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Technological Distance within Africa

The substantial diff erences between African 
countries and high-income countries make 
it diffi  cult to exploit technological spillovers. 
Heterogeneity among countries within Africa 
compounds the problem. Table 12 shows region-
to-region ωijs for regions of Africa. As in Table 
11, there is more similarity in production than 

agro-ecology. The diff erences in agro-ecological 
resources are startling. For instance, countries in 
the Northern region of Africa are more similar to 
the non-African world than to other regions in 
Africa. Even within the Southern region, there is 
a great deal of variation. When comparing South 
Africa to other countries in Africa, the ω AEZ

ij  for 
agro-ecological zones is only 0.17, just slightly 
higher than the ω AEZ

ij  between South Africa and 

Figure 16: Technological Distance from High-Income Countries

Source: Developed by James, Pardey and Wood with assistance of Sebastian.

Panel b:  Technological Distance Measured by Agricultural Output Mix

Panel a:  Technological Distance Measured by Agro-Ecological Zones

Agricultural Distance Metric

0 0.2 0.4 0.6 0.8 1.0
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outside the extent of agricultural areas
no data

Agricultural Distance Metric

0 0.2 0.4 0.6 0.8 1.0
technologically distant technologically close

outside the extent of agricultural areas
no data
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Figure 17: Cumulative Distribution Functions for Technological Distance from High-Income 
Aggregate

Source: James, Pardey and Wood's calculations.

Note: CDF stands for cumulative density function.
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Table 12: Measures of Similarity in Agro-Ecological Zones and Agricultural Output Between 
Regions of Africa and the Rest of the World

Source: James, Pardey and Wood's calculations.

North West East South w/o 
S. Africa South Africa South Rest of World

North Zone 1.00       

Output 1.00

West Zone 0.00 1.00      

Output 0.21 1.00

East Zone 0.00 0.85 1.00     

Output 0.41 0.52 1.00

South w/o 
S. Africa

Zone 0.01 0.91 0.84 1.00    

Output 0.33 0.53 0.73 1.00

South Africa Zone 0.27 0.13 0.12 0.17 1.00   

Output 0.58 0.24 0.56 0.59 1.00

South Zone 0.13 0.81 0.75 0.90 0.58 1.00  

Output 0.53 0.40 0.70 0.85 0.93 1.00

Rest of World Zone 0.27 0.36 0.32 0.27 0.14 0.29 1.00

Output 0.73 0.31 0.60 0.52 0.72 0.71 1.00
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the non-African world ( ω AEZ
SouthAfrica,ROW  

= 0.14). Although the ωijs are larger for 
agricultural production, they are still 
fairly small, with fi ve of the six ω AgProd

ij  
values less than 0.60.

Geographic proximity as well as cross-
border geo-political initiatives and 
infrastructural linkages have led to a 
plethora of R&D networks and more 
formal joint action throughout regions 
of the world. The particularly small and 
fragmented national entities engaged 
in agricultural R&D in Africa (see 
Section 2.1 of this report) have further 
spurred regionalized approaches to 
R&D in sub-Saharan Africa. However 
the technological distances among 
countries within the continent 
suggests that geographic proximity 
may not necessarily translate into spillover 
potential, and so regional cooperative agreements 
may not be the most effi  cient way to capitalize 
on spillovers. A closer look at South Africa, often 
considered a potential engine of innovation within 
(Southern) Africa, is instructive. Table 12 shows 
that South Africa shares little in common with 
other African countries. Figure 18 shows the ωijs 
for agro-ecological zone (on horizontal axis) and 
agricultural output (on vertical axis) for all possible 
combinations of South Africa, Kenya, Ethiopia, and 
Mexico. Looking at the three points that include 
South Africa, it is clear that South Africa is more 
similar in both dimensions to Mexico than it is to 
either Ethiopia or Kenya. In fact, of all countries 
in the data set, South Africa is the most similar to 
Mexico in terms of its agricultural production (and 
to Iran in its agro-ecology). Ethiopia and Kenya 
are also similar to Mexico, but are more similar to 
each other in their agro-ecology. These types of 
relationships may suggest where to focus eff orts to 
identify and capitalize on technological spillovers.

Local and Spill-in Stocks of 
Agricultural Knowledge

The benefi ts from agricultural R&D accrue as 
research investments, and the new know-how 
and innovations they make possible, accumulate 
over time. This is especially so for crop and animal 

improvement research, which is intrinsically 
cumulative by nature—for example, today’s crop 
breeders stand fi rmly on the shoulders of the 
scientists and farmers who bred the improved 
crop varieties of yesteryear. Here, we examine the 
knowledge stock of Africa while incorporating 
spillins into the stock calculations. The intensity 
of the knowledge stock, calculated as the stock 
of knowledge divided by agricultural GDP, is 
compared to that of the United States under several 
assumptions. Knowledge stocks are formed fi rst by 
compiling public spending on agricultural R&D 
each year from 1956 to 2000 for all countries in the 
data set.41 Spending over time is accumulated into 
stocks of productive knowledge stemming from 
science by assuming a lag structure where the 
value of a dollar spent increases over twelve years, 
when it reaches its full value (i.e., until innovations 
are adopted), and then decreases over time (i.e., 
as past innovations are gradually replaced), until it 
reaches zero (i.e., innovations are obsolete).42 Each 
country’s stock was calculated, and spillins to Africa 

  41 Actual spending data are not available prior to 1981 (and 
less data are available for some countries), so in order to backcast, 
the ratio of R&D spending to agricultural GDP is calculated for each 
year. R&D spending is approximated by holding the spending 
intensity equal to the average value over the fi ve earliest years 
of spending data, and multiplying by agricultural GDP for the 
relevant year. Since agricultural GDP was only available as early 
as 1961, spending levels for 1956 through 1960 were assumed to 
equal those for 1961.

  42 Drawing on the work by Alston et al. (2007) for their study 
of returns to U.S. investments in agricultural R&D we modeled this 
lag structure using a gamma distribution.

Figure 18: Technological Distance Within Africa and 
Across the Atlantic

Source: James, Pardey and Wood's calculations.
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and the United States were found by multiplying 
each country j’s stock by ω AEZ

Africa, j  or ω AEZ
U.S., j  so 

that spillins are determined by the technological 
distance between the country where spending 
occurs and the country where spillins are realized.

The fi rst row of Table 13 shows the knowledge stock 
intensities in this base scenario. Ignoring spillins, 
the U.S. stock of agricultural knowledge for 2000 
from public R&D spending was approximately 89 
percent of its agricultural GDP. In contrast, Africa’s 
own-knowledge stock was only 24 percent of its 
agricultural GDP. Even with knowledge stocks 
normalized to adjust for the size of their respective 
agricultural sectors (measured by output value), the 
United States has a knowledge stock that is nearly 
four times that of Africa. Accounting for spillins 
exacerbates the diff erence. Spillins increase both 
intensities, but the U.S. intensity increases more 
when spillins are included, causing its intensity to 
increase to over four times that of Africa.

The accumulation of knowledge depends not only 
on the total amount of research spending, but 
also on a host of institutional factors, such as the 
stability of research budgets and communication 
infrastructure (Pardey et al. 2006). In areas rife with 

political tension and war or where researchers 
have comparatively less training and less spending 
per scientist (such as Africa), we would expect the 
generation and accumulation of knowledge to be 
less effi  cient.43 Assuming these effi  ciencies in Sub-
Saharan Africa are half those of the United States, 
the resulting intensities of productive knowledge 
stocks are shown in the second line of Table 13. 
Africa’s own-knowledge stock intensity decreases 
by roughly half, doubling the U.S. intensity relative 
to Africa. Applying the same scaling to all regions 
and recalculating spillins, both knowledge stock 
intensities decrease. However, because the majority 
of the U.S. spillins originate from the relatively 

  43 A meta-analysis conducted by Alston et al. (2000) identifi ed 
over 1,700 estimates of the rate of return to diff erent types of 
agricultural research conducted in diff erent parts of the world. 
The average estimate of the rate of return for research conducted 
in developed countries was 98.2 percent, while the average 
measured rate of return for research conducted in Africa was 
49.6 percent (i.e., just 50.5 percent of the average for developed 
countries). One option (as done here) is to use these average rate-
of-return-relativities as indicators of regional diff erences in the 
effi  ciency of knowledge generation and accumulation. However, 
when doing so one should bear in mind that Alston et al. (2000) 
found low signal to noise ratios in these rate of return estimates 
(and so comparatively little confi dence can be placed in any one 
estimate or the idea that these statistical averages are indicative 
of the overall rate of return in a given region). Moreover, the 
effi  ciency with which R&D is transformed into knowledge stocks 
is unlikely to be simply related to the rate of return to R&D. 

Table 13:  Knowledge-Stock Intensities for U.S. and Africa

Source: James, Pardey and Wood's calculations.
a U.S. / Africa ratios are calculated as the U.S. knowledge stock intensity divided by Africa’s knowledge stock intensity.
b Rates of return for regions are averages taken from the meta-analysis conducted by Alston, et al. (2000).
c To approximate private spending, knowledge stocks for 2000 were increased using the shares of public/private spending for 
2000 (included elsewhere in this report).

Own Knowledge Stock Total Knowledge Stock

Intensity
U.S. / 

Africaa

Intensity
U.S. / 

AfricaaU.S. Africa U.S. Africa

 (percentage) (ratio) (percentage) (ratio)

Public R&D Spending only

Assuming all countries accumulate 
knowledge with same effi  ciency

89 24 3.76 273 60 4.55

Assuming countries accumulate knowledge 
in proportion to rates of returnb

89 12 7.44 266 38 7.08

Public and Private R&D Spendingc

Assuming all countries accumulate 
knowledge with same effi  ciency

200 24 8.22 578 69 8.41

Assuming countries accumulate knowledge 
in proportion to rates of return

200 12 16.28 570 45 12.57
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effi  cient developed countries, the U.S. knowledge 
stock intensity decreases only slightly (from 273 to 
266 percent), while Africa’s decreases by nearly 40 
percent (from 60 to 38 percent).

Accounting for R&D spending from private sources 
adds another dimension to the knowledge stock 
intensities. As shown in Table 7 of this report, 
public R&D spending accounted for only 44.8 
percent of agricultural R&D spending in developed 
countries in 2000, while it accounted for nearly 
all (98 percent) of African R&D spending. In the 
last two lines of Table 13, the knowledge stocks 
are scaled up to refl ect total (public and private) 
R&D spending, assuming the shares of public and 
private spending for 2000 were constant over the 
time when the knowledge stock was accumulated. 
Not surprisingly, incorporating private spending 
amplifi es the diff erence between United States 
and African knowledge stocks, roughly doubling 
the relative U.S./Africa knowledge stock intensity 
to 8.41 (accounting for spillins). Adjusting the 
knowledge stocks for diff erences in effi  ciency, the 
relative intensity increases even more, with the U.S. 
knowledge stock intensity more than twelve times 
that of Africa.

These disparities in the intensity of knowledge 
stocks are much larger than the diff erences in 
the intensity of research spending presented 
in Figure 13. A multitude of science policy 
and institutional implications fl ow from these 
knowledge stock diff erentials. For one, persistence 
pays. It is a steady stream of R&D investment 
over the long haul that produces the stocks of 
knowledge necessary for productivity growth in 
agriculture. Moreover, purposefully tapping into 
other people’s technologies and know-how is an 
eff ective way to expand the pool of potentially 
productive knowledge. Africa has institutional and 
agro-ecological impediments to harnessing R&D 
spillovers. Figures 4 and 16a reveal that Australia 
suff ers from the same agro-ecological impediments. 
However, while contemporary rates of land 
productivity in Africa and Australia are similar, 
Australia has adapted other people’s technologies 
and invested intensively in developing home-
grown technologies suited to local conditions that 
have given rise to labor productivity rates that are 
40-50 times higher than those in Africa.

These new fi ndings have important, and perhaps 
poorly understood, policy implications. Investing 
in research elsewhere in the world and spurring 
the necessary institutional innovation to enhance 
technological spillins into Sub-Saharan Africa may 
be just as critical to technical progress in Africa as 
enhancing the capacity to develop home-grown 
technologies throughout the region. However, 
these technological distance metrics indicate that 
for any particular country in Sub-Saharan Africa 
the spill-in potentials for relevant agricultural 
technologies may be higher from elsewhere in the 
world than from elsewhere in Africa. This suggests 
a radical rethinking of research networks and other 
similar institutional initiatives that simply rely on 
regional clusterings within Sub-Saharan Africa.

5. RISK AND REGULATION OF 
SCIENCE AND TECHNOLOGY

5.1 AGRICULTURAL AND 
TECHNOLOGICAL RISK

Sources of Agricultural Risk

A multitude of production, market, and health 
factors expose farmers to signifi cant risk. Crop 
production is subject to the vagaries of weather, 
which interact in complex ways with soils and 
landscape. Livestock production’s reliance on 
adequate feed, water, and land means it is also 
subject to the vagaries of the complex interactions 
between weather, soils, and landscapes. These 
complex abiotic interactions make it diffi  cult for 
farmers to know precisely how their eff orts will 
ultimately aff ect the quantity and quality of their 
output. Agricultural production is also subject to 
numerous biotic sources of risk. Insect and animal 
pests feed on crops, which can reduce biomass or 
degrade quality. Weed pests compete with crops 
for precious water, nutrient, and solar resources. 
Pathogens disrupt the normal physiology of crops 
and livestock resulting in limited growth or death. 
Furthermore, these biotic factors can interact 
with abiotic factors to further disrupt production. 
For example, a mild winter can foster the survival 
of overwintering insects, resulting in increased 
pest pressure during the growing season. Even 
when a farmer achieves some reasonable level of 
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control in production, he must still contend with 
the volatility of agricultural markets arising, for 
example, from boom and bust production cycles, 
fi nicky consumers, and transitory government 
policies. Farming is also a physically demanding 
occupation that can be taxing on individual health. 
The handling of livestock and farm equipment 
can result in acute or debilitating physical injury 
or death. Exposure to farm chemicals can lead to 
acute and chronic health problems or death.

Agricultural Technology 
and Production Risk

Technological change has been responsible for 
impressive gains in agricultural productivity 
throughout most of the world. Through increased 
productivity, technology is generally believed 
to have decreased production risk from the 
common perspective. From an economic 
perspective, some technological advances have 
been found to decrease risk, while others have 
been found to increase it.44 Understanding the 
eff ect of technological advance on risk is further 
complicated by the fact that it can depend on, for 
example, the crop (e,g., Ramaswami 1992), crop 
attribute (e.g., Kim and Chavas 2003), time (e.g., 
Traxler et al. 1995), and space (e.g., Kim and Chavas 
2003 and Dalton et al. 2004).

Technical change in agriculture has taken a variety 
of forms: mechanical, biological, chemical, and 
informational. Of these diff erent forms of change, 
the most studied in terms of production risk have 
been genetic crop improvement, fertilization, 
irrigation, and pest control. Production risk in cereal 
crops has drawn special attention because of the 
importance of stable production to food security 
and emerging evidence that the production 
gains of the 1960s and 1970s were accompanied 
by increased production variability or increased 
risk. To identify policies to reduce this increased 
production risk, a better understanding of the 
sources of risk and their relationship to technical 
change was sought. The results of this research 
have been mixed.

  44 Risk from an economic perspective is based on what is 
referred to as the risk premium, which depends on the variance 
of the loss as well as the expected loss. Box 5 discusses alternative 
perspectives on risk.

For technical change that resulted in the genetic 
improvement of crops, Anderson and Hazell (1989) 
reported that under controlled experimental 
conditions most improved crop varieties of maize, 
pearl millet, rice, and wheat tended to exhibit 
higher yield variability when measured in terms of 
the variance, but the same or lower yield variability 
when measured in terms of the coeffi  cient of 
variation. Using controlled experimental data 
collected by the International Maize and Wheat 
Center (CIMMYT), Traxler et al. (1995) found that 
varietal development in wheat tended to increase 
the variability of yields in Mexico between 1950 
and 1970, but tended to decrease variability 
between 1970 and 1986. Pingali et al. (1990) 
found a similar trend for rice using data collected 
by the International Rice Research Institute (IRRI). 
Using more recent crop insurance data, Carew and 
Smith (2006) found that between 1995 and 2003 
canola yield variance in Manitoba, Canada was not 
aff ected by improved varieties.

Roumasset et al. (1989) reviewed seven fertilizer 
studies published between 1969 and 1986 
covering potatoes in Peru, rice in the Philippines, 
and wheat in Australia, and concluded that the 
application of fertilizer generally increased the 
variance of crop yields. Traxler et al. (1995) found 
no independent eff ect of nitrogen on wheat yield 
variance in Mexico between 1950 and 1986, but 
did fi nd an interaction between nitrogen and 
varietal development that reduced yield variability. 
Ramaswami (1992) reports that relatively low 
rates of application of nitrogen are risk increasing 
for cotton, but relatively high rates may be risk 
increasing or decreasing depending on how an 
individual dislikes variability. Alternatively, for corn, 
relatively low rates of application of nitrogen may 
be risk increasing or decreasing, while relatively 
high rates are risk increasing. Hurley et al. (2004) 
found that the variance of corn yields from an 
on-farm experiment in the United States was 
infl uenced by the amount of applied nitrogen. 
The yield variance was lower for relatively low and 
relatively high nitrogen applications and higher 
for more moderate applications. Villano and 
Fleming (2006) found fertilizer was risk increasing 
using data from 46 rice farmers in the Philippines 
between 1990 and 1997, while Carew and Smith 
(2006) found that potassium fertilizer reduced 
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the variance of canola yields in Manitoba, Canada 
between 1995 and 2003.

Pandey (1989) reviewed the literature on the eff ect 
of irrigation on yield variability but did not fi nd any 
consistent trends due to wide variation in irrigation 
practices and policies. More recently, Dalton et al. 
(2004) found the risk reduction benefi ts of irrigation 
for potato production in the Northeastern United 
States are dependent on scale, location, and the 
cost of developing adequate water sources.

Carlson (1989) suggested pesticides typically 
decrease yield variability, however, he noted that 

there are reasons and cases to suggest pesticides 
could actually increase yield variability. Hurd (1994) 
found that pesticide use in cotton production 
in the Western United States was risk increasing. 
Alternatively, Villano and Fleming (2006) obtained 
results for herbicide use in rice production in the 
Philippines that support Carlson’s conclusion that 
pesticides typically reduce yield variability. Hurley 
et al. (2004) showed that transgenic Bt corn with 
built in pesticides likely increased risk in terms of 
the profi tability of corn production for Midwestern 
U.S. farmers, even though it has likely decreased 
the risk associated with yield variability.

by Terrance Hurley, University of Minnesota 

Risk is commonly defi ned as the exposure to the chance of loss (or injury). There are two important 
and distinct elements to this defi nition that deserve greater specifi city. The fi rst is the idea that the 
outcome is unknown, but the range of possible outcomes is known—either there is a loss, or there 
is not. The second is the idea that the unknown outcome is a matter chance, which in statistical 
terms means probabilities can be assigned to the range of possible outcomes. In the context of this 
defi nition, risk is interpreted as undesirable and benefi cial reductions in risk can be thought of in 
terms of either decreasing the chance or severity of loss.

This notion of risk is not always particularly useful when trying to understand risky behavior 
because if individuals only care about the chance and severity of loss, they will always choose 
activities to reduce them. But, individuals often engage in activities that increase rather than 
decrease the chance or severity of loss: many people use cigarettes even though it increases the 
chance of developing lung cancer or dieing prematurely. What this notion of risk fails to account 
for is the opportunity cost of reducing the chance or severity of loss: the physical and psychological 
discomfort of nicotine withdrawal from discontinuing the use of cigarettes.

Two important assumptions play a key role in interpreting risk from an economic perspective: (i) 
individuals prefer more to less, and (ii) individuals do not like variability. In the simplest terms, this 
interpretation implies individuals will make decisions based on the tradeoff  between the expected 
outcome (what will happen on average) and what is referred to as the risk premium. Chambers 
and Quiggin (2000) provide a rigorous defi nition of the risk premium, but for present purposes, it 
is enough to say that the risk premium refl ects the variability of possible outcomes and the degree 
to which an individual does not like this variability. The risk premium is the fundamental measure 
of risk from an economic perspective. The diffi  culty with using the risk premium is that individuals 
have diff erent tolerances for risk, so it can be diffi  cult and costly to measure. To circumvent this 
diffi  culty, the variance of possible outcomes (or some other notion of variability like the coeffi  cient 
of variation) is often substituted for the risk premium because variability is an important component 
of the risk premium and in some circumstances, the two are directly related.

It is important to note that these two perspectives of risk can lead to diff erent conclusions regarding 
the risk consequences of engaging in a particular activity. From the common perspective, activities 
that decrease the expected loss are interpreted as reducing risk regardless of whether the variability 
of the expected loss (or risk premium) has increased or decreased. From the economic perspective, 
activities that decrease the variability of the expected outcome (or risk premium) are interpreted as 

Box 5: What is Agricultural Risk?

continued  u
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Agricultural Technology and Other Risks

Technical change in agricultural has increased 
production. In terms of production risk, the 
results are mixed. Some technical improvements 
have reduced production risk, while others 
have increased it. Furthermore, the eff ects of 
technological change on production risk have 
varied over time, space, and production activities. 
What is important to realize is that the eff ects of 
technical change in agriculture extend beyond 
quantity and quality of agricultural output. It has 
also had important health and environmental 
eff ects. Some of these side eff ects of technological 

change have been detrimental to individual and 
public welfare, while others have been welfare 
enhancing.

Pesticides have improved crop yields and tended 
to reduce yield risk. But many pesticides have 
been shown to pose signifi cant risk to human and 
environmental health. The health risks of pesticides 
have been shown to be particularly pervasive in 
developing countries where pesticide use is less 
regulated and farmers have less information on 
the potential hazards and tend to be less cautious 
in their use. Based on data collected from 152 
rice farming families in the Philippines between 

reducing risk regardless of whether the expected outcome increases or decreases. These diff ering 
perspectives are a common source of confusion and miscommunication.

Another source of confusion and miscommunication with economic risk is the distinction often 
drawn between the risk premium and the marginal risk premium. The marginal risk premium refers 
to how the risk premium changes as an individual engages in more of a risky activity. The risk 
premium is important for assessing the welfare eff ects of risk. When the risk premium is positive, 
individual welfare is diminished, while when the risk premium is negative, individual welfare is 
enhanced. Alternatively, the marginal risk premium determines how much of a risky activity an 
individual will engage in. If the marginal risk premium is positive, engaging in an activity is said 
to be risk increasing because an individual who does not like variability will engage in less of the 
activity than an individual who does not care about variability. Alternatively, if the marginal risk 
premium is negative, engaging in an activity is said to be risk decreasing because an individual 
who does not like variability will engage in more of the activity than an individual who does not 
care about variability. There is not always a direct correspondence between the risk premium 
and marginal risk premium. That is, engaging in an activity can be risk increasing even if the risk 
premium is negative. For example, a farmer may use less fertilizer when fertilizer increases yield 
variability because he does not like variability (i.e., the marginal risk premium increases as fertilizer 
applications increase), yet the risk implications of his fertilizer use can still be welfare enhancing (i.e., 
the risk premium decreases). Many studies of economic risk focus on estimating the risk premium or 
some approximation, while others focus on estimating the marginal risk premium.

A fi nal caveat worth mentioning when talking about risk is the risk of what: crop yields, crop prices, 
farmer profi ts, farmer health, public health, or environmental health. The eff ects of pesticides on a 
farmer’s yield risk can diff er from the eff ect of pesticides on profi t risk, even though yields are an 
important determinant of profi t. The reason for this is that yield risk does not include the cost of 
pesticides, the price received for the crop, and other important determinants of profi t. If crop yields 
are all a farmer cares about, then measuring yield risk is suffi  cient to understand the implications 
of risk on the farmer, but if the farmer cares about crop yields only to the extent that these yields 
infl uence profi t, then measuring yield risk may not provide an adequate understanding of the 
implications of risk on the farmer.
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Box 5 (continued)
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1989 and 1991, Pingali et al. (1994) concluded 
that reductions in pesticide use could enhance 
farmer welfare because any cost in terms of lost 
productivity could be more than compensated 
by improved health. Antle and Pingali (1994) 
found similar results using data collected between 
1989 to 1991 from 73 farmers and 40 pesticide 
applicators in two major rice producing regions in 
the Philippines. Using data collect from 40 potato 
farmers in Ecuador, Crissman et al. (1994) also 
found important tradeoff s between pesticide use 
and farmer health. Increased pesticide use has 
also increased public and environmental exposure 
to pesticides. For example, Barbash et al. (1999) 
reported that six common herbicides were found in 
ground water and aquifers used for drinking water 
in a number of agricultural and non-agricultural 
regions of the United States.

Similarly, while increases in the use of fertilizers like 
nitrogen have had a positive impact on agricultural 
production, they have also had notable negative 
eff ects on human and environmental health. 
Nitrogen is a particularly mobile nutrient that is 
carried into surface water supplies with rainfall 
runoff  and is also leached into groundwater 
supplies. Nitrogen reaching drinking water supplies 
is a public health risk because at high concentrations 
it can cause conditions like methemoglobinemia, 
where hemoglobin cannot carry suffi  cient oxygen 
through the blood. Furthermore, available evidence 
indicates that too much nitrogen is reaching some 
drinking water supplies. For example, the U.S. 
Geological Survey (1996) found that 12 percent of 
domestic wells in agricultural regions of the United 
States exceeded the U.S. Environmental Protection 
Agency’s drinking water standards. Important 
environmental problems are also associated with 
too much nitrogen reaching waterways. When 
there is too much nitrogen in water dissolved 
oxygen can be depleted, resulting in what is 
called hypoxia, which can be harmful to aquatic 
animals. A prominent example of hypoxia is the 
“Dead Zone” that appears in the Gulf of Mexico 
every summer (Beardsley 1997). Nitrogen fertilizer 
runoff  from agricultural production is believed to 
be a signifi cant factor contributing to this annual 
“Dead Zone.”

Recent transgenic crop varieties off er good 
examples of technical changes that have resulted 
in increased production and reduced human and 
environmental risk. For example, new varieties 
of herbicide tolerant crops such as Roundup 
Ready soybean have promoted reduced tillage 
production practices. Reduced tillage reduces the 
amount of sediment and agricultural chemicals 
that are carried to surface water supplies in 
the form of runoff . The use of Roundup Ready 
soybeans has also resulted in the substitution of 
glyphosate for other herbicides that are believed 
to pose greater health and environmental risks. 
Plant-incorporated-protectants like Bt corn have 
been found to reduce the level of mycotoxins such 
as fumonisin in corn (Munkvold et al. 2001; Wu 
2006). The incidence of human esophageal cancer 
has been related to fumonisin consumption in 
Africa, Asia, Central America, and the United States. 
Additionally, mycotoxin poisoning of livestock can 
result in increased incidence of disease, reduced 
reproductive capacity, and other deleterious 
health issues.

While transgenic crop varieties provide some 
good examples of reductions in risks to health and 
the environment associated with technological 
change in agriculture, they also provide a good 
example of when technical changes have resulted 
in increased marketing risk for farmers. Transgenic 
crops have been controversial because of concerns 
regarding unknown and unpredictable side 
eff ects. This has led some consumers to reject 
transgenic crop products and lobby for regulations 
to limit their market access. Regardless of the 
validity of consumer concerns, farmers who plant 
transgenic crops can risk losing market access 
or face selling their output at a discounted price. 
These risks were particularly salient in 2000 after 
the European Union adopted a moratorium on 
approving new transgenic crop varieties, which 
led to a substantial slowdown in the adoption 
of Bt corn by U.S. farmers and the adoption of Bt 
corn and other transgenic crops in developing 
countries. As consumer acceptance has improved, 
the marketing risk faced by farmers has subsided 
and the adoption of Bt corn and other transgenic 
crops is again increasing rapidly.
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Risk Implications of Technical 
Change in Agriculture

Two broad conclusions can be drawn regarding 
technical change in agriculture and its eff ect on 
production, health, and environmental risk. First, 
technical change has increased the quantity and 
improved the quality of agricultural products, but it 
has also had varied eff ects on production risk. These 
varied eff ects on production risk may be as much 
of a blessing as a concern. Farmers have diff erent 
tolerances for risk. When farmers can choose from 
a variety of technologies that have varied eff ects 
on risk, they can choose combinations of technical 
practices to manage production risk (Just and 
Zilberman, 1983; Chambers and Quiggin, 2000). 
Fostering access to improved technologies is thus 
a key objective for policies targeted to helping 
farmers manage production risk.

Second, the effect of technical change in 
agriculture extends beyond improvements in the 
quantity and quality of output. Some technologies 
have had unintended negative impacts within 
and beyond the farm gate, while others have had 
unintended positive impacts. These external eff ects 
have fueled increased regulatory activity, which is 
having important implications in terms of further 
technical development in agriculture.

5.2 REGULATING TECHNOLOGIES

Changes in agricultural technology drive 
economic growth in developing countries and 
contribute signifi cantly to economic well-being 
in rich countries. While they generally provide net 
economic benefi ts new technologies almost always 
involve some losers, and some of the negative 
consequences may involve external eff ects on 
human health or the environment.

The actual or perceived existence of externalities—
associated with food safety, environmental 
pollution, animal welfare, farm-worker safety, 
costs of product segregation, or loss of market 
access—provides a justifi cation for regulation 
(or other government intervention) aimed at 
increasing national net benefi ts from production 
and consumption. It also provides a rationale 
that can be used to defend regulation when the 
main purpose is redistribution, benefi ting some 

at the expense of others and possibly involving 
deadweight losses to the national welfare.

Whether it is primarily for efficiency or 
distributional reasons, the development, 
release, adoption, and application of agricultural 
technologies is increasingly subject to public 
scrutiny and regulatory approval or other controls. 
Technological regulations and the attendant 
regulatory processes diff er among countries and 
within countries, across industries, and across 
types of technologies. The regulatory requirements 
and the associated costs of compliance diff er 
signifi cantly, for instance, between biotech crop 
varieties and the technologies that they might 
replace, including products of conventional crop 
breeding or chemical pest-control technologies. 
The regulations therefore modify the rate and form 
of technological change and the distribution of 
benefi ts and costs. There can be no doubt that the 
economic consequences are very signifi cant, but 
the full consequences of technological regulation 
in agriculture are not well understood.

Rationalizing Regulation

The conventional economic argument for 
government intervention in the economy is based 
on the idea of market failure—that the unfettered 
working of the free market mechanism has given 
rise to an ineffi  cient allocation of resources or an 
unsatisfactory distribution of income—and that 
government intervention can make things better. 
The argument for regulation, as opposed to other 
policies, is that it will work better than the next-
best intervention that might be applied to correct 
the perceived market failure.

Various types of market failures can and do arise 
in agriculture, often associated with the use of 
particular technologies, giving rise to arguments 
for government intervention. Examples include 
various kinds of pollution externalities (such as 
pollution of air or groundwater associated with 
the use of agricultural chemicals); incomplete, 
ill-defi ned, or ill-enforced property rights to 
assets such as irrigation water or other natural 
resource stocks, or to intellectual property 
including plant varieties or other inventions; 
incomplete or asymmetric information about 
product characteristics including how a product 
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was produced and whether it is safe to consume; 
market distortions arising from the exercise of 
market power by agribusiness fi rms in the supply 
of inputs or technology, or in the marketing of 
agricultural products.

Government regulations to address concerns 
such as these are pervasive, and largely taken for 
granted, but evolving as knowledge and other 
factors change. Various agricultural chemicals, for 
instance, have been banned (e.g., DDT is only one 
of many pesticides that are no longer allowed to 
be used in U.S. agriculture) or are only allowed 
to be used in particular applications; and there 
are environmental and occupational health and 
safety regulations over how they may be applied 
and so on. Similarly, the laws and rules governing 
rights to natural resources and to intellectual 
property are constantly evolving as circumstances 
and institutions change. In particular, expanded 
intellectual property rights applied to plant 
varieties have contributed importantly to the 
development of the agricultural biotechnology 
industry as a predominantly private enterprise in 
the United States. And with rising affl  uence, and in 
the wake of various food scares, we have witnessed 
increasing attention to the public provision of 
information and food-safety assurance, and an 
attendant rise in food-safety regulation.

In contemplating the economics of regulation of 
agricultural technologies, one set of questions 
concerns understanding the nature of the costs 
and benefi ts, and obtaining measures of the 
costs and benefi ts and their distribution. To get 
this right it is important to get the counterfactual 
right, in terms of the nature of the pre-existing 
distortions that the regulation may be designed 
to address, but also to deal with the complications 
of further distortions created by the intervention. 
Government intervention that purports to correct 
one distortion may create another, and all such 
interventions have redistributive consequences. 
Consequently the full eff ects may be diffi  cult to 
discern. For instance, the provision of patents or 
comparable intellectual property rights to the 
fi rms that invent new agricultural chemicals or 
new genetically modifi ed crop varieties has two 
somewhat off setting eff ects: it enhances the 
incentives for fi rms to invest in R&D, reducing the 
market distortion associated with too slow a rate 

of invention; at the same time it allows the fi rms 
to charge monopoly prices for their inventions, 
resulting in too low a rate of adoption of given 
inventions. Moreover, as well as having mixed 
eff ects on the rate of technological change and 
total benefi ts, intellectual property rights have 
consequences for the distribution of the benefi ts 
and costs of consumption and production of the 
aff ected commodities.

A second set of questions relates to explaining 
the policy choices, which to some extent turns 
on understanding their consequences. The 
question of who bears the costs and who reaps the 
benefi ts may be diffi  cult to answer precisely but is 
nevertheless likely to be worth asking if we want to 
understand why particular regulations are applied. 
It seems likely in many cases that the redistributive 
consequences have more to off er as an explanation 
of particular regulatory choices than any theory 
based on a simple notion of correcting market 
failures. The distribution of benefi ts and costs within 
a country may help explain choices of particular 
regulatory instruments, and the choice to regulate 
versus alternative policies including laissez faire; 
and diff erences in these aspects among countries 
may help account for diff erences among their 
policies. Similarly, the distribution of benefi ts and 
costs among countries may help account for some 
international diff erences in policies, especially 
as they pertain to commodity trade policy as an 
element of technological regulation.

Causes and Consequences of 
Biotechnology Regulation

The regulation of agricultural biotechnology 
is an important contemporary example that 
serves also to illustrate the main issues in the 
regulation of agricultural technologies more 
generally.45 Biotechnologies are regulated from 
the point of initial experimentation, through the 
stages of fi eld trials, and ultimate release, and the 
processes of compliance with these regulations 
add considerably to the costs borne by biotech 
companies and to the number of years consumed 
in the process (Kalaitzandonakes, Alston, and 

  45 This discussion draws signifi cantly on the recent book by 
Just, Alston, and Zilberman (2006). See also Josling, Roberts and 
Orden (2003).
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Bradford (2006) estimated that compliance with 
regulatory requirements added between 6 and 16 
million dollars to the cost of developing a single new 
biotech crop product). Even after the technologies 
are “deregulated,” such that farmers are allowed 
to grow biotech crops, further regulations govern 
where and how the crops may be grown, and how 
and where the products may be sold.

It is notable, that the substantial adoption of 
agricultural biotechnology to date has been 
concentrated in a small number of countries and 
confi ned to a small number of traits in a small 
number of crops: specifi cally, pest-resistance and 
herbicide tolerance in feed grains, oil seeds, and 
cotton.46 Biotech food products emphasizing 
output traits (e.g., long shelf-life tomatoes) or input 
traits (e.g., Bt potatoes or sweet corn) have been 
ignored or dis-adopted by food manufacturers or 
retailers in the face of perceived market resistance 
or political opposition. The fact that adoption of 
the available biotech products has been limited to 
a small number of countries refl ects a combination 
of market resistance, legal barriers to adoption and 
trade barriers against importation of biotech crop 
products. The same barriers also have reduced 
incentives for biotech companies to invest in the 
development of new biotech products, and the 
same factors may have contributed to the erection 
of regulatory barriers to the development and 
adoption of biotech crops, which themselves 
provide a further disincentive for biotech 
companies.

One set of regulations governs the R&D process 
and whether a new biotech crop variety is 
allowed to be grown commercially. Prior to the 
development and release of a new genetically 
modifi ed crop variety, a biotech company must 
satisfy a host of regulations that govern what is 
allowed to be done in the lab and in the fi eld. In 
the United States “deregulation” to allow a crop 
to be grown commercially requires separate 
authorization from the Department of Agriculture 
(USDA), the Food and Drug Administration (FDA), 
and the Environmental Protection Agency (EPA), 
refl ecting the separate roles played by these 
agencies in relation to the environment, food 

  46 Box 6 provides an overview of the uptake of crop 
biotechnologies worldwide.

safety, and agricultural production. To obtain these 
approvals requires a very signifi cant investment in 
testing, evaluation, and reporting, in a process that 
adds a number of years and millions of dollars of 
costs to the commercial process of research and 
development, all borne by the biotech company 
(Kalatizandonakes, Alston, and Bradford 2006).

Even though the U.S. policy explicitly is to evaluate 
the product not the process of invention, it seems 
to discriminate against biotechnology (Miller 
and Conko 2005). Presently the requirements on 
biotech crops are much more onerous than the 
corresponding requirements as they apply to 
competing technologies, such as crop varieties 
developed by conventional techniques (including 
mutagenesis and selection) or chemical pest 
control technologies. Concern about the potential 
implications for market acceptance mean that 
U.S. biotech fi rms in many cases also go through 
regulatory approval processes in other countries, 
such as Japan, before they will release a new 
biotech crop variety for production in the United 
States. The cost of compliance with international 
regulations is additional to the domestic cost.

Concern about international market acceptance 
and the loss of access to some markets owing 
to inability to segregate GM and non-GM crop 
products has also led some countries that depend 
on exports to regulate against the adoption of 
biotech crops, even though they might otherwise 
fi nd them profi table to grow. The fact that some 
consumers want to avoid biotech crops has led 
some countries to ban them altogether, and other 
countries to require segregation and labeling, 
which in some instances is a de facto ban.

The development of resistant pests or herbicide 
tolerant weeds is an important potential 
consequence of the adoption of biotech crops. 
The U.S. government has opted to treat this 
as an externality—apparently presuming that 
the biotech fi rms would not have appropriate 
incentives to manage the problem, even with 
proprietary technologies—and therefore it 
has imposed refuge requirements as part of its 
regulatory approval process for biotechnologies, 
although it has not done likewise with chemical 
pesticides.
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by Philip Pardey, University of Minnesota

Where the crop varieties and bioengineered traits embodied in them perform well and are given 
approval for commercial use, the rate of uptake has been rapid, although contrary to some claims, 
not entirely unprecedented, even for biological innovations used in agriculture.1  In 2006, twelve 
years after bioengineered crops were fi rst grown, an estimated 102 million hectares were planted to 
them worldwide (about 10 percent of the world’s harvested crop area), an increase from 90 million 
hectares in the previous year and well up on the 2.8 million hectares planted in 1996.2

Despite this growth, the agricultural, geographical and technological scope of commercially grown 
bioengineered crops is still small.  In 2006, the preponderance of the area under these types of crops 
consisted of bioengineered soybeans, which accounted for 57 percent of the total bioengineered 
cropping area.  Around 25 percent of the total bioengineered area was sown to bioengineered 
maize, 13 percent to cotton, and 5 percent to canola.  Just 4 countries accounted for 88 percent of 
the global total in 2006—55 percent of this global total was planted in the United States, 18 percent 
in Argentina, 11 percent each in Brazil, and 6 percent in Canada (Panel a).  Two traits dominate the 
picture, namely, herbicide tolerance mainly in soybeans and canola, and insect tolerance mainly in 
corn and cotton, though there are some limited use of bioengineered viral resistance in papaya and 
squash.

The developing country’s share of global bioengineered crop area has grown from 14 percent of 
the world total in 1997 to 40.9 percent in 2006.  Notably, plantings in just 5 countries, soybeans in 
Argentina and Brazil, and cotton in China, South Africa, and India, account for the lion’s share (95 
percent) of the developing-country bioengineered acreage.  Finding bioengineered traits that deal 
successfully with local production constraints is one thing, expressing them in specifi c crop varieties 
that compete well against locally grown landraces and conventionally bred varieties of the same 
crop, absent the bioengineered trait, is another thing.  Not surprisingly, the bioengineered traits 
are being grown in developing-country areas that are agroecologically similar to the rich countries 
for which the traits were fi rst developed, and in many cases involve the identical crop varieties.3  
This is precisely where the spillover costs are smallest and consist mainly of local screening and 
regulatory approval costs along with the costs of marketing the technology.  That is, disseminating 
these particular bioengineered crop varieties involves only adaptive or imitative technology 
development costs beyond the initial discovery costs, a much smaller cost than inventing entirely 
new bioengineered traits and successfully expressing those traits in locally superior varieties of 
locally important crops.

  1 For example, hybrid corn technologies—another crop genetic change that was controversial at the time of its 
invention—went from 0 to 50 percent of Iowa’s corn acreage in just six years following its release in 1932; by 1940, 90 percent 
of the corn area in Iowa was sown to hybrid varieties (Griliches 1957).

  2 In 1994 the Flavr-SavrTM tomato, genetically engineered to delay softening so the tomato could ripen on the vine and 
retain its “fresh picked” fl avor, became the fi rst bioengineered crop to be grown commercially.  As Marra, Pardey and Alston 
(2003) described, the technology was a scientifi c success, but a colossal business failure.  Although the tomatoes achieved 
the delayed-softening and taste-retention objectives of their developers, yields were poor, mechanical handling equipment 
turned most of them into mush before they got to market, and consumers weren’t willing to pay enough of a premium over 
conventional fresh tomatoes to cover costs.

  3 For example, all the offi  cially approved Monsanto/DeltaPine bioengineered cotton varieties grown in China are the same 
varieties grown in the United States, while most of the bioengineered Chinese varieties are based on older DeltaPine varieties 
introduced into China in the 1940s and 1950s.  Likewise the transgenic cotton varieties grown in Mexico are from the United 
States; and in South Africa, NuCotn 37-B, an American variety, is widely used.

Box 6: Uptake of Bioengineered Crops

continued  u
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Box 6 (continued)

Given that the United States dominates the world totals, its trends are worth scrutinizing.  Ranked 
in terms of total acreage, the world and U.S. crop relativities for 2006 are the same—soybeans 
dominate, followed by corn and cotton.  However, the intensity of use of bioengineered versus 
classically bred crops diff ers markedly between the United States and the rest of the world.  The 
United States uniformly makes more intensive use of bioengineered crops than the rest of the world 
(Panel b).  While almost all the U.S. canola crop was sown to bioengineered varieties in 2006, the 
corresponding rest-of-world share was just 3.4 percent.  Likewise, bioengineered soybeans covered 
89 percent of the U.S. soybean acreage compared with nearly 44 percent of the rest-of-world soybean 
area.  For cotton the corresponding shares were 83 percent for the United States and 13.3 percent 
for the rest of the world; for corn it was 61 percent for the United States and 16.5 percent elsewhere.  
This refl ects both technology and market realities.  While the dominant bioengineered traits such 
as those that target mainly budworm/boll weevil complexes in cotton and European stem borers 
and rootworm in corn, as well as Roundup® and Liberty Link® resistance in soybeans and canola 
have yield-enhancing or cost-reducing consequences for rest-of-world farmers, they are especially 
consequential for United States producers.  In addition, given their earlier regulatory approval in 
the United States, these traits are now incorporated into an increasing number of crop varieties that 
are optimized for ever more refi ned agroecological growing conditions, thus contributing to their 
widespread use.
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These various regulatory interventions have 
impeded development and adoption of biotech 
crops, especially for food crops and particularly 
for minor crops since biotech fi rms will require a 
large potential market and a high rate of adoption 
to justify the large overhead cost of R&D and 
regulatory compliance (Alston 2004; Bradford, 
Alston, and Kalaitzandonakes 2006). One can 
speculate about the roles of diff erent interest 
groups in promoting this outcome, and why.

Consumers in some countries may believe—
for whatever reason and possibly without any 
scientifi c basis—that genetically modifi ed foods 
are unsafe to eat, or that the processes used to 
produce them are environmentally unsafe. Such 
consumers may favor a ban on biotechnology or 
a labeling requirement (see Huff man and Rousu 
2006; McCluskey, Grimsrud and Wahl 2006). In 
general the consumer lobby as such has not been 
a very potent force in the political economy of 
regulation of agricultural technologies in the past, 
and the same observation may apply in the case 
of biotech food crops. It seems more likely that the 
real pressure giving rise to regulation and market 
resistance (by retailers and food manufacturers) 
has been exerted by other groups, such as 
environmentalists, some of which purport to 
represent the interest of consumers even though 
they are not a consumer lobby per se.

Environmental groups such as Greenpeace have 
opposed the introduction of biotech crops, in 
spite of compelling evidence that they will allow 
a substantial reduction in the environmental 
burden of chemical pesticides, and in the absence 
of any evidence of a serious environmental risk 
(at least with regard to the currently available 
crops). It seems likely that their opposition refl ects 
a coalition of interest of environmentalists and 
others (such as those who oppose capitalism or big 
business generally) rather than a simple objective 
of environmental conservation.

Farmers in some countries, or in some parts of 
a country, may be aided by regulation, since 
agricultural biotechnology may infl uence the 
strength (or even the direction) of comparative 
advantage, favoring one group of farmers over 
another. Anderson (2006) suggests that while 
farmers in Europe as a whole would fi nd it profi table 

to adopt currently available biotechnology, they 
would be worse off  if they had to compete in a 
world in which farmers worldwide were free to 
adopt compared with a world without biotech 
crops. Hence, European farmers might naturally 
oppose the development of biotech crops 
generally. But Anderson also shows that European 
farmers can be even better off , even if they do not 
adopt biotechnology themselves, if the adoption 
of biotech crops in other countries leads to the 
erection of new regulatory barriers on imports by 
the EU that amount to trade protection against 
competition from both conventional and biotech 
crop producers.

Agricultural technology fi rms clearly have an 
interest. Graff  and Zilberman (2004) speculated 
that agricultural technology fi rms in Europe had a 
comparative advantage in chemical technologies 
whereas agricultural technology fi rms in the 
United States had a comparative advantage in 
biotechnology. Hence, fi rms in Europe (perhaps 
in coalition with European farmers) would oppose 
biotech and infl uence their governments to 
regulate accordingly, whereas fi rms (and farmers) in 
the United States would do the opposite. A possibly 
contradictory view is that regulatory compliance is 
a barrier to entry, that the successful biotech fi rms 
in the United States have a comparative advantage 
in meeting the requirements (see Heisey and 
Schimmelpfennig 2006). The implication is that 
incumbent U.S. biotech fi rms may have encouraged 
the introduction of more stringent and costly 
regulations so as to preserve their market power. 
These questions are made more complex when 
we observe that the major fi rms are involved in 
both chemical technologies and biotechnologies, 
that they are integrated with non-agricultural 
applications of biotechnology, and that they are 
multinational.

6. THE ROLE OF SKILLS AND 
EDUCATION IN AGRICULTURE

The impact of scientifi c and technological 
progress in improving agricultural production in 
developing countries is intimately related to the 
skills and education of the populations in those 
countries. There are three key groups whose 
skills and education levels are of fundamental 
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importance: farmers, information providers and 
researchers. This section examines the role of skills 
and education for all three groups, focusing on the 
skills and education of farmers.

Skills and Education of Farmers

T. W. Schulz (1975) persuasively argued that farmers 
obtain little benefi t from education, at least in 
terms of their agricultural productivity, in settings 
that are stable; that is, where there is little or no 
technological progress. In such settings trial and 
error over many years (and even many generations) 
will eventually lead farmers to the best methods 
to maximize productivity, or more specifi cally to 
maximize farm profi ts. Yet if there are changes, 
especially rapid changes, in scientifi c knowledge 
and agricultural technology, then education helps 
farmers to adopt, and to adapt, new agricultural 
technologies that will make them better off . Several 
empirical studies have provided support for this 
claim; farmers’ education has been shown to have 
a positive impact on technology adoption in China 
(Lin 1991) and India (Foster and Rosenzweig 1996), 
although a study of Indonesia yielded inconclusive 
results (Pitt and Sumodiningrat 1991).

As discussed in other chapters in this report, the 
days of slow technological progress are long gone. 
Instead, technological progress in agriculture and 
related fi elds is proceeding at a rapid rate. This 
implies that the skills and education of farmers 
will become more important determinants of farm 
income and, more generally, social welfare in rural 
areas of developing countries (for recent evidence, 
see the review by Huff man 2001). In this process, 
farmers (and even entire countries) with low levels 
of education will be left behind. Indeed, prices for 
their products may drop, so that farmers who do 
not adopt new technologies may see their incomes 
decline. Fortunately, schooling levels in developing 
countries have increased dramatically in the past 
40 years, as shown in Table 14.

This raises two fundamental questions:

What policies will increase school enrollment, 
and learning while in school, for children in 
rural areas, both those who will eventually 
become farmers and those who are likely to 
work in other occupations?

1.

What kinds of skills should be taught in primary 
and secondary schools to children who are 
likely to become farmers?

Of course, these two questions are interrelated. If 
the “wrong” skills are taught, rural households will 
be less likely to enroll their children in school.

Turning to the fi rst question, research in the past 
10-15 years has reached some conclusions about 
what policies are most eff ective in increasing 
school enrollment in rural areas. Glewwe and 
Kremer (2006) provide a recent assessment of the 
literature. Some evidence shows that increased 
school quality, measured in a variety of ways, 
increases school enrollment and eventual years 
of completed schooling. In addition, there is very 
strong evidence that reduction in tuition and other 
costs of attending school, as well as subsidies to 
parents to keep their children enrolled in school 
(and regularly attending), lead to increases in school 
enrollment and years of schooling completed.

The second question has received less attention. 
One may think that primary and secondary schools 
in rural areas should teach students detailed 
information about the most recent technological 
advances in agriculture, but this may not be very 
useful because new technologies will arise soon 
after the students have left school, rendering 
obsolete much of what the students would have 
learned from this type of curriculum. Instead, it is 
better for schools to teach general basic skills, such 
as literacy, numeracy, and basic science knowledge. 
This will provide students with a foundation 
that they can use to learn on their own the latest 
technologies as they become available. Empirical 
support for this recommendation is seen in the 
strong evidence that general education raises farm 
productivity, while in contrast there is only mixed 
evidence that extension education raises farm 
productivity (see, inter alia, Hussain and Byerlee 
1995). This fi nding is consistent with studies of job 
training programs in the United States; programs 
that focus on teaching specifi c skills for specifi c 
types of jobs have little eff ect on the employment 
and wages of program participants (see Heckman, 
Lalonde and Smith, 1999, for a recent review).

A second reason for schools in rural areas to focus 
on basic skills is that those skills can reduce the cost 

2.
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of providing extension services. Extension agents 
can provide written materials to literate farmers 
who have a good grasp of basic science, which will 
greatly reduce the amount of time that extension 
agents need to spend with those farmers. Indeed, 
general farmer education may serve as a substitute 
for extension services, since more-educated 
farmers can acquire information directly from a 
variety of sources, including sources that extension 
agents rely on.

A third important reason for focusing on basic 
skills, instead of teaching the details of the 
latest agricultural methods, is that it provides 
an alternative to farming for rural residents. In 
developing countries, as farmers become more 
productive, less farm labor will be demanded, 
and thus many children of farmers will either 
work in rural areas in nonagricultural occupations 
or migrate to urban areas to work in activities 
unrelated to farming. Returns to education in 
nonagricultural activities are certainly sizable, but 
the precise size is still a matter of debate (Behrman 
1999). This movement of labor out of agriculture is 
economically effi  cient and will help avoid low rural 
incomes resulting from an “oversupply” of farmers 
and farm output.

Returning to the issue of the impact 
of skills and education on agricultural 
productivity, the returns to human 
capital in agriculture are unlikely 
to decrease, and most likely will 
increase, as more sophisticated 
methods are developed to increase 
farm effi  ciency. In particular, the 
advent of “knowledge-intensive crop 
management technologies” requires 
more skills, and greater ability to learn 
new skills, on the part of farmers. 
These technologies emphasize 
the timing of applying agricultural 
inputs, and the measurement of soil 
conditions and other site-specifi c 
factors for determining which inputs 
to apply, when, and in what quantities 
(see Byerlee 1998). Indeed, the more 
sophisticated methods may require 
diff erent production strategies for 
each plot of land operated by a given 
farmer, and even variation in inputs 

on diff erent sections of a single plot of land (this is 
known as “precision agriculture,” as recently survey 
by Norton and Swinton 2001). This increasing 
importance of education in determining farm 
productivity could lead to increased inequality in 
rural areas, at least in countries where education is 
unequally distributed in rural areas, and to income 
gaps between countries with high (e.g., East Asia) 
and low (e.g., South Asia and Sub-Saharan Africa) 
levels of education in rural areas.

Another diffi  cult issue regarding schooling in 
rural areas of developing countries is that many 
schools in those countries are not very eff ective 
at teaching basic literacy, numeracy and science 
skills, as explained in Glewwe and Kremer (2006). 
This is especially true in sub-Saharan Africa, where 
years of school attendance often lead to little 
learning. Research to date has provided some clues 
as to how to increase school quality, but much 
remains to be learned. Progress on providing skills 
to farmers will be slow until more is learned about 
how to make schools more eff ective in rural areas 
of developing countries.

A fi nal issue regarding the skills and schooling 
of farm households is that there are potentially 
important information problems that retard the 

Table 14: Average Years of School of Adults, Age 15+

Source: Barro and Lee (2001).

Note: Countries with populations of less than 1 million are excluded.
a Data are based on between 25 percent and 50 percent of the total 
population of the country group or region.
b Data are based on between 10 percent and 25 percent of the total 
population of the country group or region.

1960 1970 1980 1990 2000

Country group      
Low-income 1.6a 2.2a 3.7 4.6 5.2
Middle-income 2.8 3.5 4.2 5.1 5.9
High-income 7.4 7.9 9.2 9.5 10.1

Region
Sub-Saharan Africa 1.7 2.0 2.3 3.0 3.4
Middle East/North Africa 1.4 2.2 2.9 4.1 5.4
Latin America 3.2 3.7 4.4 5.3 6.0
South Asia 1.5 2.0 3.0 3.8 4.6
East Asia 2.5b 3.4b 4.6 5.6 6.2
East Europe/FSU 6.5b 7.6b 8.5b 9.0b 9.7b

OECD 7.3 7.8 9.1 9.5 10.1
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adoption of new agricultural technologies. Even 
when farmers have adequate skills to adopt 
a new technology there is an externality that 
keeps initial adoption rates below their optimal 
levels. This occurs because new technologies are 
somewhat risky, and the fi rst farmer to try a new 
crop technology in a given community provides 
information to neighboring farmers on how well 
the new technology is suited for that locality. 
The fi rst farmer to try the new technology is 
not compensated for the social benefi t of the 
information he or she provides to other farmers, 
since the result of trying the new crop is public 
knowledge (Foster and Rosenzweig 1995). This 
implies that the government should provide 
subsidies to farmers who are among the fi rst 
to adopt new technologies, even if the new 
technology proves to be unprofi table.

Skills and Education of Providers 
of Agricultural Information

Farmers rarely obtain information about new 
developments in agricultural technology from 
the researchers who develop the new technology. 
Instead, they obtain it from intermediaries, of 
whom there are two main types: government 
employees, such as agricultural extension agents, 
and private sector marketing agents, such as 
sellers of new technology items and purchasers of 
farmers’ crops. The services provided by both types 
of intermediaries are likely to depend on their 
levels of education. This subsection briefl y reviews 
the role of education and skills for both types of 
intermediaries.

The Ministries of Agriculture in almost all 
developing countries train and deploy large 
numbers of agricultural extension agents, who 
are responsible for providing useful information to 
farmers on a wide variety of topics, including new 
technologies relevant for agricultural production. 
These agents typically have at least a secondary 
school education, and often several months, or 
even 1-2 years, of training in agricultural science. 
The training varies widely across countries, and 
more generally the impact of agricultural extension 
agents, and other government employees charged 
with providing information to farmers on new 
technologies, also varies widely.

Some economists have argued that government 
extension agents often perform poorly in providing 
useful services to farmers because they have little 
incentive to do so. In contrast, vendors of new 
methods have a direct fi nancial motive to provide 
farmers with new, more productive, technologies. 
Indeed, in many developing countries most farmers 
obtain hybrid seeds and other inputs related to 
new technologies from private sector vendors, 
and the role of private providers (relative to the 
role of agricultural extension agents) is steadily 
increasing in many developing countries. On the 
other hand, relying solely on private sector sources 
for information could lead to serious ineffi  ciencies 
and possible negative consequences for the 
environment because private vendors have strong 
incentives to provide only the information that 
is favorable to the success of their businesses. As 
farmers’ levels of education increase, governments 
should develop systems that allow them more 
direct access to recent research results. This could 
take the form of brochures, magazines, books and 
(eventually) websites operated by the government. 
This is another example of how farmer education 
can be a substitute for extension services.

Skills and Education of Researchers

The smallest, but arguably the most important, 
group in the process of providing new technology 
to farmers are the researchers who develop those 
technologies, who are found in both developed 
and developing countries. This subsection focuses 
on research capacity in developing countries.

Appropriately trained scientists and engineers are 
critical for eff ective national (and international) 
agricultural research programs. The most rigorous 
training is often obtained in developed countries, 
although large developing countries may have one 
or more universities with strong departments in 
fi elds of science relevant to agriculture (examples 
include China, India and Brazil). There are at least 
two problems with obtaining skilled scientists with 
graduate degrees by sending them to developed 
countries for training. First, they need to have strong 
math and science skills to succeed in graduate 
programs in developed countries, requiring the 
requisite undergraduate training to be off ered in 
developing countries. Second, individuals who 
obtain graduate training in developed countries 
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may be reluctant to return to their own countries 
because their training enables them to earn much 
higher incomes in developed countries than they 
are likely to obtain in their home countries (Eicher, 
2006). Three possible remedies to the second 
problem are: 1) increases in salaries for researchers 
who return to work in their home countries; 2) 
development of programs (coordinated with 
immigration authorities in both countries) that 
require students in developing countries who 
obtain graduate degrees in developed countries 
to return to their home countries for several years 
after obtaining their degrees; and 3) enabling 
developing country students to obtain advanced 
degrees in those developing countries that have 
strong programs, such as Brazil, Chile, India and 
Thailand.

In the medium to long term, more developing 
countries need to develop strong programs to 
train scientists and engineers to conduct research 
that is relevant for their home countries. Countries 
with large populations can each develop their 
own program, but it may be more eff ective for 
small countries to pool their resources to develop, 
or at least be able to access, the training capacity 
they require. A very recent example of the latter 
is found in Sub-Saharan Africa (which includes 
many countries with small populations), namely 
the Education Initiative of the Alliance for a Green 
Revolution in Africa.47 These programs are just 
in their beginning stages, but nonetheless have 
important potential for increasing the quantity and 
quality of agricultural researchers in developing 
countries.

7. IMPLICATIONS

During the 1900s, the world’s agricultural economy 
was transformed remarkably, fuelled by agricultural 
productivity growth, primarily generated by 
agricultural R&D that was fi nanced and conducted 
by a small group of developed countries, especially 
the United States, but also France, Germany, and 
Japan. In an increasingly interdependent world, 
both developed and developing countries have 
been dependent on agricultural R&D conducted 
in the private and public laboratories of these few 

  47 More information on this program can be found at http://
www.agra-alliance.org/revitalising/experts.html.

countries, even though they have not contributed 
to fi nancing the activity.

Diverging Research Agendas

However, dietary patterns and other priorities 
change as incomes increase. As a result, developed 
country research agendas are shifting; in particular, 
the past emphasis on simple productivity 
enhancement and enhancing the production 
of staple foods is declining in favour of interest 
in enhancing certain attributes of food (such as 
increasing demand for processed and so-called 
functional foods) and food production systems 
(such as organic farming, humane livestock 
production systems, localised food sources and ‘fair 
trade’ coff ee). In contrast, food security concerns 
are still pervasive among less affl  uent communities, 
predominantly in developing countries.

In addition, to growing diff erences in consumer 
demand for innovation between developed and 
developing countries, R&D agendas may diverge 
because of diff erences in producer and processor 
demands. Farmers in developed countries are 
demanding high technology inputs that often are 
not as relevant for subsistence agriculture (such 
as precision farming technology or other capital-
intensive methods). Agribusiness in developed 
countries is demanding value-adding processes 
designed to meet consumer demands, and farm 
production technologies designed to satisfy 
evolving demands for farm products with specifi c 
attributes such as particular food, feed, energy, 
medical, or industrial applications.

As developed countries’ agricultural R&D programs 
respond to these changing patterns of demand 
for innovations, the emphasis of the science is 
being skewed in ways that could undermine the 
international spillovers that have traditionally 
contributed signifi cantly to gains in food 
production throughout developing countries 
of the world. These spillovers are not generally 
well understood and their importance is under-
appreciated.

Other aspects of agricultural science policy, 
and the context in which it is conducted, are 
changing as well. In particular, the rise of modern 
biotechnology and enhanced intellectual property 
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rights (IPRs) regimes mean that the types of 
technologies that were once freely available will 
be more diffi  cult to access in the future. Moreover, 
the new technologies may not be as portable as 
in the past. Biotech companies are mostly located 
in developed countries, particularly in the United 
States, and tend to emphasise technologies that 
are locally applicable. These and other factors limit 
incentives for companies to develop technologies 
for less-developed countries. Hence some fear less-
developed countries may become technological 
orphans, abandoned by their former private- and 
public-sector benefactors in developed countries.

New Pressures for Self-Reliance

International spillovers of public agricultural R&D 
results are extremely important as they have 
profound implications for the distribution of R&D 
benefi ts between consumers and producers, and 
thus among countries (Alston 2002). They have 
also contributed to a global underinvestment in 
agricultural R&D, which the existing public policies 
have only partly succeeded in correcting. The stakes 
are high because the benefi ts from agricultural 
technology spillovers are worth many times more 
than the investments that give rise to them.

The world’s least affl  uent countries have depended 
on spillovers of technologies from industrialized 
countries (especially from the United States, but 
also the United Kingdom, France, and others), both 
individually and through their collective action via 
the Consultative Group on International Agricultural 
Research (CGIAR). Until recently, much of the 
successful innovative eff ort in most developing 
countries was applied at the very last stage of 
the process, selecting and adapting varieties for 
local conditions using breeding lines and other 
materials developed elsewhere. Only a few larger 
countries, such as Brazil, China, and India, were 
able to achieve much by themselves at the more 
upstream stages of the research and innovation 
process, even for improved crop technologies for 
which conventional breeding methods are widely 
applied. Until recently, that strategy of conducting 
adaptive research and relying on spillovers for 
basic material was reasonable, given an abundant 
and freely accessible supply of suitable materials; 
at least for the main temperate-zone food crops.

Changes in the emphasis of developed country 
agricultural R&D, combined with new IP rules and 
practices in conjunction with an increased use of 
modern biotechnology methods, have already 
begun to spell a decline in the public pool of 
new varieties. In addition, the other main source 
of varietal materials, the CGIAR, has changed its 
emphasis and is scaling back its role of providing 
fi nished material or advanced breeding lines. 
The reduction in spillovers from these traditional 
sources will mean that less-developed countries 
will have to fi nd new ways of meeting their 
demands for new varieties.

Pervasive Underinvestment

Although investment in agricultural R&D has high 
returns and has played a major role in helping to 
provide food for large and expanding populations, 
support for this form of R&D is declining. 
Underfunding of agricultural R&D is pervasive, 
especially in developing counties. This trend is 
alarming given:

the continuing and substantive growth of 
populations, especially in developing countries

an increasingly scarce and deteriorating natural 
resource base

the pervasive pockets of hunger and poverty 
that persist in developing countries, in many 
cases despite impressive national average 
productivity increases

the growing divergence between developed 
country research agendas and the priorities of 
developing countries.

The problem of underfunding may worsen, 
especially for R&D that is related to the production 
of food staples in less-developed countries, as 
evidenced by the recent funding trends.

Agricultural R&D is at a crossroads. The close 
of the 20th century marked changes in policy 
contexts, fundamental shifts in the scientifi c basis 
for agricultural R&D, and shifting funding patterns 
for agricultural R&D in developed countries. These 
changes imply a requirement for both rethinking of 
national policies and reconsidering multinational 

•

•

•

•
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approaches to determine the types of activities to 
conduct through the CGIAR and similar institutions 
and how these activities should be organised and 
fi nanced. Even though there is no evidence to 
suggest that the world can aff ord to reduce its rate 
of investment in agricultural R&D and there is every 
indication that more should be invested, it cannot 
be assumed that developed countries will play the 
same roles as in the past. In particular, countries 
that in the past relied on technological spillovers 
may no longer have that luxury available to them in 
the same ways or to the same extent. This change 
can be seen as involving three elements:

The types of technologies being developed in 
the developed countries may no longer be as 
readily applicable to less-developed countries 
as they were in the past.

Those technologies that are applicable may 
not be as readily accessible because of IP 
protection of privately owned technologies.

Those technologies that are applicable and 
available are likely to require more substantial 
local development and adaptation, calling for 
more sophisticated and more extensive forms 
of scientifi c R&D than in the past.

In short, diff erent approaches may have to be 
devised to make it possible for countries to achieve 
equivalent access and tap into technological 
potential generated by other countries, and in 
many instances countries may have to extend their 
own agricultural R&D eff orts farther upstream, to 
more fundamental areas of the science.

1.

2.

3.

Epilogue

The balance of global agricultural R&D investments 
is shifting in ways that will have important long-
term consequences, especially for the world’s least 
affl  uent countries. The primary reason is changes 
in supply and demand for agricultural technologies 
in developed countries, which have been the main 
producers of agricultural technologies. These 
countries seem unlikely to provide the quantities 
of productivity-enhancing technologies, suitable 
for adaptation and adoption in food defi cit 
countries, that they did in the past. This trend has 
been compounded by a scaling back of developed-
country support for the international agricultural 
R&D system, which has already diverted its 
own attention away from fi nished productivity-
enhancing technologies, especially for staple food 
crops.

A shift in R&D agendas is forcing a rethinking of 
some national and multinational policies. National 
governments can take some initiatives in national 
agricultural R&D policy, such as enhancing IP and 
tailoring the institutional and policy details of IPRs 
to best fi t local circumstances; increasing the total 
amount of government funding for their national 
agricultural R&D systems; introducing institutional 
arrangements and incentives for private and 
joint public-private funding; and improving the 
processes by which agricultural R&D resources are 
administered and allocated.
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