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Abstract 
 
Global adoption of transgenic crops reached 67.7 million hectares in 2003 from 2.8 
million in 1996. Delivery has occurred almost entirely through the private sector and 
adoption has been rapid in areas where the crops addressed serious production 
constraints and where farmers had access to the new technologies. Three countries 
(USA, Argentina and Canada), three crops (soybean, cotton and maize) and two traits 
(insect resistance and herbicide tolerance) account for the vast majority of global 
transgenic area. While some farmers in some developing countries are benefiting, most 
do not have access to transgenic crops and traits that address their needs. This paper 
surveys the level and distribution of the economic impacts of transgenic cotton and 
soybeans to date and reviews the impacts of these crops on chemical pesticide and 
herbicide use. It concludes with some considerations of ways to address the 
development and delivery of technological innovations to small farmers in developing 
countries. 
 
Key Words: Agricultural Biotechnology, Economic Development, Technological 
 Change, Cotton, Soybean. 
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1. Introduction 
In 1996, approximately 2.8 million hectares were planted to transgenic crops or 
genetically modified organisms (GMO) in six countries (James, 1998). Adoption has 
been rapid in those areas where the crops address important production problems, and by 
2003 global area had risen to 67.7 million hectares in 18 countries (James, 2003). While 
this overall rate of diffusion is impressive, it has not been uniform. Developed countries 
have dominated the use of transgenic crops and only a small number of crops and traits 
have received commercial acceptance (Table 1). Six countries (the USA, Argentina, 
Canada, Brazil, China and South Africa), four crops (soybean, cotton, maize and canola) 
and two traits (herbicide tolerance and insect resistance) account for more than 99 percent 
of global transgenic area. Sales and licenses in developing countries have been an 
insignificant source of revenue for industry.  
 
This paper reviews the evidence of economic impacts of the adoption of insect resistant 
cotton and herbicide tolerant soybeans in several countries. The emphasis will be on 
extracting general conclusions about three key factors: 1) the level and distribution of 
economic benefits under private sector delivery of research products, 2) the impacts of 
transgenic crops on chemical input use; and 3) implications of the experience to date for 
the delivery of transgenic technology to developing countries. 
 
 
2. Microeconomic impacts of transgenic crops 
2.1 Insect resistant cotton 
Cotton varieties have been genetically transformed with Bacillus thuringiensis (Bt) genes 
that cause the cotton plant to produce a protein that is toxic to certain species of insects, 
significantly reducing insect damage and chemical pest control costs in infested areas 
(Davis et al., 1995). Bt cotton is highly effective in controlling two major Lepidopteran 
pests - pink bollworm and cotton bollworm - and is partially effective in suppressing 
tobacco budworm and fall armyworm. These four pests are often referred to as the 
budworm-bollworm complex (BBWC). Bt cotton also offers farmers increased certainty 
of control because it is effective against insects that have developed resistance to certain 
chemicals, notably pyrethroids. In certain areas, chemical control of BBWC is no longer 
effective because of widespread insect resistance to all available chemical pesticides. 
 
Adoption 
Transgenic Bt cotton was first grown in the United States and Mexico in 1996 and has 
subsequently been introduced in Argentina, Australia, South Africa, China, Indonesia and 
India (Table 2). The first cotton varieties containing a Bt gene were introduced 
commercially through a licensing agreement between the gene discoverer, Monsanto, and 
the leading cotton germplasm firm in the United States, Delta and Pine Land Company 
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(D&PL). Some of the same US varieties were subsequently introduced in Argentina, 
Australia, South Africa, and China.  
 
In the first year of commercial availability in the United States, BollgardTM cotton was 
planted on 850 000 hectares or 15 percent of the total cotton area. By 2001, 
approximately 2.4 million hectares or 42 percent of US cotton area was planted to Bt or 
stacked Bt/herbicide tolerant cotton varieties (USDA). However, adoption of Bt cotton 
has varied greatly across growing regions in the United States, Mexico, and other 
countries, depending on the availability of suitable varieties and more importantly 
depending on the particular combination of pest control problems. BollgardTM cotton 
varieties have been rapidly accepted by farmers in areas where BBWC is the primary pest 
problem, particularly when resistance to chemical pesticides is high. When boll weevils 
or other pest populations are high, farmers achieve coincidental control of the BBWC 
with the use of broad-spectrum chemicals, or pesticide mixtures, reducing the value of Bt 
control. In the United States, adoption has been slowest in California and Texas where 
suitable Bt varieties have not been available and most rapid in states where chemical 
pesticide resistance has been most pronounced (Table 3). 
 
Patterns of infestation levels and economic losses also vary widely across the main 
growing regions in Mexico and have been important determinants of adoption of Bt 
cotton there (Table 4). While annual infestation levels are variable, Comarca Lagunera 
and Tamaulipas are the most critically affected by the BBWC and adoption has 
proceeded most rapidly in these states. The boll weevil is a serious pest in Tamaulipas 
and South Chihuahua. Pest damage in the other growing regions is more balanced among 
other insect complexes. 
 
The available evidence indicates that transgenic varieties are scale neutral with regard to 
both speed of adoption and per hectare benefits (Pray and Huang, 2003; Traxler et al., 
2003; Qaim and Traxler, 2003; Kirsten and Grouse, 2003). In China, farms of less than 
one hectare had more than double the net increase in per hectare income of those larger 
than one hectare (Table 5). This is not surprising given the manner in which Bt cotton 
and herbicide tolerant cotton and soybean varieties simplify the farmers’ management 
task. In the case of Bt cotton, season-long biological pest control is substituted for 
chemical control which is temporary. This simplifies the timing and chemical choice 
decision. The timing and choice of herbicide is similarly simplified for herbicide tolerant 
crops. Glyphosate effectively controls both broadleaf weeds and grasses and has a fairly 
broad window for the timing of application.  
 
Farm and aggregate economic impacts of Bt cotton 
There is great annual and geographic fluctuation in estimates of the actual yield1 
performance difference between Bt and conventional cotton. Insect infestations vary 
                                                 
1 All references to yields refer to actual yield as opposed to potential agronomic yield. Actual yields are the 
yields obtained by farmers which differ from potential yields due to pest damage and farming practices. 
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widely across time and space, and the relative performance of Bt cotton is highest when 
pest pressure is heaviest. Several studies contain extensive reviews of the completed 
research which we summarize here (Carpenter and Gianessi, 2001; Shelton, Zhao and 
Roush, 2002; Marra, Pardey and Alston, 2002; Falck-Zepeda, Traxler and Nelson, 
2000a). An important advantage of Bt over chemical control of pests is that it prevents 
insects from damaging the cotton plants because the Bt control is always present in the 
plant. Bt crops also benefit from decreased dependence on weather conditions that 
affecting the timing and effectiveness of insecticide applications. Chemical pest control is 
less effective and will generally result in crop losses in the presence of insect infestation. 
Farmers apply chemical controls only after noticing the presence of pests on the cotton 
plants, by which time some damage has already occurred. As a result, Bt varieties have 
superior yield performance over a wide range of growing conditions (Fernandez-Cornejo 
and McBride, 2000). 
 
Field level studies of the performance of Bt cotton have also been completed in Mexico 
(Traxler et al., 2003), Argentina (Qaim and de Janvry, 2003), Australia (Fitt, 2001), 
South Africa (Ismail et al., 2001), China (Pray et al., 2001), and India (Qaim and 
Zilberman, 2003). The results are consistent with the findings of the studies that have 
been done in the United States (Table 6). In five of the six countries, Bt cotton varieties 
had higher yields, were more profitable and saved on pesticide expenditures. Qaim and 
Zilberman argue that the relative performance of Bt cotton is likely to be highest when 
used by developing country small farmers because of the large pest losses suffered by 
these farmers. This notion is supported by the international data available to date showing 
the yield advantage to be largest in India, China and Argentina.  
 
Several studies have estimated the aggregate impact and the functional distribution of 
benefits from the introduction of transgenic varieties on benefits to producers, consumers 
and industry. These studies use estimates of the farm level cost savings and model world 
cotton supply and demand within an economic framework to calculate benefits. This 
framework takes account of the fact that, as the new technology reduces the cost of 
production, farmers may expand supply and that as prices drop, consumers may demand 
slightly more cotton. These price changes affect the level of calculated benefits. Part of 
the motivation for these studies has been that, except for a few varieties in China, the Bt 
cotton transgenics have all been patented private sector innovations. Patent holders may 
hold some monopoly power over pricing of their innovation. Certainly, the price of 
transgenic seed has been higher than that for seed of conventional varieties, and 
technology fees are charged on top of such high prices for GM seeds. Does this mean that 
the marketing firms are extracting all of the benefits generated by the innovation? This is 
an unlikely outcome because farmers must be receiving some benefits, or they would not 
choose to adopt. It will generally be true that an innovator will only be able to extract part 
of the economic benefits created through their research effort. There will always be 
benefit "spillovers" to be enjoyed by other members of society. The empirical studies that 
have been completed find that the benefits from biotechnology innovations have been 
widely shared among consumers, producers and industry.  
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Studies by Falck-Zepeda et al. (2000a, 2000b, 2000c) and Traxler et al. (2003) calculate 
the annual distribution of benefits among cotton producers, consumers and germplasm 
suppliers for the 1996-98 period using a standard economic surplus model (Alston et al., 
1995). The estimated amount and distribution of benefits from the introduction of Bt 
cotton fluctuates from year to year, but total annual benefits created averaged 
approximately $215 million (Figure 1). The average benefit shares were 45 percent to US 
farmers, 36 percent to germplasm suppliers and 19 percent to cotton consumers. Frisvold 
et al. (2000) use a different modeling approach to calculate aggregate welfare changes 
from the introduction of Bt cotton in the same period. They estimate a smaller amount of 
average total benefits ($181 million), and a smaller share of benefits to US farmers (20 
percent) and more to US consumers (27 percent). The share of benefits to industry is 
estimated at 38 percent. 
 
The average benefit shares from the introduction of Bt cotton in the Comarca Lagunera 
region of Mexico2 were 16 percent for germplasm suppliers and 84 percent for farmers 
(Table 7). The per hectares change in variable profit accruing to farmers varied widely 
between the two years, with an average figure of $ 335.45. Therefore, for the two years, 
we estimate that a total of more than $ 6 million in benefits was produced. In this 
calculation as in the welfare calculations for the United States, not the entire amount 
attributed to Monsanto is truly a net benefit, because costs such as seed distributor 
compensation, administrative and marketing costs were not accounted for. The $1.5 
million revenue from seed sales is not a large sum for a company such as Monsanto with 
$5.49 billion in annual revenue. The large annual fluctuations are largely caused by 
variability in pest infestation levels – in years of heavy pest pressure, Bt cotton produces 
a large advantage over conventional cotton varieties. Because Mexico grows a small 
share of the world’s cotton, there is no effect on consumers’ benefits.  

Effect of Bt cotton on use of chemical pesticides 
As noted above, Bt cotton is totally or highly effective in controlling several lepidoptera 
species known as the budworm-bollworm complex (BBWC) – the pink bollworm 
(Pectinophora gossypiella), cotton bollworm (Helicoverpa zea) – and is partially effective 
in controlling tobacco budworm (Heliothis virescens) and fall armyworm (Spodoptera 
frugiperda). In many major cotton-growing areas, BBWC is a major or the major pest 
control problem, but pesticide use is also conditioned by the presence of other cotton 
pests such at boll weevil (see James, 2002b). As a result, the effect of the introduction of 
Bt cotton on pesticide usage varies from region to region. In areas where BBWC is a 
major pest Bt varieties have contributed to a dramatic reduction in pesticide use.  
 
In the United States, the number of pesticide applications used against BBWC has fallen 
from 4.6 in 1992-95 to 0.8 applications in 1999-2001 (Figure 2)..Carpenter and Ginanessi 

                                                 
2 Surplus calculations were done only for the Comarca Lagunera region, rather than all of Mexico because 
of data availability. 
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(2001) estimate that the average annual reduction in use of pesticides on cotton in the 
United States has been approximately 1,000 tons of active ingredient. Pray, et al. (2002) 
estimate that in 1999-2001 farmers applied an average of 43.8 kg/hectares less of 
formulated product on Bt cotton China. Pesticide use also declined in Mexico as Bt 
cotton use grew from 0 in 1995 to 96 percent in 2000 (table 8). Qaim and Zilberman 
found that less toxic pesticides, as well as a smaller total quantity of pesticides were used 
in farmer-managed field trials of Bt cotton in India in 2001. Three less applications and 
nearly 70 percent less total insecticide was used on Bt cotton, with most of the reduction 
occurring in highly toxic organophosphates, carbamates and pyrethroids belonging to 
toxicity classes I and II. Less pesticide use on Bt cotton was also reported in Argentina 
(Qaim and deJanvry) and South Africa (Kirsten and Grouse). 
 
2.2 Herbicide tolerant soybeans 
Genetically engineered herbicide tolerant crops feature a gene from the soil bacterium 
Agrobacterium tumefaciens, which makes the recipient plant tolerant to the broad-
spectrum herbicide glyphosate. Introduced to a crop plant, the technology can facilitate 
weed management in farmers’ fields. It can reduce production costs, through the 
substitution of glyphosate for an array of more expensive herbicides. Herbicide tolerance 
for various crops was developed by Monsanto under the brand name RoundupReadyTM 
(RR). Monsanto also sells glyphosate under the brand name Roundup. Roundup sales 
increased significantly after the launch of the technology, however Monsanto’s patent on 
glyphosate has expired and a number of firms now offer the product under various brand 
names. 

Adoption 
RR soybeans were commercially released in the Argentina and the United States in 1996. 
The sale and use of RR technology is protected in the US through patents and sales 
contract with farmers, but neither form of intellectual property protection is used in 
Argentina. Thus in Argentina, RR soybeans are widely available from sources other than 
Monsanto and Argentine farmers pay a relatively small price markup. Argentine farmers 
are legally allowed to use farm-saved seeds. Adoption proceeded rapidly in both 
countries. By 2001, more than 90 percent of the Argentine soybean area, and 68 percent 
of US area was cultivated with RR seeds.  
 
The market for RR certified soybean seeds in Argentina can be characterized as 
competitive due to an unusual set of circumstances surrounding the introduction of the 
RR gene into Argentina. The first company to commercially release RR soybean varieties 
in Argentina was Nidera, the largest seed company in Argentina. Because Monsanto 
failed to patent the RR technology in Argentina, Nidera obtained royalty-free access to 
Monsanto’s RR technology in the late 1980s (Qaim and Traxler). Nidera channeled the 
technology through the Argentine biosafety process and received commercial approval 
for several RR soybean varieties in 1996. Monsanto itself and other companies only 
followed in subsequent years. In 2001, there were seven companies providing over 50 
different RR varieties in Argentina. Except for Nidera, these companies pay license fees 
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to Monsanto. Thus, both Nidera and Monsanto capture some revenue from RR 
technology.  

Farm and aggregate economic impacts of herbicide tolerant soybeans 
Argentine farmers are not required to sign special purchase contracts, as used by 
Monsanto in the United States. This means that farmers are allowed to retain seeds from 
their harvest for future plantings. The national seed institute in Argentina, INASE, 
estimates that farm-saved seeds account for 30 percent of all soybeans planted. Although 
sales of farm-saved and other uncertified materials are prohibited under national law, 
unauthorized sales are estimated to account for another 35 percent of total seed 
consumption. The remaining 35 percent are certified seeds sold by authorized seed 
companies. Weak intellectual property protection and the widespread use of farm-saved 
and black market seeds have placed downward price pressure in formal seed markets in 
Argentina. While farmers in the United States on average pay 43 percent more for RR 
than for conventional certified seeds (GAO, 2000), the technology markup is around 30 
percent in Argentina.  
 
Yields of RR soybeans are not significantly different from yields of conventional 
soybeans in either the United States or Argentina. Reduced herbicide and tillage expenses 
generate farm level benefits of RR soybeans. Many farmers switched to low-till or even 
no-till cultivation practices after adoption of RR soybeans and machinery and labor costs 
are also lower due to the reduced time needed for harvesting (Doanes 2001; Qaim and 
Traxler, 2003). Due to the lower incidence of green weeds in RR plots, the combine 
harvester can be operated at higher speed without the danger of clogging. 
 
In Argentina total variable cost of production is about eight percent ($21 per hectare) 
lower for RR soybeans than for a conventional crop. In the United States for 1996, 
Hubbell et al. (2000) reported cost savings between $17 and $30 per hectare for the US as 
a whole. Moschini et al. (2000) estimated a cost advantage of $20 per hectare for 2000. 
Duffy (2001) carried out farm surveys in Iowa in 1998 and 2000, and found that cost 
savings are actually negligible there. But, by simulating different weed control scenarios, 
Gianessi et al., (2002) calculated RR cost advantages of $40 per hectare for many US 
states, in some cases even higher than this. The different results do not suggest a clear 
pattern over time. Taking an average over all sources, it appears that cost savings in the 
United States are similar to those in Argentina, even though the prices for RR seeds and 
glyphosate are lower in Argentina than in the United States. 
  
Welfare effects of the spread of RR soybeans in the United States have been analyzed in 
a few studies (Price et al., 2001; Moschini et al., 2000; Falck-Zepeda et al., 2000c) but 
only Qaim and Traxler (2003) has explicitly modeled the diffusion of the technology in 
Argentina and results from this study will be summarized here. In 2001, RR soybeans 
created more than $1.2 billion, or about 4 percent of the value of the world soybean crop, 
in economic benefits at the global level (Table 9). The largest share of these overall 
benefits went to soybean consumers, who gained $652 million (53 percent of total 
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benefits) due to lower prices. Soybean producers received net benefits of $158 million 
(13 percent), and biotechnology and seed firms received $421 million (34 percent) as 
technology revenue3.  Soybean producers in countries where RR technology is not 
available faced losses of $291 million in 2001 due to the induced decline of about 2 
percent ($4.06/ mt) in world market prices. This underlines that national restrictions to 
GM technology access can bring about considerable taxation of the domestic farm sector. 
A case in point is Brazil, the second largest soybean producer in the world. According to 
industry estimates, farm level benefits in Brazil could be similar to those in Argentina 
(Paarlberg, 2001). Yet, due to a protracted biosafety process and uncertainty with respect 
to legal responsibilities, as of early 2003, RR soybeans have not received official 
approval for commercialization in the country4.  
 
Farmers in Argentina and the United States had large welfare gains that increased as RR 
adoption increased. Argentine farmers were receiving surplus of more than $300 million 
by 2001 and US farmers received surplus of $145 million in 2001. Although the RR area 
in the United States is larger than in Argentina, net producer surplus has been larger in 
Argentina since 1999 because the share of adopting farmers in Argentina exceeds the 
share in the United States. For example, in 2001, more than 9.6 million hectares were still 
planted to conventional soybeans in the United States, compared to only about 1 million 
hectares in Argentina. This example clearly shows that, because of technology spillovers, 
producer benefits are not confined to the innovating country. Farmers in developing 
countries have much to gain when they are given access to suitable foreign technologies.  
  
Table 9 also shows that monopoly rents for private firms in the United States are sizable, 
and that their share in total national surplus has been increasing from 42 percent in 1996 
to 57 percent in 2001. On the other hand, because of weak intellectual property protection 
in Argentina, technology revenues there are much smaller, accounting for just 8 percent 
of the total Argentine surplus. Falling prices for RR seeds and a growing informal market 
will further reduce this revenue stream over time5. However, these results also show that 
the notion that private firms would gain nothing from their innovations without patent 
protection is not accurate. Given the big market size, Argentina will remain interesting 
for foreign seed companies, even though intellectual property protection is weaker than in 
the United States. 

RR Soybeans: Environmental Effects 
RR soybeans change the use patterns of tillage and chemical herbicide use. Glyphosate 
substitutes for a number of other products, with the result that per hectare herbicide 
                                                 
3 As in the cotton studies, gross technology revenues are used as a measure of monopoly rent. No research, 
marketing, or administration costs are deducted. If we assume, for example, that these costs amount to 33% 
of technology fee revenues, the monopoly rent would fall to around $280 million (26% of total surplus). 
4 Moschini et al. (2000) show comparatively small producer surplus effects for South America in 2000. In 
their regional approach the gains for farmers in Argentina are offset by losses to Brazilian producers. 
5 For insect-resistant cotton in China, Pray et al. (2001) also reported relatively low and decreasing private-
sector returns due to weak IP protection. 
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expenditures decline. Table 10 shows that in Argentina the average number of herbicide 
applications slightly increases, while herbicide amounts used per hectare even more than 
double. In the United States, the use of RR soybeans has been reported to lead to a 
decrease in the number of applications, with aggregate herbicide amounts more or less 
unaffected (Fernandez-Cornejo and McBride, 2000; Doanes, 2001). 
 
Herbicides differ in their mode of action, duration of residual activity, and toxicity, so an 
increase in total herbicide amounts does not inevitably entail negative environmental 
effects. Glyphosate essentially has no residual activity and is rapidly decomposed to 
organic components by microorganisms in the soil. According to the international 
classification of pesticides, glyphosate belongs to toxicity class IV, the lowest class for 
“practically non-toxic” pesticides (WHO, 1988). As Table 10 shows, adoption of RR 
soybeans led to an almost complete abandonment of herbicides belonging to toxicity 
classes II and III. There are no other herbicides used in soybeans which belong to toxicity 
class I. Consequently, RR technology has led to an increase in the use of a relatively 
harmless herbicide and a significant reduction in the use of more hazardous herbicides.  

 
The major reason for the rise in the number of herbicide applications is the farmers’ 
conversion to no-till practices that require pre-seeding chemical weed control. Although 
RR soybeans were not the only factor for the rapid adoption of no-till practices in the 
second half of the 1990s, Table 10 suggests that they played an important role. Whereas 
only 42 percent of the farmers in our sample used no-till for conventional soybeans, 80 
percent of them use this practice on their RR plots6. No-till helps to preserve the soil 
texture and reduces the risk of wind and water erosion, with concomitant positive 
environmental effects. RR farmers who did not completely switch to no-till usually 
pursue a reduced-tillage system for soybeans. On average, the technology reduced the 
number of tillage operations by one passage per field. Overall, the number of machinery 
hours is reduced by 20 percent, and fuel savings are almost 10 liters per hectare. 
 
3. Institutional Options for Delivering Biotechnology Innovations  
The impact of transgenic technologies on production costs will influence comparative 
advantage in world markets. The direction and causes of shifting trade patterns are 
difficult to determine due to the many random influences and large annual trade flow 
variations. However, it is clear that unequal access to the fruits of biotechnology research 
will lead to differential rates of technological progress between “have” and “have not” 
countries. To date, the realization of production cost savings from biotechnology research 
have been concentrated in just three large countries that are exporters of major food 
crops: the United States, Canada and Argentina. The primary explanation for this 
geographic concentration is the dominance of the private sector in the delivery of 
biotechnology innovations to date, the huge size of these seed markets and the similarity 

                                                 
6 RR technology has similarly increased adoption of reduced tillage and no-till in the US (DMR, 2001). 



 9

of these countries’ agricultural systems. The private sector naturally has focused their 
R&D effort on those markets with the greatest sales potential for seeds. 
   
The private sector led progress in biotechnology has been financed by corporate debt and 
equity, commercial sales and through specialized “start up” firms using venture capital. 
The public sector has played a role in supporting basic research. The total US federal and 
state public sector budget for ARS and the Land Grant Universities for agricultural 
research was more than two billion dollars. Developing country potential to finance 
biotechnology investments occurs on a vastly smaller scale. Incentives are weak for 
private sector investment even in large developing countries such as China and India 
because of uncertainty about the potential to enforce IPR. Public sector research efforts 
are also small relative to the US. James (2002a) estimates that 96 percent of the $4,400 
million invested globally in crop biotechnology in 2001occured in industrialized 
countries, and that the private sector invested just $36 million in developing countries 
compared to $3,100 million in industrial countries (Table 11). By comparison the 
CGIAR, which is the largest international public sector source of agricultural 
technologies, spends less than 250 million dollars annually on all plant improvement 
R&D and only about $25 million on biotechnology (Byerlee and Fischer, 2001).  
 
Only in China has the public sector been a significant source of innovation in 
biotechnology. To date, no GM crops have been introduced into tropical regions. The 
geographic and crop focus of private sector biotechnology R&D and innovation is 
unlikely to change soon, and the rate of innovation in countries that do not have large 
seed markets will undoubtedly continue to lag. A vital question, then is Who will develop 
GM crops for developing countries, including the majority of countries which are small 
both in terms of seed market potential and in terms of scientific capacity?  At present no 
institutional infrastructure exists that possesses both the resources and incentives to focus 
on delivering a stream of biotechnology innovations to developing countries. Consider 
the following set of institutional possibilities. How might the institutional and scientific 
environment for generating and delivering biotechnology evolve in a direction that makes 
it possible to deliver transgenic products to developing country farmers residing in 
tropical countries? 

• Each country produces its own GMOs 
This is the least likely of the institutional options. The capacity needed to use technology 
different from capacity needed to generate technology. Even large countries such 
Argentina, South Africa and Mexico that are using GMOs, lack the capacity to generate a 
stream of GMOs targeted at their individual domestic agricultural problems. The GMOs 
that they are using were developed by Monsanto for the United States market, so the only 
research needed was adaptive plant breeding to transfer the Bt and herbicide tolerance 
genes to local commercial varieties. Certainly there are very many small countries that 
lack the capacity for even this type of adaptive research. 

• CGIAR centers lead delivery 
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This is an intriguing institutional possibility given the success of the CGIAR centers in 
distributing the semi-dwarf wheat and rice technologies that induced the Green 
Revolution. But the Green Revolution and the Biotechnology Revolution are arriving in 
vastly different technologies and are arriving in vastly different worlds. The dwarfing 
genes were freely shared among scientists in many countries without regard to 
intellectual property rights, were widely adapted and easily moved to adapted germplasm 
at low cost and faced few phytosanitary concerns. The CGIAR centers are not heavily 
invested in biotechnology research capacity at present with a total annual expenditure of 
perhaps $25 million. It therefore seems unlikely to expect them to be a major supplier of 
biotechnology research for developing countries. 

• Regional NARS lead delivery 
Another institutional possibility would be for the larger National Agricultural Research 
Systems (NARS) – India, China and Brazil – to become regional suppliers of 
biotechnology research for smaller countries. The advantages of clustering research 
efforts for countries with similar agroclimatic conditions are obvious, and each of these 
countries has significant research capacity in both basic and agricultural science. But of 
these countries, only China has experience with public sector delivery of a transgenic 
product, in fact Brazil and India have only recently approved GMOs for commercial use. 
There is no indication that the public sector in any other country will soon become a 
major player, and no other country has yet benefited from biotechnology discoveries 
made in China. 
   
The lack of institutional arrangements for sharing intellectual property across public 
sector institutions is also a large hurdle to be overcome. Contrary to the pace at which 
private sector companies now share intellectual property, there is scant experience 
anywhere in the world where public sector institutions have the flexibility or the 
motivation to achieve such exchanges. This implies that a radically new mindset and new 
institutional arrangements would need to emerge before the sharing of intellectual 
property could become sufficiently routine to allow smaller countries to depend on their 
large public sector neighbors to supply useful research outputs. At present, outside of 
germplasm being shared within the CGIAR networks, there is very little cross-border 
sharing of technology between public sector institutions, probably due to a lack of 
incentives for public officials to negotiate such arrangements, but also probably due to 
the implicit competition among countries in international commodity markets.  

• Private sector delivery 
This is the tested model, having delivered current GMOs. At least three major obstacles 
may prevent this from becoming a viable option in the near term. First, transaction costs 
are very large for market entry in each country. In most countries obtaining biosafety 
clearances is either impossible or so uncertain and expensive that the private sector does 
not consider market entry to be a good business risk. The list of countries with 
functioning biosafety committees is increasing, but until there is some type of regional 
harmonization and sharing of biosafety information, the regulatory transaction costs are 
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entry barriers for a substantial number of countries. A second obstacle is the difficulty of 
protecting IPR. The experiece to date with IPR enforcement on soybean, maize and 
cotton GMOs worldwide is mixed – protection has been good in some countries, difficult 
in others, and uncertain in most. The third, and possibly the most difficult to remedy 
obstacle is the absence of functioning seed markets in most countries for most crops. 
With the exception of maize, cotton and vegetables in a few countries, seed markets are 
very thin, making it difficult to deliver GMOs to farmers. The combined effect of these 
obstacles is an environment of very weak incentives for private sector biotechnology 
investment in developing countries – certainly nothing like the business potential that 
fueled the discovery of existing GMOs. At present then, the developing world suffers 
from the absence of profitable GMO markets with secure access. 
 
The one scenario under which the private sector could become a reliable source of 
biotechnology innovations for developing countries is the one in which the large market 
countries, i.e. India, Brazil and China become “GMO friendly.” That is, if India, China 
and Brazil were to achieve stable regulatory and IPR regimes and GMO products were 
accepted by consumers in these large markets, the private sector would very likely make 
substantial R&D investments in developing GMO products for their significant 
agricultural problems. These three countries have a combined seed market of $4.7 billion. 
Products developed for these markets would then become available for neighboring 
countries that have mounted the necessary biosafety regulatory and IPR enforcement 
capacity. Once the private sector had developed useful products, for example for 
Brazilian farmers, they would begin marketing them in other tropical countries. Even if 
this scenario were to develop, the prospects for pureline crops would remain very 
uncertain. 
 
Given the institutional infrastructural difficulties outlined above therefore, the major 
direct impact of biotechnology on the world food supply over the next decade will be 
through its effect on the world supply of animal feeds derived from soybeans and maize 
and of edible oils derived from soybeans and canola, and of course on the world supply 
of cotton. These effects are measurable, but even in the case of the most widely adopted 
transgenic crop, RR soybeans, have reduced world soybean prices by only about 2 
percent (Qaim and Traxler). Downward pressure on other agricultural commodity prices 
will occur through cross-price effects, but will be modest in the near future. Because of 
the very long lead times required to take GMOs through biosafety protocols and to 
develop and distribute adapted transgenic varieties, it is likely that the next decade will 
see only a few new transgenic products approach the level of acceptance that the crops 
listed in Table 1 have achieved. In the longer run, it seems certain that advances in 
biotechnology will affect the supply of many food crops. Research is underway to 
improve food maize, wheat, rice, tubers and many vegetable crops, and there seems little 
doubt that these efforts will be successful in developing plant varieties that assist farmers 
in overcoming many of their current production constraints. However it must be realized 
that it has been eight years since the first transgenic crops appeared, and there are still 
only two novel traits (Bt insect resistance and herbicide tolerance) that have had 
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important effects on world food production, and the effect on developing country 
agriculture has been minor.  
 
A sober assessment therefore must conclude that transgenic products are unlikely to have 
a major impact in developing countries in the next decade. This reality exists along side 
the immense potential for biotechnology to address many of the most difficult production 
problems that plague small farmers in developing countries. The challenge is to devise 
and fund institutions that will be able to target the tools of biotechnology on these 
problems. Who will do the research, and how will it be financed?  While the science is 
advancing rapidly, the institutional capacity to deliver biotechnology faces huge 
challenges. No institution exists with financial and scientific resources and proper 
incentives to lead the delivery of biotechnology innovations to developing countries.  
 
Genomics and genetic engineering could be potentially very useful for addressing the 
problems faced by poor farmers, particularly those in the marginal environments. The 
question that needs to be asked is whether incentives exist, or can be created, for 
public/private sector partnerships that allow the public sector to use and adapt 
technologies developed by the private sector for the problems faced by the poor farmers, 
especially those growing non-commercial (orphan) crops. In a world in which the science 
required to generate improved technologies is becoming increasingly complex and 
expensive, the level of collaboration among public institutions, and between public and 
private institutions must increase from its low current level.  

 
4. Summary and Conclusions 
This paper has reviewed the experience with the use of transgenic crop varieties. The 
evidence reviewed has been collected from ex-post impact studies of the diffusion of Bt 
cotton and herbicide tolerant soybeans. Two other transgenic crops, herbicide tolerant 
canola and herbicide tolerant and Bt maize, are being widely grown in the US, Canada, 
but evidence of the impact of these crops in developing countries remains spotty. 

 
Some general conclusions emerge from the review. First, transgenic crop varieties have 
delivered large economic benefits to farmers in some areas of the world over the past 
seven years. In several cases the per hectare savings, particularly from Bt cotton have 
been very large when compared with nearly any technological innovation introduced over 
the past few decades. But even within those countries, such as Mexico and the United 
States where transgenic products have been available, adoption rates have varied greatly 
across production environments. In other words, biotechnology is not a magic bullet, but 
rather a resource that can be useful when combined with competent adaptive research 
capacity. 
 
Secondly, the environmental effects of these two transgenic crops have been strongly 
positive. In virtually all instances insecticide use on Bt cotton is significantly lower than 
on conventional varieties and glyphosate has been substituted for more toxic and 
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persistent herbicides in RR soybeans. Furthermore, reduced tillage has accompanied RR 
soybeans and cotton in many cases. Negative environmental consequences, while 
meriting continued monitoring, have not been documented in any setting where 
transgenic crops have been deployed to date. Third, even though the transgenic crops 
have been delivered through the private, rather than the public sector, the benefits have 
been widely distributed among industry, farmers and final consumers. This suggests that 
the monopoly position engendered by intellectual property protection does not 
automatically lead to excessive industry profits. Finally, evidence from China (Pray et 
al), Argentina (Qaim and deJanvry), and Mexico (Traxler et al.) suggest that small 
farmers have had no more difficulty than larger farmers in adopting the new technologies.  
  
The question therefore, is not whether biotechnology is capable of benefiting farmers, but 
rather of how this scientific potential can be brought to bear on agricultural problems of 
developing country farmers. Biotechnology holds great promise as a new tool in the 
scientific toolkit for generating applied agricultural technologies. The challenge at 
present is to design an innovation system that focuses this potential on the problems of 
developing countries.  
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Table 1: Worldwide adoption of transgenic traits 

Global transgenic area crop and trait, 2002 
Product Share of total transgenic 

area 
(percent) 

Herbicide tolerant soybean 62 
Insect resistant maize 13 
Herbicide tolerant canola  5 
Herbicide tolerant cotton  4 
Insect resistant and herbicide tolerant cotton 4 
Herbicide tolerant maize  4 
Insect resistant cotton  4 
Insect resistant and herbicide maize 4 
Total 100 
Source: James, 2002b 
 
 
 
Table 2: Bt cotton area, 2001 
Country Area (000 ha) 
United States 2 400
China 1 500
Australia 125
Mexico 30
Argentina 10
Indonesia 10
South Africa 10
Total 4 085
Source: James, 2002a 
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Table 3: Percent adoption of Bt cotton in the US, by state 1998-2001 

 1998 1999 2000 2001
Alabama 61 76 65 63
Arizona 57 57 56 60
Arkansas 14 21 60 60
California 5 9 6 6

Florida 80 73 75 72
Georgia 47 56 47 43
Louisiana 71 67 81 84
Mississippi 60 66 75 80

Missouri 0 2 5 22
New Mexico 38 32 39 32
N. Carolina 4 45 41 52
Oklahoma 2 51 54 58

S. Carolina 17 85 70 79
Tennessee 7 60 76 85
Texas 7 13 10 13
Virginia 1 17 41 30
Source: USDA/AMS "Cotton Varieties Planted", various years 

 
 
 

Table 4: Adoption of Bt cotton and geographic distribution of pest problems in 
Mexico’s major cotton areas. 

Seriousness of problema Pest Bt 
effectiv
eness 

Alternate 
plant 
hosts Comarca 

Lagunera 
 
Tamaulipas 

North 
Chihuahua 

South 
Chihuahua 

 
Sonora 

Baja 
Calif 

Pink bollworm 100% none Highest none minor medium medium medium 
Cotton 
bollworm 

High maize, 
tomato 

High high medium medium minor minor 

Tobacco 
budworm 

Partial maize, 
tomato 

Medium high medium medium medium minor 

Army worm Partial many Minor high medium medium minor minor 
Boll weevil None none Eradicated highest minor highest minor none 
White fly None many Minor none none none highest highest 
2000 Bt 
adoption 

 
-- 

 
-- 

 
96% 

 
37% 

 
38% 

 
33% 

 
6% 

 
1% 

Source: Traxler, et al. 
a Highest: requires multiple applications annually, potentially heavy crop damage; High: 2-3 applications 
required most years, some crop damage; Medium: 1-2 applications required most years, minor crop 
damage; Minor: not necessary to spray most years, some crop damage 
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Table 5: Distribution of benefits of Bt cotton adoption by size of farm or income 
class in China, 1999 
  Bt as % of 

Observations 
Yield Increase  

 kg/ha 
Change Total 

Cost 
RMB/ha 

Change in Net 
Income 
RMB/ha 

Farm Size      
    0.0-0.47 ha   86 410 -1346 3331 
    0.47-1 ha   85 -134 -4429 3871 
    1+ ha  87 -124 -1510 1534 

     
Household income 
(RMB) 

    

    1--10,000    85 170 -2503 3151 
    10,000+   91 65 -449 1301 

     
Per Capita Income 
(RMB) 

    

     1--1,500   85 456 -1784 3702 
     1,500--3,000   83 8 -2355 2519 
     3,000+   97 -60 6 -125 
The official exchange rate between the renminbi (RMB) and U.S. dollar is  $1.00 = RMB 8.3 
Source: Pray and Huang (2003) 
 
 
 
 
Table 6: Performance differences between Bt and conventional cotton, 6 countries.  
 Argentina Australia China India Mexico S. Africa 
 (Bt – conventional) 
Lint Yield (kg/ha) +531 -122 +523 +699 +170 + 91
Chemical sprays (No.) -2.4 -4.8 n/a -3.0 -2.2 n/a
  
Revenue ($/ha) +$ 121 n/a + $13 n/a +$248 n/a
Pest control costs ($/ha) -$ 34.85 -$ 80 -$ 230 -$ 30 -$157 +$ 4.5
Profit/hectare ($/ha)  $ 22.89 -$46 + $470 n/a +$335 +$ 29
n/a: information not available 
Sources: Qaim and deJanvry, 2003; Fitt, 2001; Traxler et al., 2003; Ismael et al., 2001; Pray et al., 
2002; Qaim and Zilberman, 2003. 
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Table 7: Estimates of economic benefit distribution, Comarca Lagunera region of 
Mexico, 1997 and 1998 ($US) 

 1997 1998 Average

A Conventional seed price per kg 2.21 2.21 2.21

B Cost per hectare to produce Bt seed 30.94 30.94 30.94

C Monsanto/D&PL Bt revenue per hectare 101.03 101.03 101.03

D=C-B Monsanto/D&PL net revenue per hectarea 70.09 70.09 70.09

E Change in farm variable profit per hectare 44.15 626.74 335.40

F Bt area in Comarca Lagunera 4,500 8,000 6,250

G=D*F Monsanto/D&PL total net revenuea   315,420    560,747    438,083 

H=E*F Total farmer benefits     198,677  5,013,952   2,606,314 

I=G+H Total benefitsa produced 514,097 5,574,699 3,044,398

J=G/I Monsanto/D&PL share of total benefitsa 61% 10% 14%

K=H/I Producer share of total benefits 39% 90% 86%
a Monsanto/D&PL net revenue calculated before administrative and sales expenses and before any 
compensation to Mexican seed distribution agents. 

 

 
 
 
 
 

Table 8: Average number of insecticide applications targeted to principal cotton 
pests in the Comarca Lagunera, 1995-2000 
 
 
Year 

Pink 
Bollworm 

Tobacco 
Budworm 

Conchuela Fall Army 
worm 

White Fly Totala 

1995 3 2 0 1 1 6
1996 7 2 0.3 2 2 7.35
1997 1.5 2.5 2 1.5 0.4 5.1
1998 2.5 1.3 1 2.1 0.2 4.5
1999 0 0 2 1 1 3.5
2000 0 1 1.5 0.2 0 2
Source: Sánchez-Arellano, 2000. Data from Plant Health Authority insecticide use 
records. 
a Totals do not equal row sums because multiple pests are targeted in some applications. 
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Table 9: Benefits generated from the introduction of RR soybeans (million US$) 
 
Year 

 
Benefits to producers 

Benefits to  
Consumers 

 
Technology revenue 

 
Total benefits and 
technology revenue 

Argentina 
1996 -1.2 0.1 0.0 -1.1 
1997 9.6 0.8 1.4 11.8 
1998 64.5 2.1 10.5 77.1 
1999 144.5 3.0 18.4 165.8 
2000 201.2 4.7 23.3 229.2 
2001 303.2 4.3 27.6 335.0 

United States 
1996 10.7 3.2 9.9 23.7 
1997 70.5 24.4 70.0 165.0 
1998 166.2 67.1 208.7 442.0 
1999 136.5 99.0 271.1 506.7 
2000 113.9 117.3 304.9 536.1 
2001 144.9 149.4 393.1 687.4 

Rest of the world 
1996 -5.2 9.1 -- 4.0 
1997 -46.5 75.2 -- 28.7 
1998 -138.2 228.8 -- 90.5 
1999 -187.3 354.2 -- 166.9 
2000 -215.0 387.8 -- 172.8 
2001 -290.6 498.0 -- 207.4 

Total 
1996 4.3 12.4 9.9 26.5 
1997 33.6 100.4 71.5 205.5 
1998 92.4 297.9 219.2 609.6 
1999 93.7 456.2 289.5 839.4 
2000 100.2 509.9 328.2 938.2 
2001 157.5 651.7 420.7 1,229.8 
Source: Qaim and Traxler, 2003.
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Table 10: Herbicide use effects of RR soybean adoption in Argentina 
 Conventional 

soybeans 
(n = 59) 

RR soybeans 
(n = 59) 

Percent 
change 

Number of herbicide applications  1.97 2.30 16.8 
Total amount of herbicides (l/ha) 2.68 5.57 107.8 
    Herbicides in toxicity class II (l/ha) 0.42 0.07 -83.3 
    Herbicides in toxicity class III (l/ha) 0.68 0.00 -100.0 
    Herbicides in toxicity class IV (l/ha) 1.58 5.50 248.1 
Share of farmers using no-till practices 0.42 0.80 90.5 
Number of tillage passes per plot 1.66 0.69 -58.4 
Machinery time (h/ha) 2.52 2.02 -19.8 
Fuel (l/ha) 53.03 43.70 -17.6 

Source: Qaim and Traxler, 2003 
 
 

Table 11: Estimates of global R&D expenditures on crop biotechnology, 2001 ($ 
millions) 
Industrial  4,220 
   Private 3,100  
   Public 1,120  
Developing Countries     180 
   China 115*  
   India    25  
   Brazil   15  
   Others   25  
Total   4,400 
Source: James, 2002a 
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Figure 1: Benefit distribution from Bt Cotton in US ($ millions) 
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Source: Falck-Zepada, Traxler & Nelson 
 
 
 
Figure 2: The number of pesticide applications for budworm-bollworm complex, 
selected US states, 1992-2001 
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