread successes in rice and wheat, which constitute the Green
Revolution's major impacts. In this paper, we briefly review the record of technical change
in maize production in two types of agriculture: the commercial sector, characterized by the
corn belt in the USA as well as significant pockets in the developing world, such as
Argentina and southern Brazil, and the small-scale semfsubsistence sector, exemplified by
most of the other maize producers in developing countries. These two groups are linked
increasingly through world trade as a result of programs of economic liberalization
implemented by many developing countries in the 1980s and 1990s. For this reason, it is
important that developing countries view technological change in maize production from a
global perspective that considers not only the potential for change in their particular cases
but also takes account of trends in maize production technology across exporting and
importing countries.
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After the review of technical change, we discuss the potential for technical progress in maize
production over the next decade or more. The paper concludes by detailing several concenlS
that research and technology transfer in developing countries must address if they are to
realize this potential. By taking a global view, we necessarily abstract from the many special
situations in which maize is grown, but at the same time outline some of the main issues in
technical change in maize in developing countries into the early years of the next century.

Maize in the World Economy

Maize growing environments
There is a fundamental dichotomy between the environments where maize grows in
industrialized and developing countries. While almost all maize in the industrialized
countries is grown in temperate environments, only 20% of the maize in developing
countries is grown in such environments, largely in Argentina and China. Outside of the
temperate environments, some 57% of the maize is grown in tropical lowland environments,
with the remaining area divided between tropical midaltitudes (12%), tropical highlands
(10%), and subtropical environments (21%) (Table 1). The differences in these environments
impede the direct flow of technology between industrialized and developing countries and
also influence the presence or absence of biotic and abiotic stresses that limit maize yields.

Trends in maize yields
The average difference in maize yields between industrialized and developing countries is
about 3.5 t/ha (Table 2). This difference is greater (4.2 t/ha) if we exclude developing countries
where most maize is produced commercially for feed (China, Argentina, Brazil, and Chile).

Table 1. Area sown to maize in different different ecologies, developing and industrialized
countries

Developing countries Industrialized countries

Total Percent Percent Total Percent
Maize maize area of total of non- maize area of total
growing ecologr (million ha) area temperate area (million ha) area

Tropical lowlands 34.8 43 57 0 0
Tropical midaltitudes 7.2 9 "12 0 0
Tropical highlands 6.3 8 10 0 0
Subtropics 12.5 15 21 4.2 9
Temperate regions 20.0 25 44.3 91
Total 80.8 100 100 48.5 100

Source: CIMMYT maize megaenvironments database and FAG Agrostat files.
a Maize growing ecologies are defined by CIMMYT as follows: tropical lowland ecologies are regions within the

Tropics of Cancer and Capricorn with altitudes below 900 masl; tropical midaltitude ecologies are regions within
the tropics, between 900 and 1,800 masl; tropical highland ecologies are regions within the tropics, above 1,800
masl; subtropical ecologies are regions falling between 22.5° and 35° latitudes North and South; and temperate
ecologies are regions above 35° latitude North and below 35° latitude South.

b Based on 60.8 million hectares of non-temperate maize in all developing countries.
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The n°.ain source of growth in maize production in recent decades has also differed in both
groups of countries. In industrialized countries and developing countries that produce maize
commercially, yield gains have been the main source of production growth, especially for the
peri0d 1971-90. But in developing countries, particularly in Africa, growth in area planted to
mJize has continued to be important in production growth. Among Latin American
countries where commercial maize production is common, maize area actually decreased

over 1971-90, after substantial
increases in the previous period
(Table 2). In the rest of Latin
America, maize area remained
stable in 1971-90, and
production gains came only as a
result of steady increases in
maize yields, which rose by
2.2% per year. When yield
trends for specific countries are
compared, the differences are
even more apparent (Figure 1).
The varied trends in maize
yields among different groups of
countries mainly reflect

Figure 2. Growth rate of maize yields in the USA, 1900-92.
Source: Brown (1996) and FAG data tapes.

Table 2. Maize yields and annual growth in maize area and yields for selected regions and
countries

Region/country

Sub-Saharan Africa
Asiaa

Latin Arnericab

Developing countriesa,b

China
Argentina, Brazil, Chile

All developing countries

USA
All industrialized countries

World

Yields
1989-91

(tlha)

1.2
1.9
1.8

1.7

4.3
2.2

2.4

7.2
5.9

3.7

Growth rate (%/yr)

1951-70 1971-90

Area Yields Area Yields

3.0 1.4 1.6 0.4
3.2 2.5 1.3 2.5
2.0 1.7 0.0 2.2

2.5 1.8 0.9 1.9
.,.

1.7 2.9 1.3 4.0
4.1 1.1 -0.6 1.2

2.6 2.0 0.8 2.7

-1.1 3.6 0.2 1.6
-0.3 3.4 -0.1 1.6

1.3 2.3 0.4 1.8

Source: Constructed from FAG data tapes.
a Excludes China.
b Excludes Argentina, Brazil, and Chile.
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differences in technology adoption levels,
land availability, and variation in maize
production environments, especially in
developing countries.

Overall gains in maize yields in developing
countries, at around 2% per year over the
last four decades, have generally lagged
behind yield gains in wheat, especially in
the period since 1960, when wheat yield
gains averaged more than 3% per annum
(Table 3). In part, these differences in yield
gains reflect the slower adoption of
improved varieties and associated inputs in
the case of maize (discussed below).

Trends in maize demand
The demand for maize in developing
countries is projected to grow at a faster rate
than for both rice and wheat (Table 4),
reflecting the rising demand for livestock
products that accompanies income growth
and also reflecting the importance of maize
as a livestock feed. Except for Africa, the per
capita demand for maize for food is likely to
fall as consumers switch to preferred
cereals, especially rice and wheat. The
proportion of maize in developing countries
that is used directly as food is expected to
fall from 45% in 1990 to only 29% in 2005
(Byerlee and Saad 1993). The fastest growth
in feed demand for maize will occur in the
rapidly industrialiZing countries of Asia,
followed by West Asia and North Africa.
The overall rate of growth in demand
projected for maize in developing countries
is 4% annually, compared to the recent

Table 3. Yield growth rates for maize, wheat,
and rice, 1951-90

Industrialized Developing
Crop and countries countries
period (%/yr) (%/yr)

Maize
1951-60 4.2 1.0
1961-70 3.3 2.8
1971-80 2.3 3.0
1981-90 0.5 1.7
1951-90 2.9 2.3

Wheat
1951-60 2.2 1.0
1961-70 3.6 3.5
1971-80 1.1 3.3
1981-90 2.8 2.8
1951-90 2.2 2.9

Rice
1951-60 3.3 1.1
1961-70 1.5 2.5
1971-80 -0.1 1.9
1981-90 1.2 2.2
1951-90 1.0 2.0

Source: Based on FAO data tapes.

Table 4. Projected rates of increase in the
demand for cereals in developing countries,
1990-2005

Food Feed
use use Total

(%/yr) (%/yr) (%/yr)

Maize
Sub-Saharan

Afri~ 3.2 3.5 3.2
West Asia and

North Africa 2.1 4.0 3.3
Asia 0.0 6.9 4.9
Latin America 1.4 3.2 2.5

All developing
countries

Maize 1.2 5.9 4.1
Wheat 2.9 5.1 3.0
Rice na na 2.1

Source: Byerlee and Saad (1993).
na =not available.
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growth rate of maize production of 3% during the period 1980-91. Given recent levels of
maize production, maize imports will rise dramatically in many developing countries in the
next 10-20 years unless there is a sharp jump in the rate of productivity growth.

Stages of Technical Change in Commercial Maize Production

The process of technical change in commercial maize production is best exemplified by the
USA, by far the world's largest maize producer and exporter. Until the 1930s, most
increases in US maize production resulted from expansion of the maize area. Yield increases
remained modest; in fact, maize yields actually declined slightly in the period 1900-30
(Figure 2). But beginning in the 1930s, maize production entered a new phase that
depended on yield increases brought about through the application of science-based
agriculture. We can distinguish three broad phases in the application of the new
technologies.

Phase 1. The initial phase was characterized by the development of hybrid maize and its
rapid spread in the 19305 throughout the main corn belt and then to other areas of the USA.
Contrary to popular belief, hybrid maize did not lead to a dramatic breakthrough in yields.
Most estimates of yield gains resulting from the use of hybrid maize compared to
previously available open-pollinated varieties put the yield gain at about 15%, or about 300
kg/ha given average farmers' yields of maize at that time (Duvick 1992a). H9wever, these
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Figure 2. Growth rate of maize yields in the USA, 1900-92.
Source: Brown (1996) and FAO data tapes.
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first hybrids were replaced quickly by newer generations of hybrids, so the average rate of
growth in yields over 1930-55 was 2.7%, which is somewhat below the growth of rice and
wheat yields in Asia achieved during the period of the Green Revolution.

It is important to recognize that the main source of yield growth during this period was not
the switch to hybrid maize per se, but the genetic gains realized through the periodic
replacement of older hybrids by newer ones. Indeed, for the whole period since 1930, US
maize breeders have realized genetic gains of 50-60 kg/ha/yr, about half of the overall
gains in yields in farmers' fields (Duvick 1992a). These genetic gains have been
approximately linear (Figure 3), and there is no reason to believe that similar gains cannot
be achieved in the future. l

Phase II. In the second phase, beginning in the mid-1950s, the use of external inputs
intensified rapidly, especially through the adoption of chemical fertilizers and pesticides
(Figure 4). This phase of input intensification was promoted by declining prices of these
products in the post-war years and bolstered by the development of newer hybrid~ with
much greater response to increased doses of nitrogen and higher plant density; these
hybrids made it possible to exploit positive genotype by management interactions. Thus
maize yields in the USA continued to increase rapidly - surpassing 3% annually in 1955-80
(Figure 2) - although the use of nitrogen explained a large share of this increase (Menz and

Growth rate = 1.2 %/year
10

9

8

- 7
~..c::-.....
~ 6
~-ClJ

5>=
4

3

2
1930 1940 1950 1960 1970

Year of release of hybrid
1980

•

1990

Figure 3. Genetic gains in yields of US maize hybrids, 1930-90.
Source: Duvick (1992a).

1 However, as Duvick (1992a) notes, these genetic gains have been associated with exponential increases in the
number of breeders. See also the discussion below for evidence of rapidly increasing research expenditures.
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Pardey 1983). By the 19805, the use of nitrogen on maize averaged about 150 kg/ha,
compared with less than 10 kg/ha in 1955. Herbicides had been adopted almost universally
and insecticide use had grown substantially (Table 5). Not surprisingly, many studies
attribute most of the yield gains during this period to use of this seed-chemical technology
(see, for example, Menz and Pardey, 1983; Cardwell 1982).

100 200

~ 80 160 ~i:: ..c
~ .........
<11 ....N ::::l

"g 60 120 c::
00-- e0
<11....

c:: trl
::::l

~ 40 80 c::
<11 <11

c.. 00
8........

20 40 Z

0 0
1930 1940 1950 1960 1970 1980 1990

Figure 4. Trends in hybrid seed adoption, nitrogen use, and area where herbicide is used on
maize, USA,1933-88.,
Sources: USDA Agricultural Statistics (various years) for hybrid seed; Sunquist, Menz, and Newmeyer (1982) for'"

others; and updated from Munson and Runge (1989).

Table 5. Changes in selected maize production practices and maize yields in Minnesota,
1930-80

19308 19408 19508 19608 19708

Percent area planted to hybrids 8 82 96 98 100

Seeding rate (000 plants/ha) 31 33 .... 39 37 46

Manure (t/ha) 18 17 14 13 9

Chemical fertilizer (kg nut./ha) 4 51 69 86 237

Percent area treated with
Herbicide 0 0 12 58 89
Insecticide 0 0 4 29 32

Yield (t/ha) 2.0 2.5 3.2 4.3 5.3

Source: Cardwell (1982).
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Phase III. In the 1980s, growth in US maize yields appears to have slowed (Tweeten 1987,
Duv:ck 1992b, and Figure 2) owing to diminishing returns to the use of increased doses of
inputs (Sundquist, Menz, and Neumeyer 1982) and the absence of any major technical
breakthrough (although genetic gains in yields continued to increase steadily). At the same
time, concern about the environmental consequences of using high levels of chemical inputs
began to grow. These concerns encouraged a switch in production strategies away from
input intensification and toward increased input efficiency and conservation of the natural resource
base, especially land and water. For example, through an extensive campaign of research
and extension, the State of Iowa has motivated farmers to reduce the average dose of
nitrogenous fertilizer on maize by some 25 kg/ha (15%) in 1985-91 (Figure 5), without any
effect on yields. Farmers are encouraged to substitute improved site- and season-specific
information about crop nutrient status for a blanket and usually high dose of nitrogen to all
fields. Applications of nitrogenous fertilizer are tailored to crop rotation, use of organic
manures, soil testing in each field, and increasingly to differences within fields. This
program and others like it have also successfully reduced the use of pesticides on maize.
Overall the average application of pesticides appears to be declining in the USA (Figure 6).

Another example of a technology that lowers costs as well as enhances resource
conservation is reduced and zero tillage, which has been adopted steadily in maize
production in the USA since the 1970s. It was estimated in 1990 that some 30% of the US
maize crop was produced using some form of conservation tillage. While this practice is
input reducing and enVironmentally sound (it limits soil erosion), conservati-on tillage, like
integrated nutrient management, is also skill- and knowledge-intensive, and its adoption
has been quite slow.
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Figure 5. Nitrogen use on maize, Iowa, 1964-91.
Source: Munson and Runge (1989) and USDA

Agricultural Statistics (various years).

Figure 6. Pesticide use on maize, USA, 1966-87.
Source: Munson and Runge (1989).
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This pattern of technical change in maize production holds not only for the USA but also for
most countries and regions where maize is commercially produced. Hybrid maize
technology and seed were exported to Europe beginning in the 1950s, as well as to
Argentina, Brazil, and Chile (Martinez 1973, Sehgal 1977, Pray and Echeverria 1991).2 Most
of these areas have also experienced a period of input intensification and are increasingly
concerned about enhancing input efficiency and conserving resources. Thus increased
productivity in commercial maize production has been achieved through successive
substitutions of scientific advances and farmers' skills for land area expansion. In the next
decade and beyond, the ability to substitute knowledge for increased input use will be
enhanced greatly by the new biotechnologies, which will embody new knowledge in
improved seed (see below).

Technical Change in Semisubsistence Maize Production

Improved seed as a catalyst of technical change
Forty years ago, many expected that the pattern of technical change described above for
commercial maize production would be replicated for small-scale maize farmers in
developing countries, beginning with the adoption of hybrid seed. However, this has proven
true in only a few cases. As a result, growth in the productivity of maize in developing
countries has been relatively slower than in the commercial maize-producing countries.

2.0

0.5

-~ 1.5.......
~

0.0 -L..()Oo~¥_r_r_T""T_r_"T""'lI"""T"""T""'lr__T""'T"""1r_r""T"""T""T_r_T'""T-+ 0
1954 57 60 63 66 69 72 75 78

Small-scale farmers in some countries have nevertheless adopted hybrid maize, particularly
in China, the largest maize producer in the developing world. Almost all Chinese farmers
use hybrid seed (Stone 1990). Other examples of widespread adoption of hybrid maize by
small-scale farmers include EI Salvador (Figure 7), Venezuela, Kenya, Zambia, and

Zimbabwe. All of these
2.5 "T'"'""""-------------------r 100..- countries are distinguished

~ by a long-term effort by the
public sector to breed
outstanding hybrids and by
a dynamic seed sector that in
many cases was first
established to meet the
needs of commercial
farmers. In other words,
success with hybrid maize in
the small-farm sector was
often a spillover from the
commercial maize seed

Figure 7. Maize yields and adoption of hybrids, EI Salvador,
1954-77.
Source: Walker (1981).

2 In the period 1967-85, US exports of hybrid maize seed increased from about 10,000 t to 40,000 t annually
(Sundquist 1989).
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sector (Figure 8 for Zimbabwe). However, of all the maize area in the developing world
(outside of the commercial maize regions of Latin America and excluding China), only 17%
is now sown to hybrids (Table 6).

Because successful adoption of hybrid
maize depends on farmers purchasing seed
every cycle, public sector research
organizations have focused much of their
attention since 1970 on the development of
improved open-pollinated varieties (OPVs).
These varieties are assumed to be more
"small farmer friendly" because farmers do
not need to purchase OPV seed each cycle.
This strategy was promoted by CIMMYT
beginning in the 1960s. A large number of
improved OPVs, nearly all of them from
public sector research programs, have been
released in developing countries (Figure 9),
but their impact in farmers' fields has been
less than anticipated.
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Figure 8. Adoption of hybrid maize by small
scale and commercial farmers in Zimbabwe.
Source: Mashingaidze (1991).

Table 6. Adoption of improved maize open-pollinated varieties and hybrids, and area sown to
improved materials containing CIMMYT germplasm, developing countries, 1990

Total Non-temperate area
Total Area Area area under under materials with
maize under under improved CIMMYT germplasm
area OPVs hybrids varieties

Region/country (million hal (%) (%) (million hal (million hal (%)C

Sub-Saharan Africa 15.4 20 21 6.2 2.0 33
West Asia and North Africa 2.0 27 12 0.8 0.5 96
Asiaa 16.7 33 11 7.3 5.0 70
Latin Americab 120 13 14 3.2 2.4 78
Developing countriesa•b 46.1 .23 15 ~ 17.4 9.9 59

China 21.5 5 90 20.4 OAd 38 d

Brazil, Argentina. and Chile 13.2 7 56 8.3 3.2 e 4g e

All developing countries 80.7 15 42 46.1 13.5 56

Source: FAO data tapes, and CIMMYT maize releases database.
a Excludes China.
b Excludes Argentina, Brazil, and Chile.
C Percent of total non-temperate maize area under improved varieties and hybrids (see L6pez-Pereira and Morris, 1994).
d Area under materials with CIMMYT germplasm in China corresponds only to the three southern provinces of Yunnan,

Guizhou, and Guangxi.
e Brazil only.
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Figure 9. Trends in the release of open
pollinated maize varieties (OPVs) and
hybrids in developing countries, 1966-90.
Source: CIMMYT maize varietal releases database.

Source: Wellhausen (1978) and CIMMYT survey.

Mexico
£1 Salvador
Central America
Venezuela
Colombia
Argentina
Brazil

Country/tegion

Table 7. Percent adoption of improved maize
varieties in Latin America, 1974 and 1990.

One difficulty with the diffusion of OPVs has been the poor development of institutional
mechanisms for producing and marketing seed. The private sector, which has taken the
lead in distributing hybrid seed, has shown little interest in OPVs. A few countries
implemented collaborative public-private sector progral"'s that multiplied and distributed
OPV seed successfully (e.g., Thailand and Guatemala). More often the only means of
distributing OPV seed has been through ad hoc programs, such as the maize development
projects of Nigeria (Smith et al. 1993), Ghana
(GGDP 1991), Pakistan (CIMMYf 1989), and
Mexico (with the SAM - Mexican Food
System - Program in 1981-83). In most of
these cases, farmers have had no means of
replacing OPV seed (important because
maize is a cross-pollinated crop and seed
may lose its genetic purity through
outcrossing) or of obtaining seed of newer
varieties. This lack of seed renewal has also
meant that gains from the adoption of
newer, higher yielding varieties often have
not been realized.

After three decades of investment in maize
improvement, whether for OPVs or for
hybrids, an estimated 60% of the area sown
to maize by small-scale farmers in

Overall we estimate that some 23% of the
maize area in developing countries outside
of the commercial maize regions is planted
to improved OPVs (Table 6). More than 20
years of research emphasizing OPVs for
small-scale farmers have resulted in only a
modest area sown to OPVs in the small-scale
sector. A comparison of the area under
improved maize varieties in the early 1970s
and 1990 for individual countries in Latin
America demonstrates the slow progress
achieved (Table 7). The switch in emphasis
from breeding hybrids to OPVs has had
relatively little impact on the aggregate a~ea

sown to improved maize germplasm. This
situation is best exemplified by Mexico,
where the area under improved varieties
was still only about 20% in 1990.
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developing countries is still under local varieties. In contrast, only about 30% of the wheat
and rice area outside of China is sown to local unimproved varieties. There are several
explanations for the relatively slow spread of improved maize varieties in developing
countries, including:

• Most maize is grown under rainfed conditions, often in environments that experience
considerable variability over space and time (whereas a significant amount of rice and
wheat is grown in large and relatively uniform irrigated areas).

• Many maize producers are small-scale farmers who grow maize for subsistence.

• Poor infrastructure in many maize-producing areas restricts access to input and
product markets.

• An effective seed industry to disseminate seed of new varieties is lacking (this is
clearly important for hybrids but also probably critical even for DPVs, compared to rice
and wheat).

Probably one or more of these factors accounts for the slow diffusion of maize germplasm in
many areas. However, we believe that the major factor is the lack of appropriate varieties or
hybrids and/or an effective seed system to diffuse them. Unlike rice and wheat, there are
many maize growing areas sown to local varieties where other technological. components,
especially fertilizer, have been widely adopted by small-scale farmers (see Table 9 below),
indicating that the type of farmer, type of environment, or the lack of infrastructure are not
the main impediments to use of improved seed. In some of these areas, the lack of
appropriate varieties is clearly responsible for low adoption. An example is Malawi, where
maize is produced under relatively high potential growing conditions but where until
recently hybrids were adopted on less than 5% of the maize area. Researchers have
developed new hybrids that meet the processing and storage needs of small-scale farmers,
and adoption is increasing very rapidly (Smale and Heisey 1993). In other cases, such as
Pakistan, farmers have adopted improved varieties readily when seed has been made
available; the main constraint has been diagnosed as lack of a seed industry to diffuse the
DPVs developed by the research system. Where small-scale farmers have taken up hybrids
extensively, as in Zimbabwe, Kenya, and El Salvador, dynamic seed industries are present
(Byerlee, Morris, and Lopez-Pereira 1993). "

A key unresolved issue facing many maize research programs, which is crucial to future
technical change in small-farm maize production, is the relative emphasis to place on
hybrids versus DPVs. For a number of reasons, we see a reversal of the trend toward DPVs
over the last two decades, with research programs now favoring the development of
hybrids. First, small-scale farmers in many countries have demonstrated a willingness to
purchase hybrid seed every year (see, for example, Walker, 1981; Gerhart, 1975; Cutie, 1976;
Rohrbach, 1989; Karanja and Dkech, 1990; and Mashingaidze, 1991). This is especially true
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where hybrid seed is relatively cheap - e.g., less than 10 times the commercial grain price,
for double-cross hybrids (Table 8). In generat hybrid seed is priced competitively where
1) a strong local private sector is involved in seed production and 2) the public sector
underwrites part of the cost of establishing private research and development (R&D) b\'
providing inbred lines and supports the cost of market development by conducting public
extension campaigns to demonstrate the benefits of hybrids. Second, contrary to popular
opinion, hybrids often perform surprisingly well under small-scale farmers' conditions,
even under low levels of inputs (e.g., Smale et al. 1993, Byerlee and Heisey 1993). Finally,
while the private sector has been effective in providing hybrid seed, neither the private nor
the public sector has shown much interest in producing and distributing DrV seed. At the
same time, we see growing evidence that unless seed of orvs is replaced frequently (every
three to five years), it quickly becomes mixed through outcrossing with other varieties
grown by farmers.3

Table 8. Ratio of the price of hybrid maize seed to the price of commercial grain, and hybrid
seed adoption in selected countries, 1990

Country

China
Zambia
India (winter, Bihar)
Kenya
Venezuela
El Salvador
Zimbabwe

Mexico
Indonesia
Thailand
Philippines
Cameroon

Seed:grain price ratio
for common hybrida

1.3
2.8
4.2
4.3
4.4
4.6
6.5

7.1
11.3
15.1
16.7
25.0

Percent of maize area
sown to hybrid seed

90
72
75
62
91
55
96

8
13
20
5
1

Sources: CIMMYT survey.
a Ratio of price of hybrid seed (usually a double-cross hybrid) to price of commercial maize grain.

3 Most of the evidence that seed of improved DPVs becomes mixed under farmers' management is anecdotal.
Farmers frequently note changes in the DPV in terms of grain type, plant height, and other traits. Few studies
have tried to measure changes in DPVs under farmers' managemeQ.t. One study in northwestern Pakistan used
"grow out" yield trials to compare farmers' seed of an improved DPV, three years after it was distributed to them,
with the original DPV seed. This study found that plant height of the farmers' "improved" DPV had increased by
10% and yield had declined by 14% (Cereal Crops Research Institute, unpublished data). Bellon and Brush (1993)
carefully classified farmers' varieties in one area of southern Mexico and found that many fields exhibited
mixtures of improved DPVs distributed in an earlier period and other varieties introduced from elsewhere. Friis
Hansen (1989) noted a significant admixture in farmers' fields in Tanzania through outcrossing between an
introduced hybrid and local varieties, although how the'degree of admixture was measured is unclear. Finally, a
study in Nepal found that, in general, while farmers notice changes in the maize crop when using recycled DPV
seed, they do not associate these changes with effects of cross-pollination (Seeley 1988). The study stressed the
need for farmers to have access to new seed every year; to make farmers aware of the effects of using recycled
DPV seed on the crop's agronomic and yield characteristics; and to develop a long-term strategy to ensure a
conbnuous supply of DPV seed.
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Intensification of the use of external inputs
Whereas the use of fertilizer in rice and wheat closely followed the adoption of improved
varieties, the association between fertilizer use and adoption of MVs is much weaker in the
case of maize. On the one side, there are significant areas of maize where high transport
costs and/or government policy distortions (such as the promotion of multiple nutrient
fertilizers rather than single nutrient nitrogenous fertilizers in Thailand) reduce the level of
fertilizer use, so that much of the area under improved maize varieties is sown without
fertilizer (Table 9, Group A countries) (Harrington et a1. 1991, Byerlee 1994). In many of
these areas land remains relatively abundant, so the incentive to substitute fertilizer for land
is less.

Among the Group Bcountries in Table 9, the adoption of fertilizer on maize is much more
common than the use of improved varieties. Fertilizer prices in many of these countries are
low because of extensive subsidies, providing strong incentives to use fertilizer even on
local maize varieties, whereas ineffective research or inefficient seed industries have slowed
adoption of improved varieties. Thus increased fertilizer use on local maize varieties has
been a major source of growth in maize yields in these countries - for example, in Mexico
in the 1970s, when maize yields grew at 3.9% annually (Hibon et a1. 1992), and in Indonesia
in the same decade, when fertilizer application increased from 25 kg/ha to 115 kg/ha and
led to an annual increase in maize yields of 4.6% (Timmer 1987).

Table 9. Adoption of improved maize varieties and fertilizer by small-scale farmers, selected
developing countries

Percent adoption

Country/region Period

Improved
varieties /
hybrids Fertilizer Source

Group A
Dry regions, Zimbabwe
Thailand
Kenya
Ghana
Parana, Brazil

mid-1980s 100 a 20 a Rohrbach (1989)
1990 100 b 45 b Harrington et al. (1991)
1993 71 a 49 a R. Hassan (pers. comm.)
1990 48 b 26 b GGDP (1991)
1985 68 b 46 b" FIGBE, Censo Agropecuario(1985)

Group B
East Java, Indonesia
Punjab, India
Eastern Province, Zambia
Pakistan
Mexico
Malawi

mid-1980s
1992

mid-1980s
1989

mid-1980s
1990

52 a

36 b

36 a

26 a,

26 a

18 b

100 a

98 b

67 a
85 a

70 a

65 b

Krisdiana et al. (1991)
Singh (1992)
Jha and Hojjati (1993)
PARC/CIMMYT survey (1990)
Hibon et al. (1992)
M. Smale (pers. comm.)

a Based on percentage of farmers using practice.
b Based on percentage area with practice.
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The use of other chemical inputs in maize production depends very much on local
circ.lmstances. For example, insecticides are used widely on maize in many tropical areas
against leaf-feeding insects and stem borers. In many cases, insecticide treatment is
relatively cheap, although the products used are among the most toxic on the market. In
land-extensive areas, especially in Latin America, herbicides for chemical weed control have
been adopted by many small-scale farmers (see, for example, Hibon et al., 1992; Martinez
and Arauz, 1983; Nieuwkoop et al., 1992; Table 10). Nonetheless, chemical weed control is
used on only a small proportion of small-scale maize area in developing countries.

Toward input efficiency and resource conservation
Because smallholders' use of seed-fertilizer technology is still very incomplete, efforts to
enter the next stage of technical change emphasizing cost reduction, input efficiency, and
natural resource conservation have not received much attention to date. Yet recent
experiences suggest that the small-scale farm sector presents substantial opportunities to
increase productivity and sustain the resource base through enhanced input efficiency. In
some advanced areas, where input use is high, researchers continue to push high-input
technology without giving sufficient attention to reducing costs. For example, a 1990 survey
of 1,000 small-scale Egyptian maize producers showed that many practices recommended
and promoted by research and extension provided only modest yield increases that barely
covered the increased costs incurred (Table 11). In other advanced areas where external
inputs are used widely, yields are low in relation to the inputs applied. Farmers in East Java
use high seed rates and nitrogen levels of 165 kg/ha but achieve yields of or\1y 1.8 t/ha. On
farm research identified unbalanced fertilizer use and insect damage at planting as the main
reason for this inefficiency (Krisdiana et al. 1991). In La Fraylesca, Mexico, farmers obtain
yields of only a little over 2 t/ha although they apply more than 150 kg/ha of nitrogen.
Acidification of soils was identified as the major cause of this inefficiency, which could be

Table 10. Input use by small-scale farmers in the tropical lowlands of Mexico, mid-1980s

More favorable areas

Average maize area (ha)
Average maize yield (t/ha)
Percent maize marketed

Percent use tractor
Percent use improved seed
Percent apply nitrogen fertilizer
Average nitrogen dose (kg nut./ha)
Percent use herbicide
Percent apply foliar insecticide
Percent apply soil insecticide

Source: Hibon et al. (1992).
a Drought year.
na = not available.

Chiapas

7.4
2.9
88

86
74

100
192
89
14
28

15

Jalisco

7.3
2.4
80 ..

100
66

100
145
51
14
41

Less favorable areas

Guerrero Campeche Oaxaca

2.6 4.0 4.4
0.8a 1.8 1.1
29 na 82

72 100 92
22 76 45
96 100 62
87 36 40
16 74 19
28 38 51
1 na 51



alleviated through liming (Table 12). Likewise, in other tropical maize-producing areas of
Mexico, on-farm research has identified a range of factors which could be profitably
introduced to increase maize productivity among small-scale farmers (Table 12). One
important point to note in Table 12 is that the opportunities to increase productivity are
very site specific and require a well-developed, local adaptive research and extension
system if the potential is to be realized. Also in Mexico, a major opportunity identified at
most sites was the use of newer varieties, which underscores once again the role of maize
breeding research and effective seed systems.

Table 11. Comparisons of farmers' maize production practices and net economic returns for
farmers who do and do not participate in an extension campaign, Egypt, 1990

Practice
Percent plant hybrid
Percent do two or more plowings
Percent do ridging
Percent apply phosphorus
Percent strip maize leaves for fodder

Economic returns
Yield (t/ha)
Average maize price ($/t)a
Variable cost ($/ha)
Net revenue ($/ha)

Source: ARC/CIMMYT (1992).
• [neluding fodder value.

Farmers in
extension campaign

74
98
98
57
3

6.4
201
464
822

Farmers not in
extension campaign

15
37
40
32
73

5.4
228
429
802

Table 12. Potential gains in yield and economic returns from adoption of improved maize
technology, Mexico

Area on which Minimum yield
technology could Observed yield increase needed to

be adopted (% of total) increasea (tlha) cover all costsb (tlha)

La Fraylesca, Chiapas
Liming 40 2.1 1.2
Herbicide (Glyphosate) 32 0.9 0.5

Cuautitlanlla Huerta, Jalisco
Seed treatment 87 0.3 0.2
Drought tolerant variety 50 0.8 0.1

Tierra Caliente, Guerrero
Improved variety 78 0.6 0.1
Seed treatment 50 0.7 0.2

Campeche
Drought-tolerant variety 80 0.7 0.1

Source: Hibon et a1. (1992).
• Average yield increase estimated based on results of on-farm experiments over several years.
b lncludes all costs of inputs, capital, and harvesting.
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In some cases enhanced input efficiency has been closely associated with efforts to conserve
soil resources. Recent evidence shows that in tropical hillside production systems in Mexico
and Central America green manuring through rotation or intercropping with maize not only
enhances nutrient supply but helps control erosion and weeds. Developed by farmers
themselves, these management strategies are used extensively in areas where land is
relatively abundant (Figure 10), where the green manure crop substitutes for the bush fallow,
and where there is sufficient moisture to sustain both a maize crop and a green manure crop.

1977 79 81 83 85 87 89 91 93

Figure 10. Cumulative percentage of farmers
adopting green manures, Atlantic Coast,
Honduras.
Source: Buckles et al. (1992).

A second example of a cost-saving,
resource-conserving technology is the use
of conservation tillage in small-scale
farming systems. Again this technology has
the potential not only to lower costs
substantially (Table 13) but also to help
conserve moisture and reduce soil erosion.
Research on conservation tillage under
small-scale farmer conditions is being
stepped up (Shumba, Waddington, and
Rukuni 1992, Nieuwkoop et al. 1992), and
initial results suggest that it could have
high payoffs. However, success with this
technology depends on many factors,
including the alternative uses of maize
stover (often an important source of animal
fodder) and the associated adoption of
chemical weed control (Table 13). There are

Table 13. Costs of land preparation and weeding for maize produced under two tillage
systems in two regions of Mexico

Cost item

Land preparation
Planting
Weed control
Opportunity cost of crop residuea

Total costs

Chiapas Oaxaca

Slash-and- Animal
bum No-till tillage No-till

($/ha)
13 10 134 66
17 20 65 20

100 40 98 47
200

130 70 297 333

Source: Nieuwkoop et al. (1992) and Bravo Espinosa et al. (1993).
a The opportunity cost of crop residue is applicable when comparing the systems in Oaxaca, because in the animal

tillage system the crop residue is used as fodder, whereas it is left as a mulch in the no-till system. In Chiapas, the
crop residue is bumed under the slash-and-bum system, so there is no opportunity cost for the no-till system.
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now several examples of conservation tillage being adopted widely to replace traditional
systems based on burning, especially in southern Mexico and EI Salvador (Calderon et al.
1991, Nieuwkoop et al. 1992). These attempts to introduce technologies for increasing the
efficiency of input use and sustaining the resource base have underscored the importance of
a strong program of on-farm research and extension, in which farmers participate actively.

Looking to the Future: The Role of Maize Research and Technology

Investment in maize research in developing countries
Investment in research has been a major force behind the increased productivity of
commercial maize production. The importance of investment in maize research is illustrated
clearly by trends in the USA. Figure 11 shows that private sector investment in research on
hybrid maize rose dramatically in real terms over the past 35 years from about US$ 8
million (in constant 1990 US dollars) in 1955 to about US$110 million in 1990. This implies
that private sector research on maize improvement has risen at over 7% annually in real
terms and that, as a percentage of the value of maize production, it grew from less than
0.1% to more than 0.5%. The public sector investment in maize improvement in the USA is
also considerable, estimated at US$ 35 million in 1982 (Duvick 1985).

Evenson (1977) has estimated that in the mid-1970s in developing countries public sector
research expenditures on all aspects of maize production were 0.23% of the value of
developing country maize production, or about US$ 70 million (1990 dollars). A recent
CIMMYT survey of maize breeding programs in developing countries provides more up-to
date evidence on investment by both the public and private sectors in maize improvement
research (fable 14). Overall, US$100 million are estimated to have been spent on maize
improvement in developing countries in 1990, and the private sector accounted for about
one-quarter of these expenditures. Surprisingly, there are about nine breeders per million
tons of maize produced in developing countries, compared to four in the USA, with most of
this difference accounted for by the public sector.

These comparative statistics raise two questions about maize research in developing
countries. First, should the private sector assume a greater share of the investment in maize
improvement research? In a mature market where hybrids have been adopted extensively, it
seems that this is a natural evolution within the R&D system. In fact, this trend is already
evident in countries that have large markets for hybrid seed, such as Brazil, Mexico, and
Zimbabwe. Second, has the public sector found an appropriate balance between investment
in maize improvement research versus investment in crop and resource management
research? Given the evidence that the intensity of investment in maize improvement
research per ton of maize produced is already quite high, and given that the private sector
is increasing its investment in maize improvement but is unlikely to find investment in crop
and resource management research profitable, there seems to be a strong case for the public
sector to give more emphasis to research on crop and resource management.
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New technologies embodied in improved seed
Recent developments in maize research in industrialized countries have centered on
biotechnology and resource-conserving strategies. Maize will be one of the first major crops
to benefit from the new biotechnologies. Although the rate of progress has been much
slower than originally anticipated, it is highly probable that by the year 2000 maize seed
sales will reflect increased use of the new biotechnologies, especially in the form of hybrids
resistant to herbicides and pests (Sundquist 1989, Duvick 1992b). Much of the progress
sought through biotechnology will be aimed at increasing input efficiency. This increased
input efficiency will be embodied in the maize seed itself - for example, germplasm
possessing genetic resistance to certain insect pests will substitute for insecticide use.

Research to utilize molecular techniques to develop improved seed for small-scale farmers is
being initiated by the private sector and by public sector programs, including CIMMYT,
only now. As in industrialized countries, the initial success in maize will consist of genes
conferring herbicide tolerance and insect resistance. A great deal of controversy surrounds
the issue of genetically transforming maize for herbicide tolerance. Many argue that
genetically induced herbicide tolerance will be disastrous to small-scale farmers and
laborers (by favoring commercial farmers over smallholders who control weeds by hand)
and that it will harm the environment (by encouraging the use of toxic chemicals) (see
Hobbelink, 1991, and Neubert and Knirsch 1992). However, as mentioned earlier, many

Table 14. Investment in maize improvement research, developing countries and the USA, 1990

Latin All developing
Africa Asia America countries USA

Number of public sector researchers
Breeders 86 175 218 479 72
Others 188 240 106 534 na

Number of private sector breeders 38 169 146 353 641

Total number of breeders 124 344 364 832 713

Percent maize breeders
in the private sector 31 49 40 42 90

Average cost per scientist
'~.

(1990 PPP$, 000s) 71 73 132 8S 157

Total expenditures in maize
improvement research
(1990 PPP$, millions) 22 43 63 115 112

Number of breeders per million tons
of maize produced 5.4 12.9 8.2 8.8 4.0

Source: CIMMYT survey; Pardey, Roseboom, and Anderson (1991) for costs per scientist; KaHan, Richardson, and
Frey (1989) for data for USA.

PPP =purchasing power parity.
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small-scale farmers in Mexico and Central America use herbicides on maize. Maize with
tolerance to certain herbicides has the potential to benefit both small-scale farmers in some
areas (e.g., by encouraging the use of less toxic herbicides) and the environment (e.g., by
encouraging the adoption of conservation tillage).

8.2

7.9

110

1990

19901980

1975 1980 1990

1975 1980

19751970

1960 1970

1960

1955 1960 1970

1955

1955

Figure 11. Trends in private sedor investment
in maize breeding research and in the cost of
hybrid maize seed, USA, 1955-90.
Sources: Seed costs from USDA Agricultural Statistics
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Although we do not see products of research on the new biotechnologies becoming widely
available to small-scale farmers in developing countries until the next decade, conventional
breeding approaches have made significant
progress in developing germplasm tolerant
to various biotic and abiotic stresses. For
example, recently Nicaraguan farmers
adopted new stunt-resistant varieties of
maize which increase yields by 30%.
Likewise, EMBRAPA in Brazil has released
BR-201, a double-cross hybrid that tolerates
acid soil conditions and covers about one
million hectares. In the future, varieties with
enhanced drought tolerance will improve
yield stability in many areas of the
developing world suffering frequent
drought stress (Edmeades, Bolanos, and
Lafitte 1990).

It is not clear to what extent the investment
in biotechnology will substitute increased
expenditures on seed for reduced
expenditures on chemicals, offsetting some
of the potential cost savings for farmers
(although reducing environmental costs).
The price of hybrid seed in the USA has
grown in real terms over the past 50 years
by 3% per annum. The largest increase has
occurred since 1970 (an annual increase of
6% in real terms). The price of hybrid seed
has risen even faster relative to the price of
commercial maize, from less than 10 times
the commercial grain price before the 19505
to over 30 times since then (Figures 11 and
12). The rising R&D costs described above
explain only a small share of this increase,
although R&D costs now account for nearly
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10% of the value of seed sales, compared with 1.6% in 1955 (Figure 11).4 It should also be
noted that, despite increasing seed costs, farmers (and consumers) are the largest
beneficiaries of maize improvement research, capturing through increased productivity
about 75% of the total benefits from adoption of higher yielding hybrids. The remaining
benefits are internalized in higher seed costs (McMullen 1987, Sehgal 1992).

Given the relatively low R&D expenditures by the private sector and low seed prices, we
expect that developing country farmers will pay higher prices for improved seed in the
future, as R&D investment in the private sector increases and the market for hybrid seed
develops. At present, seed to grain price ratios are very low in many developing countries
where hybrids are widely used. The seed to grain price ratio for hybrids in India, China,
Kenya, Zambia, Zimbabwe, Venezuela, and EI Salvador is about 5 (Table 8), compared to
30:1 for single-cross hybrids in the USA and even higher ratios in Europe. Thus, even when
hybrid seed is used, seed costs are still quite low as a percentage of the total variable costs
of maize production in developing countries (Table 15).

Low seed prices appear to have been important in encouraging initial adoption of hybrid
seed by small-scale farmers (Byerlee, Morris, and Lopez-Pereira 1993). However, once the
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Figure 12. Ratio of the price of hybrid maize seed to the price of commercial grain, USA, 1940-90.
Source: USDA, Agricultural Statistics (various years).

4 Other factors that are probably responsible for the increase in seed costs in the USA are the switch to singl~ross

hybrids beginning in the 196Os, the decline in the real price of maize grain, and the switch to manual/mechanical
detasseling in seed production after the outbreak of Southern Com Blight, which was associated with the
widespread use of cytoplasmic male sterility in hybrid seed production.
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market for hybrid seed matures (that is, once small-scale farmers are accustomed to
purchasing seed annually and the research system can provide a continuing stream of ever
higher-yielding hybrids), there is substantial scope for absorbing higher seed prices as long
as this seed provides sufficient productivity gains in the form of higher yields or reduced
levels of inputs, especially pesticides. Nonetheless, if prices rise from their present 4-7:1 to
more than 30:1, as in the USA, many small-scale farmers may face significant hardships in
using hybrid maize, even in a mature market. For this reason the public sector has a
continuing role in R&D for hybrids, both in reducing the costs of developing inbred lines
and in promoting a competitive local seed industry by prOViding inbred lines to local seed
companies.

The other component of a knowledge-based agriculture is the development of improved
information and knowledge in crop and resource management - for example, local
research and extension efforts to provide site- and season-specific recommendations that
enhance input efficiency in the short run and promote resource conservation over the long
run. Research and extension systems must move away from the traditional "top-down"
package approach that emphasizes increasing use of external inputs and move instead
toward improving farmers' knowledge (building on traditional knowledge) to increase the
efficiency and sustainability with which inputs are applied. The diversity of small-farm
circumstances under which maize is grown, even within an individual country, often
renders widespread dissemination of a standard production package ineffec~ve (Byerlee
1993). Experience from implementing adaptive research approaches in many countries
suggests that the payoffs from this kind of research can be high (Tripp 1991), but for a
strategy of "high precision farming" (Munson and Runge 1990) to be successful, investments

Table 15. Hybrid maize seed cost as share of total production costs in selected countries

Hybrid seed cost as
percent of total

Country Year production cos~ Source

Industrialized countries
USA (Iowa) 1980 10.9 ISU (1980)
USA (Iowa) 1990 11.7 ISU (1989)
New Zealand 1984 12.9 Lough (1985)

"~

Developing countries
13.2 Mink, Dorosh, and Perry (1987),Indonesia 1982

Mink (1987)
Mexico 1991 6.7 Sagarnaga (1991)
Zimbabwe 1986 6.0 Morris (1988)
Brazil 1988 5.1 Resende et aI. (1990)

India (Punjab) 1992 5.1 Singh (1992)

Kenya 1992 5.0 Ministry of Planning (1993)

a Except land costs.
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in research and extension that are at least equivalent to the investment in the new
biotechnologies will be needed over a long period. For example, the Iowa program
discussed above to increase the efficiency of fertilizer use involved expenditures of US$ 11
million over three years in a public education and extension program (Hallberg et aL 1991).
(It should be noted that this decrease in fertilizer use occurred despite the fact that fertilizer
prices continued to decline in real terms in the 1980s - see Figure 13). In the future, if
governments decide to tax the use of chemicals (as some European countries have done),
information might be substituted for inputs more rapidly.

Strategic issues for public sector research
Finally, in defining research priorities for increasing maize productivity, three strategic
issues are important to public-sector decision making:

• First, the public sector must define its role relative to the private sector, especially in
maize breeding. Recent changes in many countries provide a more favorable
environment for private sector investment in R&D. In such an environment, we would
expect that hybrid seed sales, which have already jumped sharply in many countries in
the last five years, will continue to increase. If, as expected, private seed companies
emphasize relatively favorable growing environments and large-scale farmers at first,
the public sector must decide whether to compete in these regions for these clients or to
focus on more marginal regions and farmers. However, in some cases incentive
structures that parallel those of the private sector are offered to the public sector in the
form of royalties for germplasm use. Many farmers could be ignored by an expanded
private sector and a "profit-driven" public sector, each focusing on commercial farmers
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Figure 13. Real price of nitrogenous fertilizer, USA, 1961-92.
Sources: Vroomen (1989) and CIMMYT Economics Program database.
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and/or areas of high production potential that offer most of the profitable seed
marketing opportunities. A profit-driven public sector may be a socially acceptable
model in industrialized countries and in commercial maize production areas of
developing countries, but in most developing countries, the circumstances of maize
farmers vary widely, and different research and seed production/delivery institutions
are needed to cover all of these farmers effectively.

• Second, in countries that have diverse production environments and are undergoing
structural adjustment, research institutions must take into account likely shifts in land
use and maize production patterns. For example, in Central America two-thirds of the
maize is grown on hillsides, some of it in areas with high erosion hazards. These farmers
have difficulty competing with imported maize, as can be seen from recent attempts by
Central American governments to reimpose import restrictions or tariffs. At the same
time, a considerable share of the region's maize research resources is directed to these
hillside systems. The question then is to what extent these farmers can produce maize
efficiently and whether they will in fact shift to alternative crop or livestock activities.

• Third, for production systems that have yet to undergo significant input intensification,
a strategy must be developed which carefully balances input intensification and
enhanced input efficiency and sustainability. This is particularly important in sub
Saharan Africa, where some advocate the development of environmentalJ.y benign
technologies, such as internally generated sources of nutrients, to bypass input
intensification through use of external inputs. Although there is an urgent need to
increase research on low-input systems that may enhance sustainability over the long
run, it seems unlikely that productivity can be increased sufficiently rapidly without a
strong effort to encourage the adoption of external inputs, especially chemical fertilizers.
Whichever approach is used, one of the easiest, most obvious sources of productivity
increases is the genetic gains in yield associated with the continuous release and
widespread adoption of new generations of input-responsive MVs, which enhance the
efficiency of nutrient use regardless of whether nutrients are generated internally or
purchased externally. Enhanced productivity in the short term through adoption of
seed-fertilizer technology also contributes to long-term sustainability, by reducing the
pressure to move to fragile areas such as forest margins.

In any event, the environment for maize production in developing countries is changing
rapidly, and maize research programs must anticipate those changes. In some cases,
investmen ~s in maize research may be able to offset changes in the policy environment, such
as competition resulting from import liberalization. However, in this new environment,
each country must develop well-defined strategies with respect to 1) the types of
technology and farmer to emphasize and 2) the complementarities between a revitalized
private sector and a dwindling public sector that should be developed to meet these
research needs.
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Finally, the increasing liberalization of agricultural sectors and especially international trade
in dflveloping countries could speed technological change in agriculture in many countries,
particularly those with relatively small maize areas. Technological change could occur more
rapirlly if: 1) bans on imports of improved seed for research and for sale are eliminated,
permitting agricultural technology to be imported more efficiently; 2) more liberal
phytosanitary requirements are established; and 3) more efficient testing procedures for
yield and other characteristics are developed. Local research programs would become more
efficient at developing improved agricultural technologies if they allowed technologies
developed elsewhere to be tested and disseminated in their own mandate areas.

Conclusion

Difficult challenges lie ahead for national agricultural research systems in developing
countries. Not the least of these challenges is to determine the future direction of maize
breeding research and seed production and distribution. In most of the developing world
the scope for progress in technological change in maize production is substantial. Strategic
decisions will have to be made regarding the optimal roles of public and private sector
organizations in the process of technological change, the mix of agricultural policy
measures needed to foster development of the maize sector, the relative emphasis on
breeding versus crop management research and other research priorities, and which clients
each sector will serve. But as practical applications of new technologies appear, many
opportunities will appear as well. Success depends on finding the right balance between all
players in the sector so that scarce research resources can be used most efficiently, without
ignoring important issues such as natural resource conservation, the needs of small-scale
farmers, and legal requirements for diffusing proprietary technology in developing
countries.

Finally, there is little doubt that public research organizations will need substantially more
financial support than they have received in the recent past in order to face these challenges
and take advantage of the opportunities. The private sector is expected to assume a wider
role in some aspects of maize research, especially seed production and distribution. But
many areas of research, including the development of hybrids, must continue to be the
domain of public sector organizations, if the benefits of research are to be distributed more
evenly among all types of maize farmer~ in developing countries.
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