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Not since the introduction of hybrid corn seed have we witnessed 
such a sweeping technological change in U.S. agriculture. Hundreds of 
thousands of farmers have adopted the first generation of genetically 
engineered (GE) crops since their commercialization in 1996. Although 
not all GE varieties that have been commercialized have succeeded, those 
targeted at improved pest control now cover over 80 percent of the acres 
planted to soybean, cotton, and corn—that is, almost half of U.S. crop-
land. Forecasts suggest an expansion in GE-crop plantings in many other 
countries.

GE crops originate in advances in molecular and cellular biology 
that enable scientists to introduce desirable traits from other species into 
crop plants or to alter crop plants’ genomes internally. Those powerful 
scientific techniques have dramatically expanded the boundaries that 
have constrained traditional plant breeding. A new technology adopted 
so widely and rapidly has substantial economic, social, and environmen-
tal impacts on farms and their operators. Inevitably, both advantages 
and risks or losses emerge from such massive changes. The National 
Research Council has conducted multiple studies of specific aspects of GE 
crops, such as regulatory-system adequacy and food safety. However, the 
assigned tasks restricted the scope of their reports. As pressure mounts 
to expand the use of GE crops for energy, food security, environmental 
improvement, and other purposes, the scope and intensity of impacts will 
grow. Now is an opportune time to take a comprehensive look at the track 
record of GE crops and to identify the opportunities and challenges loom-

Preface
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viii	 PREFACE

ing on the horizon. The National Research Council therefore supported 
the Committee on the Impact of Biotechnology on Farm-Level Economics 
and Sustainability to investigate this topic.

Despite the rapid spread of GE crops in U.S. agriculture, the technol-
ogy continues to stir controversy around scientific issues and ideological 
viewpoints. The committee focused on the scientific questions associated 
with the farm-level impacts of the adoption of genetic-engineering tech-
nology and refrained from analyzing ideological positions, either pro or 
con. The committee adopted an “evidentiary” standard of using peer-
reviewed literature on which to form our conclusions and recommenda-
tions. It is my hope that the report will give readers a firm grasp of the 
state of evidence or lack thereof on the scientific issues.

True to its charge, the committee adopted a sustainability frame-
work that required an evaluation of environmental, economic, and social 
impacts of GE crops. Those three dimensions constitute the essential 
pillars of sustainability science. The summary and opening and closing 
chapters bring together the three perspectives for a fuller view of the 
technology’s impact.

Given the controversies, readers will want to know the committee’s 
composition and how it conducted its work in arriving at conclusions 
and recommendations. The biographies in Appendix C show a group of 
highly accomplished natural and social scientists who possess a broad 
array of research experience and perspectives on GE crops. That diversity 
of disciplines and expertise proved beneficial in introducing checks and 
balances in evaluating information from many angles. The committee 
members divided into teams to work on the various sections of the report 
on the basis of the members’ expertise. The drafts by each team were 
reviewed by the full committee to ensure that everyone had a chance to 
comment on and improve and approve each section. I was continually 
impressed with the members’ dedication to a hard-nosed and impartial 
evaluation of the best science on GE crops. Equally important, they kept 
open minds in considering new evidence presented by their colleagues 
and external experts. The result was a model multidisciplinary research 
process in which each of us learned from the others and improved the 
report quality.

In closing, I want to express my deep appreciation to the committee 
members for their tireless work and good humor in completing such a 
challenging task while working full time at their regular jobs. Their com-
mitment and professionalism exemplify the best of public science. Each 
member made significant contributions to the final report. The commit-
tee also benefited from the testimony of several experts in the field and 
from the numerous comments of many conscientious external reviewers. 
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�

With the advent of genetic-engineering technology in agriculture, 
the science of crop improvement has evolved into a new realm. 
Advances in molecular and cellular biology now allow scien-

tists to introduce desirable traits from other species into crop plants. The 
ability to transfer genes between species is a leap beyond crop improve-
ment through previous plant-breeding techniques, whereby desired traits 
could be transferred only between related types of plants. The most com-
monly introduced genetically engineered (GE) traits allow plants either 
to produce their own insecticide, so that the yield lost to insect feeding 
is reduced, or to resist herbicides, so that herbicides can be used to kill a 
broad spectrum of weeds without harming crops. Those traits have been 
incorporated into most varieties of soybean, corn, and cotton grown in 
the United States.

Since their introduction in 1996, the use of GE crops in the United 
States has grown rapidly and accounted for over 80 percent of soybean, 
corn, and cotton acreage in the United States in 2009. Several National 
Research Council reports have addressed the effects of GE crops on the 
environment and on human health.� However, the effects of agricul-
tural biotechnology at the farm level—that is, from the point of view of 

� Genetically Engineered Organisms, Wildlife, and Habitat: A Workshop Summary (2008); Safety 
of Genetically Engineered Foods: Approaches to Assessing Unintended Health Effects (2004); Envi-
ronmental Effects of Transgenic Plants: The Scope and Adequacy of Regulation (2002); Ecological 
Monitoring of Genetically Modified Crops: A Workshop Summary (2001); Genetically Modified 
Pest-Protected Plants: Science and Regulation (2000).

Summary
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�	 THE IMPACT OF GE CROPS ON FARM SUSTAINABILITY

the farmer—have received much less attention. To fill that information 
gap, the National Research Council initiated a study, supported by its 
own funds, of how GE crops have affected U.S. farmers—their incomes, 
agronomic practices, production decisions, environmental resources, and 
personal well-being. This report of the study’s findings expands the per-
spectives from which genetic-engineering technology has been examined 
previously. It provides the first comprehensive assessment of the effects of 
GE-crop adoption on farm sustainability in the United States (Box S-1).

In interpreting its task, the committee chose to analyze the effects 
of GE crops on farm-level sustainability in terms of environmental, eco-
nomic, and social effects. To capture the broad array of potential effects, 
the committee interpreted “farm level” as applying both to farmers who 
do not produce GE crops and those who do because genetic engineering 
is a technology of extensive scope, and its influences on farming practices 
have affected both types of farmers. Therefore, to the extent that peer-
reviewed literature is available, the report draws conclusions about the 
environmental, economic, and social effects, both favorable and unfavor-
able, associated with the use of GE crops for all farmers in the United 
States over the last 14 years. The report encapsulates what is known about 
the effects of GE crops on farm sustainability and identifies where more 

BOX S-1 
Statement of Task

	 An NRC committee will study the farm-level impacts of biotechnology, 
including the economics of adopting genetically engineered crops, 
changes in producer decision making and agronomic practices, and farm 
sustainability.
	 The study will:

	 •	 review and analyze the published literature on the impact of GE 
crops on the productivity and economics of farms in the United States;
	 •	 examine evidence for changes in agronomic practices and inputs, 
such as pesticide and herbicide use and soil and water management 
regimes;
	 •	 evaluate producer decision making with regard to the adoption of 
GE crops.

	 In a consensus report, the committee will present the findings of its 
study and identify future applications of plant and animal biotechnology that 
are likely to affect agricultural producers’ decision making in the future.
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research is needed. A full sustainability assessment of GE crops remains 
an ongoing task because of information gaps on certain environmental, 
economic, and social impacts.

Genetic-engineering technology continues to stir controversy around 
scientific issues and ideological viewpoints. This report addresses just the 
scientific questions and adopts an “evidentiary” standard of using peer-
reviewed literature to form conclusions and recommendations. GE-trait 
developments may or may not turn out to be a cost-effective approach 
to addressing challenges confronting agriculture, but a review of their 
impact and an exploration of what is possible are necessary to evaluate 
their relative efficacy. Therefore, the report details the challenges and 
opportunities for future GE crops and offers recommendations on how 
crop-management practices and future research and development efforts 
can help to realize the full potential offered by genetic engineering.

KEY FINDINGS

The order of findings in this summary reflects the structure of the 
report and does not connote any conclusions on the part of the committee 
regarding the relative strength or importance of the findings. In general, 
the committee finds that genetic-engineering technology has produced 
substantial net environmental and economic benefits to U.S. farmers 
compared with non-GE crops in conventional agriculture. However, the 
benefits have not been universal; some may decline over time; and the 
potential benefits and risks associated with the future development of 
the technology are likely to become more numerous as it is applied to a 
greater variety of crops. The social effects of agricultural biotechnology 
have largely been unexplored, in part because of an absence of support 
for research on them.

Environmental Effects

Generally, GE crops have had fewer adverse effects on the environ-
ment than non-GE crops produced conventionally. The use of pesticides 
with toxicity to nontarget organisms or with greater persistence in soil 
and waterways has typically been lower in GE fields than in non-GE, 
nonorganic fields. However, farmer practices may be reducing the utility 
of some GE traits as pest-management tools and increasing the likelihood 
of a return to more environmentally damaging practices.

Finding 1. When adopting GE herbicide-resistant (HR) crops, farmers 
mainly substituted the herbicide glyphosate for more toxic herbicides. 
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However, the predominant reliance on glyphosate is now reducing the 
effectiveness of this weed-management tool.

Glyphosate kills most plants without substantial adverse effects on 
animals or on soil and water quality, unlike other classes of herbicides. It 
is also the herbicide to which most HR crops are resistant. After the com-
mercialization of HR crops, farmers replaced many other herbicides with 
glyphosate applications after crops emerged from the soil (Figures S-1, 
S-2, and S-3). However, the increased reliance on glyphosate after the 
widespread adoption of HR crops is reducing its effectiveness in some 
situations. Glyphosate-resistant weeds have evolved where repeated 
applications of glyphosate have constituted the only weed-management 
tactic. Ten weed species in the United States have evolved resistance to 
glyphosate since the introduction of HR crops in 1996 compared with 
seven that have evolved resistance to glyphosate worldwide in areas 
not growing GE crops since the herbicide was commercialized in 1974. 
Furthermore, communities of weeds less susceptible to glyphosate are 

FIGURE S-1  Application of herbicide to soybean and percentage of acres of 
herbicide-resistant soybean.
NOTE: The strong correlation between the rising percentage of HR soybean acres 
planted over time, the increased applications of glyphosate, and the decreased 
use of other herbicides suggests but does not confirm causation between these 
variables.
SOURCE: USDA-NASS, 2001, 2003, 2005, 2007, 2009a, 2009b; Fernandez-Cornejo 
et al., 2009.
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FIGURE S-2  Application of herbicide to cotton and percentage of acres of 
herbicide-resistant cotton.
NOTE: The strong correlation between the rising percentage of HR cotton acres 
planted over time, the increased applications of glyphosate, and the decreased 
use of other herbicides suggests but does not confirm causation between these 
variables.
SOURCE: USDA-NASS, 2001, 2003, 2005, 2007, 2009a, 2009b; Fernandez-Cornejo 
et al., 2009.

becoming established in fields planted with HR crops, particularly fields 
that are treated only with glyphosate.

Finding 2. The adoption of HR crops complements conservation tillage 
practices, which reduce the adverse effects of tillage on soil and water 
quality.

Farmers have traditionally used tillage to control weeds in their 
fields, interrupting weed life cycles before they can produce seeds for 
the following year. However, using tillage to help manage weeds reduces 
soil quality and increases soil loss from erosion. Tilled soil forms a crust, 
which reduces the ability of water to infiltrate the surface and leads 
to runoff that can pollute surface water with sediments and chemicals. 
Conservation tillage, which leaves at least 30 percent of the previous 
crop’s residue on the field, improves soil quality and water infiltration 
and reduces erosion because more organic matter is left on the soil sur-
face, thereby decreasing disruption of the soil. The adoption of HR crops 

Figure S-2
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FIGURE S-3  Application of herbicide to corn and percentage of herbicide-
resistant corn.
NOTE: The strong correlation between the rising percentage of HR corn acres 
planted over time, the increased applications of glyphosate, and the decreased 
use of other herbicides suggests but does not confirm causation between these 
variables.
SOURCE: USDA-NASS, 2001, 2003, 2005, 2007, 2009a, 2009b; Fernandez-Cornejo 
et al., 2009.

allows some farmers to substitute glyphosate application for some tillage 
operations as a weed-management tactic and thereby benefits soil quality 
and probably improves water quality, although definitive research on the 
latter is lacking. However, empirical evidence points to a two-way causal 
relationship between the adoption of HR crops and conservation tillage. 
Farmers who use conservation tillage are more likely to adopt HR crop 
varieties than those who use conventional tillage, and those who adopt 
HR crop varieties are more likely to practice conservation tillage than 
those who use non-GE seeds.

Finding 3. Targeting specific plant insect pests with Bt corn and cotton 
has been successful, and the ability to target specific plant pests in corn 
and cotton continues to expand. Insecticide use has decreased with the 
adoption of insect-resistant (IR) crops. The emergence of insect resis-
tance to Bt crops has been low so far and of little economic or agronomic 
consequence; two pest species have evolved resistance to Bt crops in 
the United States. 

Figure S-3
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Bt toxins, which are produced by the soil-dwelling bacterium Bacillus 
thuringiensis, are lethal to the larvae of particular species of moths, butter
flies, flies, and beetles and are effective only when an insect ingests the 
toxin. Therefore, crops engineered to produce Bt toxins that target specific 
pest taxa have had favorable environmental effects when replacing broad-
spectrum insecticides that kill most insects (including beneficial insects, 
such as honey bees or natural enemies that prey on other insects), regard-
less of their status as plant pests. The amounts of insecticides applied 
per planted acre of Bt corn and cotton have inverse relationships with 
the adoption of these crops over time (Figures S-4 and S-5), though a 
causative relationship has not been established or refuted because other 
factors influence pesticide-use patterns.

Since their introduction in 1996, the use of IR crops has increased rap-
idly, and they continue to be effective. Data indicate that the abundance 
of refuges of non-Bt host plants and recessive inheritance of resistance are 
two key factors influencing the evolution of resistance. The refuge strate-
gies mandated by the Environmental Protection Agency, and the promo-
tion of such strategies by industry, likely contributed to increasing the use 
of refuges and to delaying the evolution of resistance to Bt in key pests. 

FIGURE S-4  Pounds of active ingredient of insecticide applied per planted acre 
and percent acres of Bt corn, respectively.
NOTE: The strong correlation between the rising percentage of Bt corn acres 
planted over time and the decrease in pounds of active ingredient per planted acre 
suggests but does not confirm causation between these variables.
SOURCE: USDA-NASS, 2001, 2003, 2005, 2007, 2009a, 2009b; Fernandez-Cornejo 
et al., 2009.
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FIGURE S‑5  Pounds of active ingredient of insecticide applied per planted acre 
and percent acres of Bt cotton, respectively.
NOTE: The strong correlation between the rising percentage of Bt cotton acres 
planted over time and the decrease in pounds of active ingredient per planted acre 
suggests but does not confirm causation between these variables.
SOURCE: USDA-NASS, 2001, 2003, 2005, 2007, 2009a, 2009b; Fernandez-Cornejo 
et al., 2009.

Nevertheless, some populations of two generalist pests have evolved 
resistance to Bt crops in the United States, although the agronomic and 
economic consequences appear to be minor. With the introduction of 
multiple Bt toxins in new hybrids or varieties, the probability of resistance 
to Bt crops is further reduced.

Finding 4. For the three major GE crops, gene flow to wild or weedy 
relatives has not been a concern to date because compatible relatives of 
corn and soybean do not exist in the United States and are only local 
for cotton. For other GE crops, the situation varies according to species. 
However, gene flow to non-GE crops has been a concern for farmers 
whose markets depend on an absence of GE traits in their products. 
The potential risks presented by gene flow may increase as GE traits 
are introduced into more crops.

Gene flow between many GE crops and wild or weedy relatives is 
low because GE crops do not have wild or weedy relatives in the United 
States or because the spatial overlap between a crop and its relatives is not 
extensive. How that relationship changes will depend on what GE crops 

Figure S-5
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are commercialized, whether related species with which they are capable 
of interbreeding are present, and the consequences of such interbreed-
ing on weed management. Gene flow of approved GE traits into non-GE 
varieties of the same crops (known as adventitious presence) remains a 
serious concern for farmers whose market access depends on adhering 
to strict non-GE presence standards. Resolving this issue will require the 
establishment of thresholds for the presence of GE material in non-GE 
crops, including organic crops, that do not impose excessive costs on 
growers and the marketing system.

Economic Effects

The rapid adoption of GE crops since their commercialization indi-
cates that the benefits to adopting farmers are substantial and generally 
outweigh additional technology fees for these seeds and other associated 
costs. The economic benefits and costs associated with GE crops extend 
beyond farmers who use the technology and will change with continuing 
adoption in the United States and abroad as new products emerge.

Finding 5. Farmers who have adopted GE crops have experienced lower 
costs of production and obtained higher yields in many cases because 
of more cost-effective weed control and reduced losses from insect 
pests. Many farmers have benefited economically from the adoption 
of Bt crops by using lower amounts of or less expensive insecticide 
applications, particularly where insect pest populations were high and 
difficult to treat before the advent of Bt crops.

The incomes of those who have adopted genetic-engineering technol-
ogy have benefited from some combination of yield protection and lower 
costs of production. HR crops have not substantially increased yields, 
but their use has facilitated more cost-effective weed control, especially 
on farms where weeds resistant to glyphosate have not yet been identi-
fied. Lower yields were sometimes observed when HR crops were intro-
duced, but the herbicide-resistant trait has since been incorporated into 
higher-yielding cultivars, and technological improvement in inserting the 
trait has also helped to eliminate the yield difference. In areas that suffer 
substantial damage from insects that are susceptible to the Bt toxins, IR 
crops have increased adopters’ net incomes because of higher yields and 
reduced insecticide expenditures. Before the introduction of Bt crops, 
most farmers accepted yield losses to European corn borer rather than 
incur the expense and uncertainty of chemical control. Bt traits to address 
corn rootworm problems have lowered the use of soil-applied and seed-
applied insecticides. In areas of high susceptible insect populations, Bt 
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cotton has been found to protect yields with fewer applications of topical 
insecticides. More effective management of weeds and insects also means 
that farmers may not have to apply insecticides or till for weeds as often, 
and this translates into cost savings—lower expenditures for pesticides 
and less labor and fuel for equipment operations.

Finding 6. Adopters of GE crops experience increased worker safety 
and greater simplicity and flexibility in farm management, benefitting 
farmers even though the cost of GE seed is higher than non-GE seed. 
Newer varieties of GE crops with multiple GE traits appear to reduce 
production risk for adopters.

Farmers who purchase GE seed pay a technology fee—a means by 
which seed developers recover research and development costs and earn 
profits. GE seed is typically more expensive than conventional seed, and 
the net return in terms of higher yields and lower costs of production for 
a farmer considering adoption does not always offset the technology fee. 
However, studies have found that high rates of adoption of GE crops can 
be attributed in part to the value that farmers place on increased worker 
safety, perceived greater simplicity and flexibility in farm management 
(including more off-farm work opportunities), and lower production risk. 
Farmers and their employees not only face reduced exposure to the harsh 
chemicals found in some herbicides and insecticides used before the 
introduction of GE crops but have to spend less time in the field applying 
the pesticides. Because glyphosate can be applied over a fairly wide time-
frame, farmers who use HR crops have greater flexibility regarding when 
they treat weeds in their fields. Those benefits must be balanced with 
the risk that such flexibility in application timing may reduce crop-yield 
potential attributable to weed interference. Newer GE varieties that have 
multiple pest-control traits may result in more consistent pest manage-
ment and thus less yield variability, a characteristic that has substantial 
value for risk-averse producers. The value of those benefits may provide 
additional incentives for adoption that counteract the extra cost of GE 
seed.

Finding 7. The effect GE crops have had on prices received by farmers 
for soybean, corn, and cotton is not completely understood.

Studies suggest that the adoption of GE crops that confer productivity 
increases ultimately puts downward pressure on the market prices of the 
crops. However, early adopters benefit from higher yields or lower pro-
duction costs more than nonadopters even with lower prices. The gains 
tend to dissipate as the number of adopters increases, holding techno-
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logical progress constant. Thus, as the first adopters, U.S. farmers have 
generally benefited economically from the fact that GE crops were devel-
oped and commercialized in the United States before they were planted 
by farmers in other countries. The extent to which GE-crop adoption in 
developing countries will influence productivity and prices, and therefore 
U.S. farm incomes, is not completely understood. There is a paucity of 
studies of the economic effects of genetic-engineering technology in recent 
years even though adoption has increased globally.

Finding 8. To the extent that economic effects of GE-crop plantings on 
non-GE producers are understood, the results are mixed. By and large, 
these effects have not received adequate research.

Decisions made by adopters of GE crops can affect the input prices 
and options for both farmers who use feed and food products made with 
GE ingredients and farmers who have chosen not to grow GE seed or do 
not have the option available. The effects on those not using genetic-engi-
neering technology have not been studied extensively. Livestock produc-
ers constitute a large percentage of corn and soybean buyers and therefore 
are major beneficiaries of any downward pressure on crop price due to 
the adoption of GE crops. Feed costs are nearly half the variable costs for 
livestock producers, so even moderate price fluctuations can affect their 
net incomes substantially. Livestock producers also benefit from increased 
feed safety due to reduced levels of mycotoxins in the grain. However, no 
quantitative estimation of savings to livestock operators due to the adop-
tion of GE crops and the resulting effect on the profitability of livestock 
operations has been conducted. Similarly, a number of other economic 
effects predicted by economic theory have not been documented.

Favorable and unfavorable externalities are not limited to the cost 
and availability of inputs. To the extent that genetic-engineering technol-
ogy successfully reduces pest pressure on a field and regionally, farmers 
of fields in the agricultural landscape planted with non-GE crops may 
benefit via lower pest-control costs associated with reductions in pest 
populations. However, nonadopters of genetic-engineering technology 
also could suffer from the development of weeds and insects that have 
acquired pesticide resistance in fields within the region planted to GE 
crops. When that happens, farmers might have to resort to managing the 
resistant pests with additional, potentially more toxic or more expensive 
forms of control, even though their practices may not have led to the 
evolution of resistance.

Inadvertent gene flow from GE to non-GE varieties of crops can 
increase production costs. Gene flow occurs through cross-pollination 
between GE and non-GE plants from different fields, co-mingling of GE 
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seed with non-GE seed, and germination of seeds left behind (volunteers) 
after the production year. Similarly, if GE traits cross into weedy relatives, 
weed-control expenses will be higher for all fields on to which the weeds 
spread, whether a farmer grows GE crops or not. In addition, gene flow 
of GE traits into organic crops could jeopardize crop value by rendering 
outputs unsuitable for high-value foreign or other markets that limit or 
do not permit GE material in food products; the extent of that effect has 
not been documented during the last 5 years. On the other hand, the seg-
regation of GE traits from organic production may have benefited organic 
producers by creating a market in which they can receive a premium for 
non-GE products.

Social Effects

The use of GE crops, like the adoption of other technologies at the farm 
level, is a dynamic process that both affects and is affected by the social 
networks that farmers have with each other, with other actors in the com-
modity chain, and with the broader community in which farm households 
reside. However, the social effects of GE-crop adoption have been largely 
overlooked.

Finding 9. Research on the dissemination of earlier technological devel-
opment in agriculture suggests that favorable and unfavorable social 
impacts exist from the dissemination of genetic-engineering technol-
ogy. However, these impacts have not been identified or analyzed.

Because GE crops have been widely adopted rapidly, it is reason-
able to hypothesize that there have been social effects on adopters, non
adopters, and farmers who use GE products, such as livestock producers. 
For example, based on earlier research on the introduction of new technol-
ogies in agriculture, it is possible that certain categories of farmers (such 
as those with less access to credit, those with fewer social connections to 
university and private-sector researchers, or those who grow crops for 
smaller markets) might be less able to access or benefit from GE crops. The 
introduction of genetic-engineering technology in agriculture could also 
affect labor dynamics, farm structure, community viability, and farmers’ 
relationships with each other and with information and input suppliers. 
However, the extent of the social effects of the dissemination of GE crops 
is unknown because little research has been conducted.

Finding 10. The proprietary terms under which private-sector firms 
supply GE seeds to the market has not adversely affected the economic 
welfare of farmers who adopt GE crops. Nevertheless, ongoing research 
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is needed to investigate how market structure may evolve and affect 
access to non-GE or single-trait seed. Furthermore, there has been little 
research on how increasing market concentration of seed suppliers 
affects overall yield benefits, crop genetic diversity, seed prices, and 
farmers’ planting decisions and options.

During the 20th century, the U.S. seed industry evolved from small, 
family-owned businesses that multiplied seeds developed by univer-
sity scientists to a market dominated by a handful of large, diversified 
companies. Universities still contribute to seed development, but seed 
companies have invested considerably in the research, development, and 
commercialization of patent-protected GE traits for large seed markets. 
Thus, corn, soybean, and cotton have received the bulk of private research 
attention in the last few decades. Large seed companies have not com-
mercialized GE traits in many other crops because their market size has 
been insufficient to cover necessary research and development costs or 
because of concerns related to consumer acceptance and gene flow. Public 
research institutions continue to enhance the genetics of other crops, but 
full access to state-of-the-art technology (like genetic engineering) that 
may be beneficial to crops in smaller markets is often not available to 
public researchers because of patent protections.

Studies conducted in the first few years after the introduction of GE 
crops found no adverse effects on farmers’ economic welfare from the 
consolidation of market power in the seed industry. However, the current 
developmental trajectory of GE-seed technology is causing some farmers 
to express concern that access to seeds without GE traits or to seeds that 
have only the specific GE traits that are of particular interest to farmers 
will become increasingly limited. Additional concerns are being raised 
about the lack of farmer input into and knowledge about which seed 
traits are being developed. Although the committee was not able to find 
published peer-reviewed material that documented the degree of U.S. 
farmers’ access to non-GE seed and the quality of the seed, testimony 
provided to the committee suggests that access to non-GE or nonstacked 
seed may be restricted for some farmers or that available non-GE or non-
stacked seed may be available in older cultivars that do not have the same 
yield characteristics as newer GE cultivars.

CONCLUSIONS AND RECOMMENDATIONS

Conclusion 1. Weed problems in fields of HR crops will become more 
common as weeds evolve resistance to glyphosate or weed communi-
ties less susceptible to glyphosate become established in areas treated 
exclusively with that herbicide. Though problems of evolved resistance 
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and weed shifts are not unique to HR crops, their occurrence, which is 
documented, diminishes the effectiveness of a weed-control practice 
that has minimal environmental impacts. Weed resistance to glyphosate 
may cause farmers to return to tillage as a weed-management tool and 
to the use of potentially more toxic herbicides.

A number of new genetically engineered HR cultivars are cur-
rently under development and may provide growers with other weed-
management options when fully commercialized. However, the sus-
tainability of those new GE cultivars will also be a function of how the 
traits are managed. If they are managed in the same fashion as the cur-
rent genetically engineered HR cultivars, the same problems of evolved 
herbicide resistance and weed shifts may occur. Therefore, farmers of 
HR crops should incorporate more diverse management practices, such 
as herbicide rotation, herbicide application sequences, and tank-mixes 
of more than one herbicide; herbicides with different modes of action, 
methods of application, and persistence; cultural and mechanical con-
trol practices; and equipment-cleaning and harvesting practices that 
minimize the dispersal of HR weeds.

Recommendation 1. Federal and state government agencies, private-sector tech-
nology developers, universities, farmer organizations, and other relevant stake-
holders should collaborate to document emerging weed-resistance problems and 
to develop cost-effective resistance-management programs and practices that 
preserve effective weed control in HR crops.

Conclusion 2. Given that agriculture is the largest source of surface 
water pollution, improvements in water quality resulting from the com-
plementary nature of herbicide-resistance technology and conservation 
tillage may represent the largest single environmental benefit of GE 
crops. However, the infrastructure to track and analyze these effects is 
not in place.

Recommendation 2. The U.S. Geological Survey and companion federal and state 
environmental agencies should receive the financial resources necessary to docu-
ment the water quality effects related to the adoption of GE crops.

Conclusion 3. The environmental, economic, and social effects on 
adopters and nonadopters of GE crops has changed over time, particu-
larly because of changes in pest responses to GE crops, the consolida-
tion of the seed industry, and the incorporation of GE traits into most 
varieties of corn, soybean, and cotton. However, empirical research into 
the environmental and economic effects of changing market conditions 
and farmer practices have not kept pace. Furthermore, little work has 
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been conducted regarding the effects on livestock producers and non-
adopters and on the social impacts of GE crops. Issues in need of further 
investigation include the costs and benefits of shifts in pest manage-
ment for non-GE producers due to the adoption of GE crops, the value 
of market opportunities afforded to organic farmers by defining their 
products as non-GE, the economic impacts of GE-crop adoption on live-
stock producers, and the costs to farmers, marketers, and processors of 
the presence of approved or unapproved GE traits and crops in products 
intended for restricted markets. As more GE traits are developed and 
inserted into existing GE crops or into other crops, understanding the 
impacts on all farmers will become even more important to ensuring 
that genetic-engineering technology is used in a way that facilitates 
environment, economic, and social sustainability in U.S. agriculture.

Recommendation 3. Public and private research institutions should allocate suf-
ficient resources to monitor and assess the substantial environmental, economic, 
and social effects of current and emerging agricultural biotechnology on U.S. 
farms so that technology developers, policy makers, and farmers can make deci-
sions that ensure genetic engineering is a technology that contributes to sustain-
able agriculture.

Conclusion 4. Commercialized GE traits are targeted at pest control, and 
when used properly, they have been effective at reducing pest prob-
lems with economic and environmental benefits to farmers. However, 
genetic engineering could be used in more crops, in novel ways beyond 
herbicide and insect resistance, and for a greater diversity of purposes. 
With proper management, genetic-engineering technology could help 
address food insecurity by reducing yield losses through its introduc-
tion into other crops and with the development of other yield protection 
traits like drought tolerance. Crop biotechnology could also address 
“public goods” issues that will be undersupplied by the market acting 
alone. Some firms are working on GE traits that address public goods 
issues. However, industry has insufficient incentive to invest enough 
in research and development for those purposes when firms cannot 
collect revenue from innovations that generate net benefits beyond the 
farm. Therefore, the development of these traits will require greater col-
laboration between the public and private sectors because the benefits 
extend beyond farmers to the society in general. The implementation 
of a targeted and tailored regulatory approach to GE-trait development 
and commercialization that meets human and environmental safety 
standards while minimizing unnecessary expenses will aid this agenda 
(Ervin and Welsh, 2006).
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Recommendation 4. Public and private research institutions should be eligible for 
government support to develop GE crops that can deliver valuable public goods 
but have insufficient market potential to justify private investment. Intellectual 
property patented in the course of developing major crops should continue to be 
made available for such public goods purposes to the extent possible. Further-
more, support should be focused on expanding the purview of genetic-engineering 
technology in both the private and public sectors to address public goods issues. 
Examples of GE-crop developments that could deliver such public goods include 
but are not limited to 

•	 plants that reduce pollution of off-farm waterways through improved use 
of nitrogen and phosphorus fertilizers,

•	 plants that fix their own nitrogen and reduce pollution caused by fertilizer 
application,

•	 plants that improve feedstocks for renewable energy,
•	 plants with reduced water requirements that slow the depletion of regional 

water resources, 
•	 plants with improved nutritional quality that deliver health benefits, 

and
•	 plants resilient to changing climate conditions.
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1

Introduction

Historians often link the advent of human civilizations with the tran-
sition of human societies from food collection primarily through 
hunting and gathering to food production in established agri-

cultural systems. In a pattern of parallel development, early agricultural 
systems began emerging in separate regions during the Neolithic period 
some 10,000 years ago (Mazoyer and Roudart, 2006). Crop-improvement 
practices based on identification and selection of the best plant varieties 
appear to date back to the early days of agriculture itself. Similarly, early 
pastoralists engaged in selective animal breeding. That those practices 
were recognized as important in the development of ancient human civi-
lizations is apparent in the preservation of instructions on plant breeding 
in writing, such as in the works of Virgil and Theopastus (Vavilov, 1951). 
In the broadest sense, the term biotechnology can encompass a wide array 
of procedures used to modify organisms according to human needs. It 
can be argued that early agriculturalists engaged in a simple form of 
biotechnology (Kloppenburg, 2004) in developing the intention and the 
techniques to improve plant varieties and animal species.

Although the process of plant and animal improvement has been 
continuous throughout the history of agriculture, some historical periods 
can be identified as singularly transformative. For example, a major agri-
cultural revolution took place in Europe from the 16th to the 19th cen-
turies. It was characterized in part by the extensive use of plants and 
animals that had been imported from the Americas (Crosby, 2003) and by 
animal-drawn cultivation and the use of fertilizers, the latter permitting 
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cereal and feed-grain cultivation without fallowing (Mazoyer and Roud-
art, 2006). That revolution led to important increases in the food supply 
and thus ultimately permitted increased population growth.

Another important change in agriculture resulted from the application 
of an increasingly scientific approach to plant breeding, which developed 
from the recognition of the cell as the primary unit of all living organ-
isms in the 1830s (Vasil, 2008) and the work of Mendel (Kloppenburg, 
2004). With the rediscovery of Mendel’s principles of genetics in the early 
1900s, progress in plant and animal breeding was accelerated. The con-
tinuous growth in crop yields and agricultural productivity during the 
20th century owes much to those biological discoveries and to a series 
of mechanical and chemical innovations driven by agricultural research 
and development.

One of the more significant innovations in plant breeding during the 
20th century was the development of hybrid crops, particularly corn, 
in the United States. Hybrid corn varieties, which are developed from 
crossing different inbred lines, out-yield pure inbred lines, though the 
seeds produced by hybrid varieties yield poorly. When corn hybrids 
were first developed, they had no discernible yield advantage over the 
existing open-pollinated corn varieties of the time (Lewontin, 1990). How-
ever, seed companies were motivated to develop high-yielding hybrid 
varieties; saving and planting the seeds of hybrid corn did not produce 
equal yields, so seed companies had a financial incentive to invest in these 
varieties. The research and development efforts devoted to hybrid corn 
produced tremendous yield improvements over the last 70 years. It is 
unclear if the same amount of investment could have resulted in similar 
yield increases for open-pollinated varieties; regardless, because of their 
limited potential for return on financial investment, efforts to develop 
high-yielding open-pollinated varieties were not made. Modern hybrids, 
which have been bred to allocate more of their energy to producing grain 
rather than stover (leaves and stalks), also demonstrate an ability to main-
tain high grain production in densely planted fields (Liu and Tollenaar, 
2009), and they can exhibit increased tolerance to environmental stresses 
(such as drought, cold, and light availability).

Plant breeders in the 20th century also identified varieties of wheat 
and rice with shorter stalks and larger seed heads. They were crossed with 
relatives to create semidwarf wheat and rice varieties, which produced 
greater yields in part because they responded well to applications of 
nitrogen and did not lodge despite having heavier seed heads. The devel-
opment of semidwarf wheat and rice spurred the Green Revolution of the 
1960s and 1970s in developing countries (Conway, 1998). Such improve-
ments in plant breeding increased global crop yields in rice and wheat 
substantially in countries with suitable growing conditions and markets.
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Recent developments in scientific plant breeding have resulted from 
discoveries in molecular and cellular biology in the second half of the 
20th century that laid the foundation for the development of genetically 
engineered plants. In 1973, the American biochemists Stanley Cohen and 
Herbert Boyer were among the first scientists to transfer a gene between 
unrelated organisms successfully. They cut DNA from an organism into 
fragments, rejoined a subset of those fragments, and added the rejoined 
subset to bacteria to reproduce. The replicated DNA fragments were then 
spliced into the genome of a cell from a different species, and this created 
a transgenic organism, that is, an organism with genes from more than 
one species. Before the advent of genetic engineering, plant tissue-culture 
technology expanded the array of available genetic material beyond what 
was possible with traditional plant breeding by manipulating the fertil-
ization and embryos of crosses between more distantly related species 
(Brown and Thorpe, 1995). DNA-recombination techniques opened the 
possibility of augmenting plant genomes with desirable traits from other 
species and thus took the science of plant breeding to a stage in which 
improvement is constrained not by the limits of genetic traits within a 
particular species but rather by the limits of discovery of genes and their 
transfer from one species to another to confer desired characteristics on 
a particular crop.

COMMITTEE CHARGE AND APPROACH

The committee’s study was the first comprehensive assessment of 
the impacts of the use of genetically engineered (GE) crops on farm sus-
tainability in the United States. The most up-to-date, available scientific 
evidence from all regions was used to assemble a national picture that 
would reflect important variations among regions. Box 1-1 presents the 
formal statement of task assigned to the committee.

In conducting its task, the committee interpreted the term sustain-
ability to apply to the environmental, economic, and social impacts of 
genetic-engineering technology at the farm level. That interpretation is 
in line with the federal government’s definition of sustainable agriculture, 
which is “an integrated system of plant and animal production practices 
having a site-specific application that will over the long term:

1.	 Satisfy human food and fiber needs.
2.	 Enhance environmental quality and the natural resource base upon 

which the agriculture economy depends.
3.	 Make the most efficient use of nonrenewable resources and on-

farm resources and integrate, where appropriate, natural biological cycles 
and controls.
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BOX 1-1 
Statement of Task

	 An NRC committee will study the farm-level impacts of biotechnology, 
including the economics of adopting genetically engineered crops, 
changes in producer decision making and agronomic practices, and farm 
sustainability.
	 The study will:

	 •	 review and analyze the published literature on the impact of GE 
crops on the productivity and economics of farms in the United States;
	 •	 examine evidence for changes in agronomic practices and inputs, 
such as pesticide and herbicide use and soil and water management 
regimes;
	 •	 evaluate producer decision making with regard to the adoption of 
GE crops.

	 In a consensus report, the committee will present the findings of its 
study and identify future applications of plant and animal biotechnology that 
are likely to affect agricultural producers’ decision making in the future.

4.	 Sustain the economic viability of farm operations.
5.	 Enhance the quality of life for farmers and society as a whole.” 

(Food, Agriculture, Conservation, and Trade Act of 1990)

This definition conceives of sustainable farming systems that 
address salient environmental, economic, and social aspects and their 
interrelationships.

The report explores how GE crops contribute to achieving several 
of the conditions enumerated above. Farmers must continually adapt 
in response to environmental, economic, and social conditions by learn-
ing and adopting new practices. Adopting GE crops is one option some 
farmers make in adapting to changing conditions.

Though the three aspects of sustainability often interact with one 
another, the report organizes each in a separate chapter to facilitate access 
to the information. The chapter on production economics follows the 
environmental chapter because many of the economic gains and losses 
that farmers experience with GE crops result from changes occurring 
within the farm environment from GE-crop adoption. The chapter on 
social effects is brief because of a lack of published literature on the 
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subject. Nevertheless, the committee deemed this aspect important to 
include for two reasons. First, social impacts are widely considered to 
be a necessary element in the definition of sustainability as noted ear-
lier. Second, with the sizable shift in cropping practices and systems 
to genetic-engineering technology (and the prospect of more GE crops 
to come), the marked expansion of private-sector control of intellectual 
property related to seeds, and a growing concentration of private-sector 
seed companies, it is the committee’s estimation that GE crops have had 
and will continue to have social repercussions at the farm and community 
levels. The committee agreed that the report should draw attention to the 
need for research in this area. In this vein, the report highlights issues on 
which insufficient information is available for drawing firm conclusions. 
The final chapter summarizes the main findings of the assessment and 
discusses the potential for future GE crops to address emergent food, 
energy, and environmental challenges.

The committee interpreted the statement of task to be retrospective 
in nature, examining the sustainability effects of GE crops on U.S. farms 
since their commercialization. For that reason the committee focused 
in large part on the experiences of soybean, corn, and cotton producers 
because GE varieties of those crops have been widely adopted by farmers, 
those crops are planted on almost half of U.S. cropland, and most research 
on genetic-engineering technology in agriculture has targeted those three 
crops. However, the committee recognized that most farmers have been 
affected by the widespread adoption of GE crops, even if they have chosen 
not to adopt them or have not had the option to adopt them. The report 
examined the effects of genetic-engineering technology on those pro-
ducers as well. Because the study was retrospective and focused on the 
experience of U.S. farmers, the adoption of GE crops in other countries 
entered into the analysis only if U.S. farmers have experienced effects of 
such adoption, and the committee restricted its speculations on the future 
applications and implications of genetic-engineering technology to the 
final chapter.

The National Research Council supported the study to expand its 
contributions to the understanding of agricultural biotechnology. Com-
mittee members were chosen because of their academic research and 
experience on the topic. Experts were selected from the fields of weed 
science, agricultural economics, ecology, rural sociology, environmental 
economics, entomology, and crop science. To prepare its report, the com-
mittee reviewed previous studies and scientific literature on farmers’ 
adoption of genetic-engineering technology, the impacts of such technol-
ogy on non-GE farmers, and environmental impacts of GE crops. It also 
examined historical and current statistical data on the adoption of GE 
crops in the United States. The committee acknowledges that GE crops in 
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U.S. agriculture continue to stir controversy around scientific issues and 
ideological viewpoints. With this in mind, the committee kept its focus on 
scientific questions and adopted an evidentiary standard of using peer-
reviewed literature upon which to base its conclusions and recommenda-
tions. It refrained from analyzing ideological positions, either in support 
of or against the technology, in order to remain as impartial as possible.

STUDY FRAMEWORK

An analysis of the farm-level sustainability impacts of GE crops 
requires a framework that integrates all salient factors that motivate their 
use. We use the principal theories applied to agricultural technology 
adoption to construct a framework that identifies the qualitative factors 
that affect U.S. farmers’ decisions to use genetic-engineering technology. 
With an understanding of the adoption and use processes, we then outline 
an evaluation framework that spans environmental, economic, and social 
dimensions as noted above.

Two main theories help in building a framework for analyzing a 
farmer’s decision to adopt a particular GE crop. First, “diffusion” theory 
seeks to explain people’s propensities to adopt innovations as communi-
cated through particular channels and within particular social systems 
(Rogers, 2003). Second, “threshold” theory delves deeper into the eco-
nomic influences on farmer decisions by considering the heterogeneity 
in farm sizes, in agronomic conditions (climate, soil, water availability, 
and pest pressure), in forms of human capital that influence learning by 
doing and using, and in operator values (Feder et al., 1985; Foster and 
Rosenzweig, 1995; Fischer et al., 1996; Marra et al., 2001; Sunding and 
Zilberman, 2001). Incorporating those factors allows a better qualitative 
understanding of the dynamics of the spread of the technologies across 
the landscape and of their impacts. Together, the diffusion and threshold 
theories point to five sets of factors that exert influences on a farmer’s 
decision to use genetic-engineering technology:

1.	 Productivity (yield) effects.
2.	 Market structure and price effects.
3.	 Production-input effects.
4.	 Human capital and personal values.
5.	 Information and social networks.

Productivity Effects

Genetic-engineering technology can directly and indirectly affect crop 
yields, either positively or negatively, as explained in Chapter 3 in more 
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detail. The direct route stems from the effect on a cultivar after the inser-
tion of one or more traits through genetic engineering. The indirect effect 
is related to the ability of a GE crop to decrease pest damage (Lichtenberg 
and Zilberman, 1986a). Just as natural-resource conditions, including pest 
pressures, vary among fields, farms, and regions, so will the indirect 
effects on yield and the rate of adoption of GE crops. The technologies 
tend to be adopted in locations whose agrophysical conditions—such as 
land quality, climate, and vulnerability to pests—lead to productivity 
gains (Marra et al., 2003; Zilberman et al., 2003). In addition to effects 
on quantity, genetic engineering may affect the quality of a crop, which 
influences its value.

Market-Structure and Price Effects

Farmers who are deciding whether to grow GE crops must consider 
their access to domestic and foreign markets. Differential access may 
stem from country regulations on the entry of GE crops into their markets 
or from lack of market infrastructure (for example, segmentation of GE 
and non-GE product chains). Farmers who choose to grow GE crops 
may experience higher or lower prices than if they grow non-GE crops. 
For example, if enough farmers adopt a GE crop and yields increase 
substantially because of direct or indirect effects, crop prices may be 
forced down by increased supplies, other characteristics remaining the 
same. Consumers of GE crops may benefit from the lower prices, though 
some consumers may be willing to pay more for non-GE crops for per-
sonal reasons, and this may create a premium for non-GE crops. Under 
other circumstances, global demand increases may absorb most or all 
of the increase in supply, in which case prices would not decline (see 
Chapter 3).

Market access and price effects alter farmers’ revenues and profit-
ability and thus their disposition to adopt GE crops. The organizational 
hierarchy of the commodity chain and the nature of farm policies can 
create structural conditions that act as impediments to or inducers of 
adoption of a technology (Mouzelis, 1976; Bonanno, 1991; Friedland, 2002; 
Kloppenburg, 2004). For example, the development of crops with more 
than one GE trait may create a structural condition for some farmers 
whereby they may have to pay for traits that they do not need in order to 
gain access to the traits that they desire (see Chapter 4).

Production-Input Effects

The adoption and use of GE crops can precipitate changes in the 
types, amounts, and timing of pesticide use and in the types, frequency, 
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and timing of tillage operations; both can affect machinery require-
ments. Those changes are referred to as substitution effects; an example 
is the replacement of some pesticides with a GE crop (Lichtenberg and 
Zilberman, 1986b). A shift in labor requirements is another potentially 
important production-input effect (Fernandez-Cornejo and Just, 2007). 
The availability and quality of GE and non-GE seeds may affect a farmer’s 
decision to use either. For example, the commercial success of the applica-
tion of GE soybean and corn in the 1990s was accompanied by increased 
consolidation and vertical integration in the seed industry (Fernandez-
Cornejo, 2004). Indeed, by 1997, two firms captured 56 percent of the 
U.S. corn-seed market, and this share has increased even more in recent 
years (see “Interaction of the Structure of the Seed Industry and Farmer 
Decisions” in Chapter 4) (Boyd, 2003). The changes in genetic-engineering 
technology and seed-industry structure may help to explain anecdotal 
statements about the reduced availability of some non-GE seed varieties 
in recent years (Hill, personal communication). However, the committee 
is not aware of any published research confirming the link between seed-
industry structure and seed availability.

Human Capital and Personal Values

Every major study of agricultural-technology adoption has found 
that at least some aspects of human capital play a role in the process. Fre-
quently, the more education or experience a farmer has, the more likely he 
or she is to adopt a new technology. Educational achievement and years of 
experience in farming are thought to be proxies for a potential adopter’s 
ability to learn quickly how to adapt the new technology to the farm oper-
ation and to use it to its greatest advantage. As noted above, the process of 
learning and adaptation is critical to the development of more sustainable 
farming systems. Farmers also may hold personal values that affect their 
decisions to use GE crops beyond the financial effects that may flow from 
productivity, value, and production input. A person’s values define prefer-
ences and have been shown to influence decisions on genetic-engineering 
development and applications (Piggott and Marra, 2008; Buccola et al., 
2009). Examples of personal values include aversion to general and spe-
cific risks, preference for environmental stewardship, and ideological 
positions about agricultural systems. An example of the influence of risk 
aversion is some farmers’ preference for GE crops if they reduce the vari-
ability of yields because they improve control of pests. Such risk reduction 
can motivate adoption of GE varieties by risk-averse farmers and may 
also lead to an increase in use of complementary practices, such as no-till 
planting (Alston et al., 2002; Piggott and Marra, 2007).
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Information and Social Networks

Decisions of whether to adopt GE crops hinge on the quantity and 
quality of farmers’ information about the characteristics and performance 
of the technologies. Information from formal sources, such as the agricul-
tural media, on GE traits’ technical aspects, economic implications, and 
prospects can shape farmers’ views. Informal sources probably also speed 
or slow the adoption of GE crops (Wolf et al., 2001; Just et al., 2002). Social 
networks can have favorable or unfavorable effects not only on the adop-
tion of technologies but also on the sharing of knowledge about GE and 
non-GE crops and on the development of new technologies and manage-
ment strategies (Arce and Marsden, 1993; Busch and Juska, 1997; Hubbell 
et al., 2000). They can also mitigate potentially negative social impacts of 
GE-crop adoption. Recognition of the importance of social networks has 
been enhanced by studies of the processes associated with the use of alter-
native agricultural practices (Storstad and Bjørkhaug, 2003; Morgan et al., 
2006). Insights derived from the study of social networks also may have 
great relevance to the development and dispersion of genetic-engineering 
technology.

Figure 1-1 portrays the influences of the different factors on GE-crop 
adoption decisions and the resultant impacts on environmental, economic, 
and social conditions. This conceptual model shows that factors under the 
control of the farmer, such as human capital, and outside their control, 
such as market prices, come together to influence the GE-crop adoption 
decision process, depicted by the central box in the figure. It also shows 
how the factors, up to this point presented as having distinct effects, may 
influence each other. Examples of potential interactions include the effects 
of information and social networks on personal values and production 
inputs and the effect of production-input substitution on productivity. 
Other impacts of decisions related to GE crops (for example, the environ-
mental effect of pest population changes) may feed back to some influenc-
ing factors, such as production inputs. As discussed later in this chapter, 
empirical studies have found that factors in each of the categories have 
influenced GE-crop adoption patterns. However, it is not possible to rank 
the magnitude of influences in a general sense. Rather, we expect that the 
different factors will vary in influence across types of farms, geographic 
regions, and specific crop applications. For example, if a certain pest infes-
tation is severe in a region, then the productivity gains from adopting a 
GE crop may far outweigh the influence of personal values of the adopter. 
In another case where pest pressures are moderate compared to those in 
other regions, functioning information and social networks may influence 
the speed and rate of adoption of genetic-engineering technology.
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FIGURE 1-1  Genetically engineered crop adoption and impact framework.

GENETICALLY ENGINEERED TRAITS IN CROPS

For agricultural crops, the first generation of genetic engineering has 
targeted traits that increase the efficacy of pest control. Since the introduc-
tion of GE crops, new seeds have provided pest control in one or more 
of three forms:

•	 Herbicide resistance.
•	 Insect resistance.
•	 Virus resistance.
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The terms resistance and tolerance are often used interchangeably in the 
literature. Tolerance implies that a crop is affected by a pesticide but has 
a means to naturally survive the potential damage sustained. This report 
uses the more precise term resistance because altered genes either allow a 
plant to generate its own insecticide or prevent herbicides from damaging 
the plant (Roy, 2004).

GE herbicide-resistant (HR) crops contain transgenes that enable sur-
vival of exposure to particular herbicides. In the United States, crops are 
available with GE resistance to glufosinate and glyphosate, but most 
HR crops grown in the United States are resistant only to glyphosate, 
a nonselective chemical that has a low impact on the environment. 
Glyphosate inhibits the enzyme 5-enolpyruvyl-shikimate-3-phosphate 
synthase (EPSPS), which is part of the shikimate pathway in plants. The 
shikimate pathway helps produce aromatic amino acids; it is speculated 
that glyphosate kills a plant either by reducing aromatic amino acid pro-
duction and adversely affecting protein synthesis or by increasing car-
bon flow to the glyphosate-inhibited shikimate pathway, causing carbon 
shortages in other pathways (Duke and Powles, 2008). The susceptibility 
of EPSPS to the chemical and the relative ease with which it is taken up 
by a plant make glyphosate an extremely effective herbicide. It presents 
a low threat of toxicity to animals in general because they do not have 
a shikimate pathway for protein synthesis (Cerdeira and Duke, 2006). 
Glyphosate also has low soil and water contamination potential because 
it binds readily to soil particles and has a relatively short half-life in soil 
(Duke and Powles, 2008).

Insect-resistant (IR) plants grown in the United States have genetic 
material from the soil-dwelling bacterium Bacillus thuringiensis (Bt) incor-
porated into their genome that provides protection against particular 
insects. Bt produces a family of endotoxins, some of which are lethal to 
particular species of moths, flies, and beetles. An insect’s digestive tract 
activates the ingested toxin, which binds to receptors in the midgut; this 
leads to the formation of pores, cell lysis, and death. Individual Bt toxins 
have a narrow taxonomic range of action because their binding to midgut 
receptors is specific; the toxicity of Bt crops to vertebrates and many non-
target arthropods and other invertebrates in U.S. agricultural ecosystems 
is effectively absent. The first Bt crops that were introduced produced 
only one kind of Bt toxin. More recent varieties produce two or more Bt 
toxins; this enhances control of some key pests, allows control of a wider 
array of insects, and can contribute to delaying the evolution of resistance 
in target pests while reducing refuge size.

Gene sequences of pathogenic viruses have been inserted into crops 
to confer protection against related viruses—to make them virus-resistant 
(VR). Most transgenic VR plants resist viruses through gene silencing, 
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which occurs when transcription of a transgene induces degradation 
of the genome of an invading virus. Potential unwanted environmental 
effects of VR crops include exchanges between viral pathogens and trans-
gene products that could increase the virulence of viral pathogens, food 
allergenicity, and transgene movement through pollen, which can create 
VR weeds. Adverse environmental effects of commercialized VR plants 
have not been found (Fuchs and Gonsalves, 2008).

HR and IR crops, having been the principal targets of most efforts 
to develop GE crop varieties, account for the bulk of acres planted in GE 
crops in the United States. Consequently, this report focuses on farmers’ 
experiences with these types of GE crops. HR varieties of soybean, corn, 
cotton, canola, and sugar beets and IR varieties of corn and cotton were 
grown commercially in 2009. Herbicide resistance and insect resistance 
are not mutually exclusive; a number of crop varieties that contain both 
types of resistance have been developed. GE corn and cotton may also 
express more than one type of Bt trait. Seeds with multiple GE character-
istics are referred to as “stacked cultivars.”

Herbicide resistance and insect resistance were commercialized 
because of the relative simplicity in gene transfer and the utility for 
farmers. The expression of those traits requires manipulation of the 
genetic code at only one site, a relatively straightforward process com-
pared with such traits as drought tolerance, which involve the action of 
many genes. Furthermore, because corn, soybean, and cotton produc-
tion accounts for the bulk of pesticide expenditures in the United States 
(Figure 1-2), herbicide resistance and insect resistance provided impor-
tant market opportunities. Those GE crops fit easily into the traditional 
pest-management approach of mainstream U.S. agriculture: reliance on 
the continual emergence of technological advances to address pest prob-
lems, particularly after development of resistance to an earlier innovation. 
Therefore, the familiarity of the chemicals involved, the size of the market 
for the seeds of and pesticides for GE crops, and the ease of manipulation 
of the genes for the traits contributed to HR and IR seeds’ being the first 
GE products to emerge in large-scale agriculture.

ADOPTION AND DISTRIBUTION OF 
GENETICALLY ENGINEERED CROPS

Crops with GE traits aimed primarily at pest control have been widely 
adopted in the United States by farmers of corn, cotton, soybean, canola, 
and sugar beet and have caused substantial changes in farm-management 
practices and inputs, such as changes in pesticide use. In 2009, almost half 
of U.S. cropland was planted with GE seed, even though the technology 
had been available to farmers only since the mid-1990s and only a few 
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FIGURE 1-2  Share of major crops in total pesticide expenditures, 1998–2007.
NOTE: Includes expenditures in herbicides, insecticides, and fungicides. Geneti-
cally engineered trait technology fees are not included.
SOURCE: Fernandez-Cornejo et al., 2009.

crops have experienced commercial success (USDA-NASS, 2009b). U.S. 
farmers planted 158 million acres of GE crops in 2009—nearly half of all 
the GE-crop acres in the world (James, 2009). Rates of adoption have been 
influenced by the type of crop, the trait expressed in the crop, and the 
pest pressures occurring on the farm. For example, adoption of cultivars 
with Bt traits has been most rapid and widespread in areas prone to insect 
infestations that can be curbed by the endotoxins present in GE crops.

The committee chose to concentrate its study on the farm-level effects 
of GE soybean, corn, and cotton because these crops are grown on nearly 
half of U.S. cropland (USDA-NASS, 2009b) and because over 80 percent 
of these crops are genetically engineered (Figure 1-3). The high level of 
adoption and the large-scale planting of those crops mean they have a 
substantially greater cumulative impact on farm-level sustainability com-
pared to other GE crops, which may be widely adopted but are planted 
on few acres or may be adopted by only a small percentage of growers. 
Additionally, there are GE crops that have been commercialized but were 
not sold in 2009 for business or legal reasons. Those crops are discussed 
in the report, but they are not its primary focus (Box 1-2).

Soybean

Soybean resistant to the herbicide glyphosate was first introduced in 
the United States in 1996. Just 4 years later, the GE cultivars accounted for 
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FIGURE 1-3  Nationwide acreage of genetically engineered soybean, corn, and 
cotton as a percentage of all acreage of these crops.
SOURCE: USDA-NASS, 2001, 2003, 2005, 2007, 2009b. 

54 percent of all soybean acres planted (Table 1-1). A major factor in the 
rapid adoption was the superior control of a broad spectrum of weeds, 
including many problematic weeds, with a single timely application of 
glyphosate, especially in northern latitudes (Corrigan and Harvey, 2000; 
Mulugeta and Boerboom, 2000; Wiesbrook et al., 2001; Bradley et al., 
2007). Other factors contributing to the rapid early adoption were the 
perceived simplicity and the relative safety of use (one application with 
a single herbicide compared with tank-mixed herbicides applied twice or 
more), lack of crop injury, lack of residual soil activity and potential injury 
to a succeeding crop, and the relatively low cost of glyphosate (Scursoni et 
al., 2006). Weeds resistant to glyphosate evolved in other instances, which 
required additional herbicides to be applied with glyphosate—roughly 
25 percent of the acreage in some regions (Dill et al., 2008)—probably in 
an effort to prevent the evolution of such weeds. Despite that develop-
ment in some regions, growers continued to adopt glyphosate-resistant 
varieties, as indicated by the fact that 91 percent of the acreage was 
planted to HR varieties in 2009 (Table 1-1). Adoption of HR soybean 
has been widespread in all regions since the early-adoption phase, and 
almost all soybean-producing states now hover around 90 percent adop-
tion (Table 1-1, Figure 1-4).

Figure 1-3
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BOX 1-2 
Other Commercialized Genetically Engineered Crops

	 GE varieties of crops other than corn, soybean, and cotton have been 
developed and produced in the United States. However, some are planted 
on relatively small acreage and often in specific locations (for example, 
papaya in Hawaii), and others are no longer available commercially (for 
example, GE potato). These are highlighted below, but they are not the 
focus of the report because those in production account for only a small 
percentage of U.S. agriculture in terms of land and revenue, and those 
not commercially available were only sold for a short time. The latter dem-
onstrates commercial viability can depend on the willingness of farmers 
to adopt the product and the willingness of processors and consumers to 
accept it.

Minor Crops Widely Planted in Genetically 
Engineered Varieties by U.S. Farmers

	 Canola. Canola is widely grown in Canada but is a minor crop in the 
United States. HR canola was commercialized in the mid-1990s. Since 
2005, HR canola has accounted for almost half the acres planted in North 
Dakota, which makes up more than 87 percent of U.S. canola (USDA-
NASS, 2009b). GE glyphosate-resistant and glufosinate-resistant canola 
cultivars accounted for 65 percent and 32 percent of the canola acres 
planted in the United States in 2006 (Howatt, personal communication).
	 Sugar beet. HR sugar beet was approved for commercial use in 
1998, but concerns about marketplace acceptance precluded the com-
mercial release of the transgenic cultivars (Duke, 2005). Transgenic 
glyphosate-resistant sugar beet was commercially grown in 2009 and 
reportedly was widely adopted (Stachler, personal communication). 
Economic studies suggested that the transgenic cultivars would improve 
profitability compared with conventional cultivars (Kniss et al., 2004; 
Gianessi, 2005). The potential for hybridization between HR sugar beet 
and weedy beet that occurs in the fields and nearby has led to concerns 
about future weed problems in Europe (where GE sugar beet is not com-
mercialized), but hybridization is a minor problem in the United States 
(Stewart et al., 2003; Andersen et al., 2005). Indeed, spatial overlap 
between sugar beet production and weedy beet is limited to a few Cali-
fornia counties (Calflora, 2009).
	 Papaya. Papaya is a small tree grown throughout the tropics for 
its fruit. Researchers at Cornell University and the University of Hawaii 
developed VR papaya by transforming the coat protein gene of the 

continued
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papaya ringspot virus to confer resistance against this devastating pathogen 
(Fuchs and Gonsalves, 2008). Transgenic papaya was first planted in 1998 in 
Hawaii, where it has contributed to sustaining the culture of this fruit. About 80 
percent of papaya production in Hawaii is from transgenic plants (Fuchs and 
Gonsalves, 2008; Stokstad, 2008).

Minor Crops with Genetically Engineered Varieties 
Not Widely Adopted by U.S. Farmers

	 Squash. Transgenic VR squash lines were transformed with the coat pro-
tein genes of the watermelon mosaic virus, zucchini yellow mosaic virus, and 
cucumber mosaic virus (Fuchs and Gonsalves, 2008). The ZW-20 squash line 
is resistant to the watermelon and zucchini yellow mosaic viruses, and CZW-3 
resists the watermelon, zucchini yellow, and cucumber mosaic viruses. ZW-20 
and CZW-3 were deregulated in 1994 and 1996, respectively, and commer-
cially grown soon thereafter. Those lines were also crossed to other squash 
cultivars to produce new lines of VR squash. Transgenic squash accounted 
for about 12 percent of total U.S. squash production in 2005. Most acreage 
of transgenic squash is in New Jersey, Florida, Georgia, South Carolina, and 
Tennessee (Fuchs and Gonsalves, 2008).
	 Sweet corn. Sweet corn was planted on 617,350 acres in 2008 (USDA-
NASS, 2009a). A little less than half, or 246,600 acres, were planted for the 
fresh market; sweet corn from the remaining acres was for processing. Of the 
fresh market acres, about 20,000 were planted to GE varieties with high Bt 
protection against corn earworm and European corn borer and moderate pro-
tection against fall armyworm (see Table 1-2; Lynch et al., 1999; Mason, per-
sonal communication). Bt sweet corn varieties are typically marketed directly 
to the consumer; processors have been reluctant to purchase sweet corn with 
GE traits because possible consumer aversion to GE crops could negatively 
affect purchases of other products under their brand names (Bradford and 
Alston, 2004). Commercialized Bt sweet corn also has been engineered to 
resist glufosinate; however, glufosinate is not registered for use with Bt sweet 
corn because of concerns about consumer acceptance (Fennimore and Doo-
han, 2008).

Commercialized Genetically Engineered 
Crops Not Presently Available

	 Tomato.a The Flavr Savr tomato, developed by the company Calgene, 
was commercialized in 1994. The genetics of the tomato were engineered to 
slow the softening of the vegetable during ripening. The trait was developed 
in a tomato variety usually used for processing. However, a public opposition 

campaign against GE tomatoes caused some large processors to refuse 
to purchase the Flavr Savr variety for their products. In response, Calgene 
tried to sell the variety as a fresh-market tomato, but the vegetable bruised 
easily. That characteristic caused problems in production, transportation, and 
distribution. Furthermore, the Flavr Savr did not taste better than its cheaper 
competitors. Production of the variety was discontinued. Another GE tomato, 
developed for processing by the company Zeneca, was grown in California in 
the mid-1990s. Those tomatoes had a similar GE trait for delayed ripening and 
were processed into tomato paste for sale in the United Kingdom. However, 
consumer opposition to GE products caused Zeneca to discontinue the sale 
of the tomato paste in 1999.
	 Potato. A Bt potato resistant to the Colorado potato beetle was com-
mercialized in 1995. Three years later, the technology developer, Monsanto, 
introduced a stacked variety that combined the Bt trait with virus resistance. 
Researchers found the Bt trait protected the potato from insect damage at 
all stages of the beetle’s life (Perlak et al., 1993), and Monsanto scientists 
noted a large potential for reduction in the use of pesticides to treat insect 
and virus problems (Kaniewski and Thomas, 2004). However, Monsanto dis
continued the sale of GE potatoes in 2001. The cultivars failed to capture more 
than 2–3 percent of the market for two reasons. First, a new insecticide that 
controlled the Colorado potato beetle and other pests came on the market at 
around the same time as GE potatoes; most farmers chose the insecticide 
over the GE trait (Nesbitt, 2005). Second, potato processors experienced a 
public-pressure campaign against the use of GE potatoes (Kilman, 2000; 
Kaniewski and Thomas, 2004). As food companies pledged to use non-GE 
potatoes in their products, farmers responded to processors’ contracts for 
conventional varieties. Thus, although GE potatoes were technologically suc-
cessful, they did not survive in the marketplace.
	 Alfalfa. Alfalfa is an important crop in the United States and is widely cul-
tivated over a broad geographic range (USDA-NASS, 2009b). GE glyphosate-
resistant alfalfa was commercialized in 2005, and about 198,000 acres was 
planted in 2006 (Weise, 2007). However, legal action over concerns about 
the risk of introgression of the transgene into nontransgenic alfalfa and the 
inability to mitigate this risk resulted in the termination of further seed sales 
and planting of glyphosate-resistant alfalfa (Charles, 2007) until USDA com-
pleted an environmental impact statement. That statement was released for 
public comment in December 2009.

aAdapted from Vogt and Parish (2001).
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papaya ringspot virus to confer resistance against this devastating pathogen 
(Fuchs and Gonsalves, 2008). Transgenic papaya was first planted in 1998 in 
Hawaii, where it has contributed to sustaining the culture of this fruit. About 80 
percent of papaya production in Hawaii is from transgenic plants (Fuchs and 
Gonsalves, 2008; Stokstad, 2008).

Minor Crops with Genetically Engineered Varieties 
Not Widely Adopted by U.S. Farmers

	 Squash. Transgenic VR squash lines were transformed with the coat pro-
tein genes of the watermelon mosaic virus, zucchini yellow mosaic virus, and 
cucumber mosaic virus (Fuchs and Gonsalves, 2008). The ZW-20 squash line 
is resistant to the watermelon and zucchini yellow mosaic viruses, and CZW-3 
resists the watermelon, zucchini yellow, and cucumber mosaic viruses. ZW-20 
and CZW-3 were deregulated in 1994 and 1996, respectively, and commer-
cially grown soon thereafter. Those lines were also crossed to other squash 
cultivars to produce new lines of VR squash. Transgenic squash accounted 
for about 12 percent of total U.S. squash production in 2005. Most acreage 
of transgenic squash is in New Jersey, Florida, Georgia, South Carolina, and 
Tennessee (Fuchs and Gonsalves, 2008).
	 Sweet corn. Sweet corn was planted on 617,350 acres in 2008 (USDA-
NASS, 2009a). A little less than half, or 246,600 acres, were planted for the 
fresh market; sweet corn from the remaining acres was for processing. Of the 
fresh market acres, about 20,000 were planted to GE varieties with high Bt 
protection against corn earworm and European corn borer and moderate pro-
tection against fall armyworm (see Table 1-2; Lynch et al., 1999; Mason, per-
sonal communication). Bt sweet corn varieties are typically marketed directly 
to the consumer; processors have been reluctant to purchase sweet corn with 
GE traits because possible consumer aversion to GE crops could negatively 
affect purchases of other products under their brand names (Bradford and 
Alston, 2004). Commercialized Bt sweet corn also has been engineered to 
resist glufosinate; however, glufosinate is not registered for use with Bt sweet 
corn because of concerns about consumer acceptance (Fennimore and Doo-
han, 2008).

Commercialized Genetically Engineered 
Crops Not Presently Available

	 Tomato.a The Flavr Savr tomato, developed by the company Calgene, 
was commercialized in 1994. The genetics of the tomato were engineered to 
slow the softening of the vegetable during ripening. The trait was developed 
in a tomato variety usually used for processing. However, a public opposition 

campaign against GE tomatoes caused some large processors to refuse 
to purchase the Flavr Savr variety for their products. In response, Calgene 
tried to sell the variety as a fresh-market tomato, but the vegetable bruised 
easily. That characteristic caused problems in production, transportation, and 
distribution. Furthermore, the Flavr Savr did not taste better than its cheaper 
competitors. Production of the variety was discontinued. Another GE tomato, 
developed for processing by the company Zeneca, was grown in California in 
the mid-1990s. Those tomatoes had a similar GE trait for delayed ripening and 
were processed into tomato paste for sale in the United Kingdom. However, 
consumer opposition to GE products caused Zeneca to discontinue the sale 
of the tomato paste in 1999.
	 Potato. A Bt potato resistant to the Colorado potato beetle was com-
mercialized in 1995. Three years later, the technology developer, Monsanto, 
introduced a stacked variety that combined the Bt trait with virus resistance. 
Researchers found the Bt trait protected the potato from insect damage at 
all stages of the beetle’s life (Perlak et al., 1993), and Monsanto scientists 
noted a large potential for reduction in the use of pesticides to treat insect 
and virus problems (Kaniewski and Thomas, 2004). However, Monsanto dis
continued the sale of GE potatoes in 2001. The cultivars failed to capture more 
than 2–3 percent of the market for two reasons. First, a new insecticide that 
controlled the Colorado potato beetle and other pests came on the market at 
around the same time as GE potatoes; most farmers chose the insecticide 
over the GE trait (Nesbitt, 2005). Second, potato processors experienced a 
public-pressure campaign against the use of GE potatoes (Kilman, 2000; 
Kaniewski and Thomas, 2004). As food companies pledged to use non-GE 
potatoes in their products, farmers responded to processors’ contracts for 
conventional varieties. Thus, although GE potatoes were technologically suc-
cessful, they did not survive in the marketplace.
	 Alfalfa. Alfalfa is an important crop in the United States and is widely cul-
tivated over a broad geographic range (USDA-NASS, 2009b). GE glyphosate-
resistant alfalfa was commercialized in 2005, and about 198,000 acres was 
planted in 2006 (Weise, 2007). However, legal action over concerns about 
the risk of introgression of the transgene into nontransgenic alfalfa and the 
inability to mitigate this risk resulted in the termination of further seed sales 
and planting of glyphosate-resistant alfalfa (Charles, 2007) until USDA com-
pleted an environmental impact statement. That statement was released for 
public comment in December 2009.

aAdapted from Vogt and Parish (2001).
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TABLE 1-1  Percentage of Soybean Acres in Genetically Engineered 
Soybean Varieties, by State and United States, 2000–2009

Herbicide-Resistant Soybean

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

State Percent of all soybean planted

Arkansas 43 60 68 84 92 92 92 92 94 94
Illinois 44 64 71 77 81 81 87 88 87 90
Indiana 63 78 83 88 87 89 92 94 96 94
Iowa 59 73 75 84 89 91 91 94 95 94
Kansas 66 80 83 87 87 90 85 92 95 94
Michigan 50 59 72 73 75 76 81 87 84 83
Minnesota 46 63 71 79 82 83 88 92 91 92
Mississippi 48 63 80 89 93 96 96 96 97 94
Missouri 62 69 72 83 87 89 93 91 92 89
Nebraska 72 76 85 86 92 91 90 96 97 96
North Dakota 22 49 61 74 82 89 90 92 94 94
Ohio 48 64 73 74 76 77 82 87 89 83
South Dakota 68 80 89 91 95 95 93 97 97 98
Wisconsin 51 63 78 84 82 84 85 88 90 85
Other statesa 54 64 70 76 82 84 86 86 87 87
United States 54 68 75 81 85 87 89 91 92 91

aIncludes all other states in soybean estimating program.
SOURCE: USDA-NASS, 2001, 2003, 2005, 2007, 2009b.

FIGURE 1-4  Herbicide-resistant soybean acreage trends nationwide.
SOURCE: USDA-NASS, 2001, 2003, 2005, 2007, 2009b.
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Corn

The first GE variety of corn, which was commercialized in 1996, 
expressed a Bt toxin that targeted European corn borer, southwestern 
corn borer, and several other pests (see Table 1-2). GE corn with resis-
tance to glyphosate was released in 1997, followed by a variety with 
resistance to glufosinate in the next year (Dill, 2005). An IR variety 
with a different Bt toxin to combat corn rootworm (Diabrotica spp.) was 
introduced in 2003.

Adoption of HR corn proved slower than that of soybean: Only 
8 percent of the acreage was planted to HR corn in 2001 (Table 1-3, 
Figure 1-5). The low adoption rate of HR corn in 2001 was consistent 
among all U.S. regions. The narrow window of time for glyphosate appli-
cation to be effective against early-season weed pressure in corn may have 
deterred farmer adoption (Tharp and Kells, 1999; Johnson et al., 2000; 
Gower et al., 2003; Knežević et al., 2003; Dalley et al., 2004; Cox et al., 
2005). Growers probably relied on traditional strategies for preemergence 
herbicide weed control rather than risk missing the glyphosate applica-
tion window and ending up with weedier fields and reduced corn yields. 
Furthermore, lack of market access for HR corn to the European Union 
provided an added deterrent against early adoption of HR corn in the late 
1990s and early 2000s.

TABLE 1-2  Insect Pests of Corn Targeted by Bt Varieties
Common Name Latin Binomial

Primary Pest
European corn borer Ostrinia nubilalis
Southwestern corn borer Diatraea grandiosella
Western corn rootworm Diabrotica virgifera virgifera
Northern corn rootworm Diabrotica barberi
Corn earworm Helicoverpa zea
Fall armyworm Spodoptera frugiperda
Black cutworm Agrotis ipsilon

Secondary Pest
Mexican corn rootworm Diabrotica virgifera zeae
Southern cornstalk borer Diatraea crambidoides
Stalk borer Papaipema nebris
Lesser cornstalk borer Elasmopalpus lignosellus
Sugarcane borer Diatraea saccharalis
Western bean cutworm Richia albicosta

NOTE: This pest categorization does not describe specific pest pressures in different states 
or regions. For example, the sugarcane borer is a primary pest of corn in Louisiana.
SOURCE: US-EPA, 2009.
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TABLE 1-3  Percentage of Corn Acres in Genetically Engineered 
Corn Varieties, by State and United States, 2000–2009
 Insect-Resistant (Bt) Only Herbicide-Resistant Only

 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

State Percent of all corn planted Percent of all corn planted

Illinois 13 12 18 23 26 25 24 19 13 10 3 3 3 4 5 6 12 15 15 15
Indiana 7 6 7 8 11 11 13 12 7 7 4 6 6 7 8 11 15 17 16 17
Iowa 23 25 31 33 36 35 32 22 16 14 5 6 7 8 10 14 14 19 15 15
Kansas 25 26 25 25 25 23 23 25 25 24 7 11 15 17 24 30 33 36 30 29
Michigan 8 8 12 18 15 15 16 19 15 13 4 7 8 14 14 20 18 22 24 20
Minnesota 28 25 29 31 35 33 28 26 19 23 7 7 11 15 17 22 29 32 29 24
Missouri 20 23 27 32 32 37 38 30 27 23 6 8 6 9 13 12 14 19 21 17
Nebraska 24 24 34 36 41 39 37 31 27 26 8 8 9 11 13 18 24 23 24 23
North Dakotaa  21 29 29 24 22 39 34 37 34 30
Ohio 6 7 6 6 8 9 8 9 12 15 3 4 3 3 4 7 13 12 17 17
South Dakota 35 30 33 34 28 30 20 16 7 6 11 14 23 24 30 31 32 34 30 25
Texasa  21 27 22 20 21 42 37 37 31 30
Wisconsin 13 11 15 21 22 22 22 19 14 13 4 6 9 9 14 18 18 23 26 27
Other statesb 10 11 14 17 19 19 20 20 20 20 6 8 12 17 21 19 25 33 32 30
United States 18 18 22 25 27 26 25 21 17 17 6 7 9 11 14 17 21 24 23 22

 
 Stacked-Gene Varieties All GE Varieties

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

State Percent of all corn planted Percent of all corn planted

Illinois 1 1 1 1 2 5 19 40 52 59 17 16 22 28 33 36 55 74 80 84
Indiana * * * 1 2 4 12 30 55 55 11 12 13 16 21 26 40 59 78 79
Iowa 2 1 3 4 8 11 18 37 53 57 30 32 41 45 54 60 64 78 84 86
Kansas 1 1 2 5 5 10 12 21 35 38 33 38 43 47 54 63 68 82 90 91
Michigan * 2 2 3 4 5 10 19 33 42 12 17 22 35 33 40 44 60 72 75
Minnesota 2 4 4 7 11 11 16 28 40 41 37 36 44 53 63 66 73 86 88 88
Missouri 2 1 2 1 4 6 7 13 22 37 28 32 34 42 49 55 59 62 70 77
Nebraska 2 2 4 5 6 12 15 25 35 42 34 34 46 52 60 69 76 79 86 91
North Dakotaa 15 20 22 31 41 75 83 88 89 93
Ohio * * * * 1 2 5 20 37 35 9 11 9 9 13 18 26 41 66 67
South Dakota 2 3 10 17 21 22 34 43 58 65 48 47 66 75 79 83 86 93 95 96
Texasa 9 13 20 27 33 72 77 79 78 84
Wisconsin 1 1 2 2 2 6 10 22 35 37 18 18 26 32 38 46 50 64 75 77
Other statesb 1 1 2 2 6 6 10 14 22 28 17 20 27 36 46 44 55 67 74 78
United States 1 1 2 4 6 9 15 28 40 46 25 26 34 40 47 52 61 73 80 85

*Less than 1%.
aEstimates published individually beginning in 2005. 
bIncludes all other states in corn estimating program. 
SOURCE: USDA-NASS, 2001, 2003, 2005, 2007, 2009b.
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TABLE 1-3  Percentage of Corn Acres in Genetically Engineered 
Corn Varieties, by State and United States, 2000–2009
 Insect-Resistant (Bt) Only Herbicide-Resistant Only

 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

State Percent of all corn planted Percent of all corn planted

Illinois 13 12 18 23 26 25 24 19 13 10 3 3 3 4 5 6 12 15 15 15
Indiana 7 6 7 8 11 11 13 12 7 7 4 6 6 7 8 11 15 17 16 17
Iowa 23 25 31 33 36 35 32 22 16 14 5 6 7 8 10 14 14 19 15 15
Kansas 25 26 25 25 25 23 23 25 25 24 7 11 15 17 24 30 33 36 30 29
Michigan 8 8 12 18 15 15 16 19 15 13 4 7 8 14 14 20 18 22 24 20
Minnesota 28 25 29 31 35 33 28 26 19 23 7 7 11 15 17 22 29 32 29 24
Missouri 20 23 27 32 32 37 38 30 27 23 6 8 6 9 13 12 14 19 21 17
Nebraska 24 24 34 36 41 39 37 31 27 26 8 8 9 11 13 18 24 23 24 23
North Dakotaa  21 29 29 24 22 39 34 37 34 30
Ohio 6 7 6 6 8 9 8 9 12 15 3 4 3 3 4 7 13 12 17 17
South Dakota 35 30 33 34 28 30 20 16 7 6 11 14 23 24 30 31 32 34 30 25
Texasa  21 27 22 20 21 42 37 37 31 30
Wisconsin 13 11 15 21 22 22 22 19 14 13 4 6 9 9 14 18 18 23 26 27
Other statesb 10 11 14 17 19 19 20 20 20 20 6 8 12 17 21 19 25 33 32 30
United States 18 18 22 25 27 26 25 21 17 17 6 7 9 11 14 17 21 24 23 22

 
 Stacked-Gene Varieties All GE Varieties

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

State Percent of all corn planted Percent of all corn planted

Illinois 1 1 1 1 2 5 19 40 52 59 17 16 22 28 33 36 55 74 80 84
Indiana * * * 1 2 4 12 30 55 55 11 12 13 16 21 26 40 59 78 79
Iowa 2 1 3 4 8 11 18 37 53 57 30 32 41 45 54 60 64 78 84 86
Kansas 1 1 2 5 5 10 12 21 35 38 33 38 43 47 54 63 68 82 90 91
Michigan * 2 2 3 4 5 10 19 33 42 12 17 22 35 33 40 44 60 72 75
Minnesota 2 4 4 7 11 11 16 28 40 41 37 36 44 53 63 66 73 86 88 88
Missouri 2 1 2 1 4 6 7 13 22 37 28 32 34 42 49 55 59 62 70 77
Nebraska 2 2 4 5 6 12 15 25 35 42 34 34 46 52 60 69 76 79 86 91
North Dakotaa 15 20 22 31 41 75 83 88 89 93
Ohio * * * * 1 2 5 20 37 35 9 11 9 9 13 18 26 41 66 67
South Dakota 2 3 10 17 21 22 34 43 58 65 48 47 66 75 79 83 86 93 95 96
Texasa 9 13 20 27 33 72 77 79 78 84
Wisconsin 1 1 2 2 2 6 10 22 35 37 18 18 26 32 38 46 50 64 75 77
Other statesb 1 1 2 2 6 6 10 14 22 28 17 20 27 36 46 44 55 67 74 78
United States 1 1 2 4 6 9 15 28 40 46 25 26 34 40 47 52 61 73 80 85

*Less than 1%.
aEstimates published individually beginning in 2005. 
bIncludes all other states in corn estimating program. 
SOURCE: USDA-NASS, 2001, 2003, 2005, 2007, 2009b.
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Variable insect pressure also delayed the adoption of IR corn, and this 
resulted in planting of only 19 percent of the acreage to IR corn in 2001 
(Table 1-3, Figure 1-5). European corn borer is a key pest in the western 
Corn Belt region (Pilcher et al., 2002; Hyde et al., 2003; Mungai et al., 2005) 
but causes only a sporadic problem in the eastern Corn Belt region (Baute 
et al., 2002; Ma and Subedi, 2005; Cox et al., 2009). Consequently, IR corn 
acreage ranged from 23 to 30 percent in Iowa, Kansas, Minnesota, Missouri, 
Nebraska, and South Dakota but from 6 to 11 percent in Indiana, Michigan, 
Ohio, and Wisconsin in 2001 (Table 1-3). Farmers in regions without consis-
tent corn borer infestations probably chose not to adopt IR corn.

In 2002, stacked hybrids were introduced, and this led to a further 
increase in acreage of GE corn. The increasing rate of adoption of stacked 
hybrids—2 percent in 2002 and 46 percent in 2009, with all major corn 
states above 30 percent (Table 1-3)—reflects the popularity of these traits 
and the lack of nonstacked GE traits in the seed marketplace. By 2009, 
85 percent of U.S. corn acreage was planted with some type of GE seed; 
more than half these acres were in stacked varieties (Figure 1-5). In addi-
tion, by 2009, all major corn-growing states had GE acreage exceeding 
70 percent except Ohio (67 percent); thus, adoption of IR corn is no longer 
region-specific (Table 1-3). Farmers’ preference for multiple traits explains 
in part the lower rates of adoption of HR-only and IR-only varieties of 
corn compared with the rates of adoption of HR soybean (Figure 1-4).

FIGURE 1-5  Genetically engineered corn acreage trends nationwide.
SOURCE: USDA-NASS, 2001, 2003, 2005, 2007, 2009b.
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Corn rootworm is a destructive and consistent pest in all regions of 
the United States that have continuous corn fields (and in some regions 
where corn is planted in fields after soybean). Bt corn for control of corn 
rootworm, especially western corn rootworm, has contributed to increased 
acreage of GE corn since its introduction in 2003 because growers pre-
ferred IR corn to the use of soil-applied insecticides or the use of insec-
ticide and fungicide applied to seed at 1.25 mg of active ingredient� per 
seed. Bt corn hybrid seed for corn rootworm control is sold with only 
0.25 mg of active ingredient per seed of insecticide and fungicide for con-
trol of secondary pests� and soil-borne pathogens. Growers can choose to 
add this feature for an additional cost to non-GE or HR corn hybrid seed. 
Thus, GE corn with the Bt trait for corn rootworm control and lower levels 
of seed-applied insecticide and fungicide substituted for the control tac-
tics in continuous corn in the 1980s and 1990s of soil-applied insecticides 
for rootworm control and seed-applied products with higher toxicity� for 
secondary pest control, which growers had to manually apply to the seed. 
In-plant resistance for rootworm control with low levels of insecticide 
already applied to the seed by professional seed handlers for control of 
secondary corn pests is safer for the farmers who plant the crops and for 
the environment.

Cotton

Commercialized in 1996, IR cotton rapidly gained substantial market 
share because of its control of tobacco budworm, pink bollworm, and 
cotton bollworm (Table 1-4). GE glyphosate-resistant cotton, introduced 
in 1997, also proved popular with farmers because weed management 
has traditionally been more challenging in cotton than in many other field 
crops (Jost et al., 2008). The stacked Bt-glyphosate–resistant variety was 
introduced in 1997. By 2001, GE cotton had captured 69 percent of the 
acreage: 32 percent HR-only, 13 percent IR-only, and 24 percent stacked 
varieties (Table 1-5, Figure 1-6). Farmers in the southeast Cotton Belt 
adopted GE varieties more rapidly (78–91 percent in Arkansas, Georgia, 
Louisiana, Mississippi, and North Carolina) compared with those in Texas 
(49 percent) and California (40 percent), reflecting the lower insect pres-

� The active ingredient is the material in the pesticide that is biologically active. The active 
ingredient is typically mixed with other materials to improve the pesticide’s handling, stor-
age, and application properties.

� Examples include click beetles (Alaus oculatus), scarab beetles (Scarabaeus sacer), seed corn 
maggot (Delia platura), and wireworms (Melanotus spp).

� Examples include O,O-diethyl 0-2-isopropyl-6-methyl(pyrimidine-4-yl) phosphorothioate 
(commonly marketed as Diazinon); N-trichloromethylthio-4-cyclohexene-1,2-dicarboximide 
(Captan); and gamma-hexachlorocyclohexane (Lindane).
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TABLE 1-4  Insect Pests of Cotton Targeted by Bt Varieties
Common Name Latin Name

Primary Pest
Cotton bollworm Helicoverpa zea
Tobacco budworm Heliothis virescens
Pink bollworm Pectinophora gossypiella

Secondary Pest
Salt marsh caterpillar Estigmene acrea
Cotton leaf perforator Bucculatrix thurberiella
Soybean looper Pseudoplusia includens
Beet armyworm Spodoptera exigua
Fall armyworm Spodoptera frugiperda
Yellowstriped armyworm Spodoptera ornithogalli
European corn borer Ostrinia nubilalis

NOTE: This pest categorization does not describe specific pest pressures in different states 
or regions. For example, cotton bollworm and tobacco budworm are minor pests of cotton 
in Arizona.
SOURCE: US-EPA, 2009.

FIGURE 1-6  Genetically engineered cotton acreage trends nationwide.
SOURCE: USDA-NASS, 2001, 2003, 2005, 2007, 2009b.
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sure in the latter two states, especially California (only 11 percent IR and 
2 percent stacked varieties).

A new HR variety introduced in 2006 provided growers with a wider 
window for glyphosate application and the possibility of using higher 
glyphosate dosages (Mills et al., 2008). At around the same time, IR cot-
ton with two Bt endotoxins was commercialized and offered improved 
control of cotton bollworm, increased protection against such secondary 
pests as beet armyworm and soybean looper, and advantages in resistance 
management (Mills et al., 2008; Siebert et al., 2008). The introduction of the 
improved traits alone or in stacked cultivars contributed to the increase in 
GE cotton to 88 percent in 2009: 23 percent HR-only, 17 percent IR-only, 
and 48 percent stacked (Table 1-5). As in 2001, farmers in the southeast-
ern states had a higher adoption rate of GE cotton in 2009 (91 percent or 
greater) than Texas (81 percent) and California (73 percent). Pink boll-
worm and cotton bollworm are not major insect pests in California, so 
adoption of IR cotton (8 percent) and stacked varieties (11 percent) are 
particularly low; HR cotton (54 percent) makes up most of GE cotton in 
California.

An Early Portrait of Farmers Who Adopt 
Genetically Engineered Crops

A study of cotton farmers’ planting decisions in four southeastern 
U.S. states in 1996 and 1997 provided early evidence on the various factors 
that influenced the choice to adopt transgenic cotton (Marra et al., 2001). 
The growers were asked about their human capital (stock of knowledge 
and ability), farm-specific characteristics, reasons for adopting or not 
adopting Bt cotton in 1996, and the pest-control regimens that they used 
on both their conventional and their Bt cotton acres (if applicable), includ-
ing amounts and types of insecticides applied and their costs. Comparing 
the farmers’ actions on fields planted to Bt and non-Bt cotton on the same 
farm controlled for variation in management, land quality, and machinery 
complement.

The study found that one measure of human capital that was asso-
ciated with a higher likelihood of adopting Bt cotton was experience 
(number of years of growing cotton). The age of the farmer was not 
significant. The propensity to adopt because of higher profit potential of 
genetic-engineering technology—related to higher yields, decreased costs, 
or both—was also affirmed by the responding farmers. They reported 
higher yields on their Bt acres than on their non-Bt acres (6.58 lb/acre 
more on fields with Bt cotton than those without in the Upper South and 
16.43 lb/acre more in the Lower South) and large reductions in pesticide 
costs in both regions (about $6.00/acre less for fields with Bt cotton in the 
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TABLE 1-5  Percentage of Cotton Acres in Genetically Engineered 
Upland Cotton Varieties, by State and United States, 2000–2009
 Insect-Resistant (Bt) Only Herbicide-Resistant Only

 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

State Percent of all upland cotton planted Percent of all upland cotton planted

Alabamaa 10 10 10 18 13 28 25 25 15 18
Arkansas 33 21 27 24 34 42 28 32 30 28 23 29 37 25 15 12 21 16 4 5
California 3 11 6 9 6 8 9 4 7 8 17 27 26 27 39 40 40 51 45 54
Georgia 18 13 8 14 13 29 19 17 19 20 32 43 55 32 23 11 13 10 5 7
Louisiana 37 30 27 30 26 21 13 17 19 20 13 14 9 15 7 10 13 11 6 10
Mississippi 29 10 19 15 16 14 7 16 19 14 13 15 22 16 23 23 22 19 13 16
Missouria 20 32 13 12 18 59 40 63 68 29
North Carolina 11 9 14 16 18 17 19 13 19 15 29 37 27 29 27 24 19 16 14 13
Tennesseea 13 16 10 10 7 8 10 17 14 10
Texas 7 8 7 8 10 14 18 16 16 15 33 35 40 39 40 35 34 36 31 31
Other statesb 17 18 19 18 22 18 21 27 22 24 21 33 35 32 24 24 24 20 20 17
United States 15 13 13 14 16 18 18 17 18 17 26 32 36 32 30 27 26 28 23 23

 
Stacked-Gene Varieties All GE Varieties

 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

State Percent of all upland cotton planted Percent of all upland cotton planted 

Alabamaa 54 60 60 65 60 92 95 95 98 91
Arkansas 14 28 26 46 45 42 45 47 64 64 70 78 90 95 94 96 94 95 98 97
California 4 2 1 3 7 5 8 6 8 11 24 40 33 39 52 53 57 61 60 73
Georgia 32 29 30 47 58 55 64 68 73 70 82 85 93 93 94 95 96 95 97 97
Louisiana 30 47 49 46 60 64 68 68 73 63 80 91 85 91 93 95 94 96 98 93
Mississippi 36 61 47 61 58 59 69 62 66 63 78 86 88 92 97 96 98 97 98 93
Missouria 16 25 23 19 51 95 97 99 99 98
North Carolina 36 38 45 48 46 54 60 64 62 68 76 84 86 93 91 95 98 93 95 96
Tennesseea 75 67 71 73 80 96 93 98 97 97
Texas 6 6 4 6 8 14 18 28 31 35 46 49 51 53 58 63 70 80 78 81
Other statesb 36 33 32 38 45 46 45 42 48 49 74 84 86 88 91 88 90 89 90 90
United States 20 24 22 27 30 34 39 42 45 48 61 69 71 73 76 79 83 87 86 88

aEstimates published individually beginning in 2005.
bIncludes all other states in upland cotton estimating program.
SOURCE: USDA-NASS, 2001, 2003, 2005, 2007, 2009b.

Upper South and about $10.00/acre less in the Lower South). Similarly, 
farmers who had previously experienced a high degree of pest infestation 
or pest resistance to currently used pesticides were more inclined to grow 
Bt cotton. Adopters reported higher past boll damage (7 percent higher on 
average compared with nonadopters) and higher incidence of past pest 
resistance to conventional insecticides (31 percent reported pest resistance 
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TABLE 1-5  Percentage of Cotton Acres in Genetically Engineered 
Upland Cotton Varieties, by State and United States, 2000–2009
 Insect-Resistant (Bt) Only Herbicide-Resistant Only

 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

State Percent of all upland cotton planted Percent of all upland cotton planted

Alabamaa 10 10 10 18 13 28 25 25 15 18
Arkansas 33 21 27 24 34 42 28 32 30 28 23 29 37 25 15 12 21 16 4 5
California 3 11 6 9 6 8 9 4 7 8 17 27 26 27 39 40 40 51 45 54
Georgia 18 13 8 14 13 29 19 17 19 20 32 43 55 32 23 11 13 10 5 7
Louisiana 37 30 27 30 26 21 13 17 19 20 13 14 9 15 7 10 13 11 6 10
Mississippi 29 10 19 15 16 14 7 16 19 14 13 15 22 16 23 23 22 19 13 16
Missouria 20 32 13 12 18 59 40 63 68 29
North Carolina 11 9 14 16 18 17 19 13 19 15 29 37 27 29 27 24 19 16 14 13
Tennesseea 13 16 10 10 7 8 10 17 14 10
Texas 7 8 7 8 10 14 18 16 16 15 33 35 40 39 40 35 34 36 31 31
Other statesb 17 18 19 18 22 18 21 27 22 24 21 33 35 32 24 24 24 20 20 17
United States 15 13 13 14 16 18 18 17 18 17 26 32 36 32 30 27 26 28 23 23

 
Stacked-Gene Varieties All GE Varieties

 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

State Percent of all upland cotton planted Percent of all upland cotton planted 

Alabamaa 54 60 60 65 60 92 95 95 98 91
Arkansas 14 28 26 46 45 42 45 47 64 64 70 78 90 95 94 96 94 95 98 97
California 4 2 1 3 7 5 8 6 8 11 24 40 33 39 52 53 57 61 60 73
Georgia 32 29 30 47 58 55 64 68 73 70 82 85 93 93 94 95 96 95 97 97
Louisiana 30 47 49 46 60 64 68 68 73 63 80 91 85 91 93 95 94 96 98 93
Mississippi 36 61 47 61 58 59 69 62 66 63 78 86 88 92 97 96 98 97 98 93
Missouria 16 25 23 19 51 95 97 99 99 98
North Carolina 36 38 45 48 46 54 60 64 62 68 76 84 86 93 91 95 98 93 95 96
Tennesseea 75 67 71 73 80 96 93 98 97 97
Texas 6 6 4 6 8 14 18 28 31 35 46 49 51 53 58 63 70 80 78 81
Other statesb 36 33 32 38 45 46 45 42 48 49 74 84 86 88 91 88 90 89 90 90
United States 20 24 22 27 30 34 39 42 45 48 61 69 71 73 76 79 83 87 86 88

aEstimates published individually beginning in 2005.
bIncludes all other states in upland cotton estimating program.
SOURCE: USDA-NASS, 2001, 2003, 2005, 2007, 2009b.

compared with 18 percent of nonadopters in the combined sample). Those 
findings on human capital, yields, and the influence of pest problems are 
in accord with the explanations for adoption put forth by the diffusion 
and threshold theories.

Farm characteristics can also play a role in the decision to adopt a new 
technology. If the technology requires a high initial investment (such as 
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for new machinery), farmers with more acres over which to spread the 
fixed costs might be more likely to adopt. Although the production tech-
nology itself is considered to be scale-neutral (i.e., the technology should 
not have differential impacts based on the size of the farm operation into 
which it is adopted), adopters in the study in both regions tended to have 
much larger farms and to farm more cotton acres than nonadopters; this 
supports the idea that the costs of learning may not be scale-neutral and 
thus that there is a possibility that differential farm-level social impacts 
have been associated with the adoption of GE crops (explained further 
in Chapter 4).

In 2001, farmers in Indiana, Illinois, Iowa, Minnesota, and Nebraska 
were surveyed to analyze the differences between adopters and non
adopters in farm and farmer characteristics (Wilson et al., 2005). The 
responses revealed that farmers growing corn on farms of less than 
160 acres planted a greater percentage to GE corn for European corn borer 
control (54.5 percent) than farmers growing corn on farms of over 520 acres 
(39.2 percent). The same small–large differential held for aerial application 
of an insecticide (73.8 percent of farmers with less than 160 acres versus 
57.3 percent with more than 520 acres); this suggests that smaller farmers 
place greater reliance on both chemical and GE controls of European corn 
borer than larger farmers. Just over one-fifth of the farmers (21.1 percent) 
reported a yield increase with the use of transgenic corn for European 
corn borer in all five states, from 11.2 percent in Indiana to 29.9 percent 
in Minnesota; 2.8 percent reported a yield decrease; and the rest reported 
no change in yield or that they did not know if there was a change or not. 
The surveyed farmers’ greatest concerns were the ability to sell GE grain 
(59.3 percent), a market-access factor, and the additional technology fee 
(57.3 percent), a production-input factor that affected profits. Finally, the 
responding farmers indicated that a reduction in exposure to chemical 
insecticide (69.9 percent of the farmers), a personal health concern, and 
a reduction in insecticides in the environment (68.5 percent), a personal 
value, were the primary benefits of transgenic corn.

A more recent study of GE-crop adoption pertains to soybean (Marra 
et al., 2004). Table 1-6 presents the average total number of operated acres, 
the proportion of operated acres owned, age, education, and income (by 
category) for the different classes of adopters with the results of pairwise 
t-test results. The t-test results show that adopters (both partial and full) 
in this survey tended to be younger and operated more acres than non-
adopters. Income, education, and percentage of operated acres the farmer 
owned do not show statistically significant differences among classes of 
adopters (Marra et al., 2004).

The importance of social networks in influencing patterns of adop-
tion of GE crops has been highlighted in another recent study of the 
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TABLE 1-6  National Soybean Survey Descriptive Statistics by 
Adoption Category
Farm Characteristics Nonadopters Partial Adopters Full Adopters

Total Operated Acres 
(N)

916.9a 
(44)

1237.5b 
(66)

1193.4b 
(136)

Proportion of Acres Owned 
(N)

0.6a 
(59)

0.5a 
(78)

0.5a 
(167)

Year Born 
(N)

1944.7a 
(54)

1947.8b 
(72)

1946.3b 
(150)

Years of Formal Education 
(N)

13.2a 
(44)

13.7a 
(62)

13.3a 
(131)

Total Income (by category) 
(N)

3.3a 
(34)

2.8a 
(49)

3.0a 
(103)

NOTE: If a superscript letter is different, the mean for this class of adopters is statistically 
significantly different from the others in that category.
NOTE: Income categories ranged from 1= <$50,000/year to 5 = >$500,000/year.
SOURCE: Marra et al., 2004.

adoption of Bt corn in the Midwest. It described how farmers, whom 
the author of the study termed reflexive producers, negotiate between the 
advice and claims of experts, who do not farm, and local forms of knowl-
edge that are conveyed by members of farmer networks. The study found 
that farmers’ determination of whether pest problems that require the 
use of Bt corn exist depended more on local than on expert knowledge 
(Kaup, 2008).

DETERRENTS TO GENETICALLY ENGINEERED 
TRAIT DEVELOPMENT IN OTHER CROPS

Soybean, corn, and cotton represent a substantial number of acres 
planted in the United States, but they do not reflect the diversity of 
American agriculture. GE varieties have not been developed by private 
firms for most U.S. crops, in part because the small markets for these 
crops will not generate sufficient returns on the necessary investment in 
research, technology commercialization, and marketing infrastructure. 
Furthermore, concern about selling food with GE-derived ingredients 
in some markets and the resistance of some grower organizations have 
limited the commercial application of genetic-engineering technology to 
just a few crops.
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Market Conditions Influencing the Commercialization 
of Genetically Engineered Varieties

Most research in and development of GE crops are conducted by pri-
vate firms. Private companies must produce profits for their shareholders, 
so the marketability of a crop plays a determining role in decisions as 
to which GE crops are brought to commercialization. Market size, trait 
value, regulatory costs, environmental concerns, and technology access 
influence biotechnology firms’ decisions to develop and sell GE seeds.

The market for seeds must be large enough to warrant the invest-
ment in commercialization. If markets are too small or are character-
ized by farmers with low ability to pay for the technology, the benefits 
to firms are too low to induce them to introduce GE varieties. That is 
one of the reasons that specialty crops have largely been overlooked 
in genetic engineering. The VR papaya, for example, was developed 
through public research. In addition, the number of researchers in these 
types of crops is considerably smaller and the marketing infrastructure 
less extensive than for soybean, corn, and cotton. That lack of resources, 
the diversity of species, the relatively short marketing season, and the 
small number of planted acres combine to deter private-sector invest-
ment in genetic-engineering technology for specialty crops (Bradford 
and Alston, 2004). To collect sufficient returns, firms instead invest in 
widely grown crops that have long storage life and that have year-round 
marketing potential. That generally means that farmers growing such 
crops have access to genetic-engineering technology, whereas the option 
is not available to farmers growing specialty crops or crops that are not 
widely grown in the United States.

The cost of regulatory compliance to ensure that GE crops do not 
pose unacceptable food safety and environmental risks has become 
an important component of the overall cost of new biotechnologies 
(Kalaitzandonakes et al., 2007). These costs may have contributed to lim-
iting the development of GE minor crops, as was the case with pesticide 
development during the 1970–1990 period. As Ollinger and Fernandez-
Cornejo (1995) found, “pesticide regulations have encouraged firms 
to focus their chemical pesticide research on pesticides for larger crop 
markets and abandon pesticide development for smaller crop markets.” 
Obtaining regulatory clearance of GE crops in the United States is a long 
process, and the cost per crop can be very high. Furthermore, for crops 
with wild, weedy relatives (e.g., wheat), the potential for gene flow raises 
their environmental risk and expense (see “Gene Flow and Genetically 
Engineered Crops” in Chapter 2). Large private firms have concluded 
that investment in less widely grown crops does not generate adequate 
returns to justify the development and regulatory cost of bringing them 
to market.

Impact of Genetically Engineered Crops on Farm Sustainability in the United States

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/12804


INTRODUCTION	 49

Research and development in genetic-engineering technology have 
been stimulated by the development of patent protection for GE organ-
isms. Changes in intellectual-property rights (IPR) law in the 1970s and 
1980s are largely responsible for creating a profitable environment for 
biotechnology research. However, that protection may also create con-
straints on the development of GE varieties of more crops. Companies 
that control the patents may be unwilling to provide licenses or offer 
licenses at affordable prices to public-sector researchers or other com-
panies that would like to develop seeds for smaller markets. A similar 
restriction may occur when university scientists patent genetic material 
that becomes essential for development of GE crops by other university 
scientists. Thus, the mechanism that generated the incentives to develop 
and commercialize genetic engineering may limit its applicability to most 
crops (Alston, 2004). The influence of IPR on the commercialization of 
genetically engineered crops will be discussed further in Chapter 4.

Marketing decisions are also influenced by perceived consumer accep-
tance of GE products. If technology providers have reason to believe that 
a GE crop will not be purchased by consumers, the technology will not 
be commercialized regardless of the potential benefits of the technology 
to producers. Indeed, a product may even be decommercialized if con-
sumer avoidance, or the fear of it, is high enough. For example, consumer 
concerns and competing pest-control products caused the GE potato to 
be discontinued (see Box 1-2). The perceived potential loss of markets has 
also postponed the commercialization of GE wheat (this is covered further 
in Chapter 4). Consumers appear to be more accepting of products that are 
further removed from direct consumption, although additional research 
is needed in this regard (Tenbült et al., 2008). Thus, companies have been 
more willing to invest in corn and soybean, which are used primarily for 
animal feed and processed products, and cotton, a fiber crop. Even though 
wheat and rice are grains (like corn), are widely planted, and have a con-
siderable storage life, their proximity to the consumer in the food supply 
chain has contributed to additional pressures on the private sector, which 
may explain firms’ wariness to introduce genetic-engineering technology 
into them (Wisner, 2006).

Resistance to Genetic-Engineering Technology in Organic Agriculture

As outlined above, genetic-engineering technology is not available 
to farmers of most crops. However, some producers have chosen not to 
adopt the technology regardless of its accessibility. That attitude is typi-
fied by organic production in the United States.

As American agricultural practices incorporated greater use of 
synthetic chemicals in the 1950s and 1960s, organic production gained 
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popularity as an alternative farming system. By the 1980s, the organic 
movement was large enough to justify the establishment of national 
certification standards. The proliferation of standards, inconsistency in 
labeling, difficulty in marketing, and inability to police violators of stan-
dards prompted organic groups to push for passage of the Organic Foods 
Production Act (OFPA) of 1990 (Rowson, 1998). The OFPA authorized a 
National Organic Program (NOP) in the U.S. Department of Agriculture 
(USDA) to define organic farming practices and acceptable inputs. The 
act established an advisory group, the National Organic Standards Board 
(NOSB), to provide recommendations to USDA on the structure and 
guidelines of the NOP. The NOSB viewed GE organisms as inconsistent 
with the principles of organic agriculture and recommended their exclu-
sion (Vos, 2000). Opponents of genetic-engineering technology in organic 
production raised concerns about food safety and environmental effects. 
They also argued that organic agriculture is based on a set of values that 
places a high priority on “naturalness” (Verhoog et al., 2003), a criterion 
that in their view genetic engineering did not meet.

The proposed rule that was issued in 1997 deemed GE seeds permissi-
ble in organic agriculture; subsequently, USDA received a record number 
of public comments, almost entirely in objection to the proposal (Rowson, 
1998). In response to the opposition, USDA rewrote the standards. When 
the NOP final rule went into effect in 2001, GE plants were not considered 
to be compliant with standards of organic agriculture (Johnson, 2008).

FROM ADOPTION TO IMPACT

The assessment framework described earlier in this chapter spans all 
the qualitative dimensions necessary to evaluate the potential sustainabil-
ity of genetic-engineering technology. Therefore, this report’s structure 
covers environmental, economic, and social changes, and the following 
chapters report progress and conclusions in these realms.

Environmental Effects

The landscape-level environmental effects of GE crops, both poten-
tial improvements and risks, did not receive extensive study when such 
crops were first planted widely (Wolfenbarger and Phifer, 2000; Ervin et 
al., 2000; Marvier, 2002). Since then, many studies on nontarget effects, 
including further studies requested by the U.S. Environmental Protec-
tion Agency, have accumulated. Other studies and analyses have related 
adoption of GE crops to changes in pesticide regimens and tillage prac-
tices. However, longitudinal data are still needed to better understand 
the effects of changes in farm management on environmental sustain-
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ability, such as on water quality or on resistance to glyphosate in weeds. 
Comprehensive evidence on other environmental dimensions—such as 
some aspects of soil quality, biodiversity, water quality and quantity, and 
air-quality effects—is also sparse. The environmental effects of farmers’ 
adoption of genetic-engineering technology are discussed in Chapter 2.

Economic Effects

The economic effects of genetic-engineering technology in agricul-
ture, which are addressed in Chapter 3, stem from effects on crop yields; 
the market returns received for the products; reductions or increases 
in production inputs and their prices, such as the costs of GE seeds 
and pesticides; and such other effects as labor savings that permit more 
off-farm work or that result in changes in yield risk. Those effects have 
received considerable study, particularly in the early stages of adoption 
of GE crops. However, recent information is sparse even though new GE 
varieties continue to be introduced. Less farm-level economic analysis has 
been conducted, perhaps because of the near dominance of the technolo-
gies in soybean, cotton, and corn production, because serious production 
or environmental problems have not surfaced, and because there is less 
interest for conducting additional research in a well-studied arena. More 
extensive studies of some economic effects, such as those on yield, have 
been conducted more recently in developing countries than in mature 
markets such as the United States.

Social Effects

The social effects of the adoption or nonadoption of genetic-
engineering technology have not been studied as extensively as those 
attributed to previous waves of technological development in agriculture, 
even though earlier studies demonstrated that revolutionary agricultural 
technologies generally have substantial impacts at the farm or community 
level (Berardi, 1981; DuPuis and Geisler, 1988; Buttel et al., 1990) and that 
there was a high expectation that genetic-engineering technology would 
also have substantive and varied social impacts (Pimentel et al., 1989). 
It is thus surprising that there has been relatively little research on the 
ethical and socioeconomic effects of the adoption of agricultural biotech-
nology at the farm or community level (e.g., Buttel, 2005). A few studies 
have explored the economic effects of structural changes (integration and 
concentration) in the seed and agrichemical industries (Hayenga, 1998; 
Brennan et al., 1999; Fulton and Giannakas, 2001; Fernandez-Cornejo 
and Schimmelpfennig, 2004; Fernandez-Cornejo and Just, 2007). How-
ever, though the issue of how farmers might be socially impacted by the 
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increasing integration of seed and chemical companies was first raised 
more than 20 years ago (Hansen et al., 1986), the organizations respon-
sible for conducting or sponsoring research on the effects of genetic-
engineering technology have generally fallen short of promoting the 
comprehensive and rigorous assessment of the possible social and ethical 
effects of GE-crop adoption. That responsibility rests not only with fed-
eral agencies (Kinchy et al., 2008) but with state governments, universi-
ties, nongovernment organizations, and the private for-profit sector. The 
absence of such research reduces our ability to document what the effects 
of the adoption of genetic-engineering technology have been on farm 
numbers and structure, community socioeconomic development, and the 
health and well-being of farm managers, family members, and hired farm 
laborers. A particularly significant question that has not been adequately 
assessed is whether the adoption of GE crops has exacerbated, alleviated, 
or had a neutral effect on the steady decline of farm numbers and the 
vitality of rural communities often associated with the industrialization 
of U.S. agricultural production. Because of the comparative dearth of 
empirical research findings on the social impacts of GE-crop adoption 
in the United States, we offer in Chapter 4 a discussion of the potential 
effects of the introduction of genetic-engineering technologies on farming-
system dynamics in the form of testable hypotheses and piece together the 
ancillary literature on documented social effects, such as legal disputes.

CONCLUSION

Genetic-engineering technology has been built on centuries of plant-
breeding experiments, research, and technology development. Commer-
cialized applications have focused on pest management, primarily through 
resistance to the herbicide glyphosate and the incorporation of endotoxins 
that are lethal to some insect pests. Those traits have provided farmers of 
soybean, corn, and cotton with additional tools for combating pests. The 
popularity of GE crops is evidenced by their widespread adoption by 
farmers. In the following three chapters, we examine how their adoption 
has changed or reinforced farming practices and what implications the 
changes have for environmental, economic, and social sustainability at the 
farm level. At the close, we identify remaining challenges and opportuni-
ties for GE crops in the United States and draw conclusions and recom-
mendations for increasing their contributions to farm sustainability.
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Environmental Impacts of Genetically 
Engineered Crops at the Farm Level

The environmental impacts of planting genetically engineered (GE) 
crops occur within the context of agriculture’s general contribution 
to environmental change. Agriculture has historically converted 

biologically diverse natural grasslands, wetlands, and native forests into 
less diverse agroecosystems to produce food, feed, and fiber. Effects on 
the environment depend on the intensity of cultivation over time and 
space; the inputs applied, including water, fertilizer, and pesticides; and 
the management of inputs, crop residue, and tillage. With 18 percent of 
the land area in the United States planted to crops and another 26 percent 
devoted to pastures (FAO, 2008), the huge scale of these impacts becomes 
obvious. In general, tillage, crop monoculture, fertilizers, and pesticide 
use often have adverse effects on soil, water, and biodiversity. Agriculture 
is the leading cause of water-quality impairment in the United States 
(USDA-ERS, 2006). No-tillage systems, crop rotations, integrated pest 
management, and other environmentally friendly management practices 
may ameliorate some of the adverse impacts, but the tradeoff between 
agricultural production and the environment remains. With agricultural 
lands approaching 50 percent of U.S. land, developing more ecologically 
and environmentally sound agricultural management practices for crops, 
soil, and water is a central challenge for the future (Hanson et al., 2008). 
Against that backdrop, we evaluate the impact of GE crops on the envi-
ronmental sustainability of U.S. farms.

This chapter examines the changes in farm practices that have accom-
panied the adoption of GE crops and the evidence on how such adop-
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tion affects the environment. It addresses impacts at the individual farm 
level and also at the landscape level, given that impacts from individual 
farms accumulate and affect other farms and their access to communal 
natural resources in the region. The use of GE crops has altered farmers’ 
agronomic practices, such as tillage, herbicides, and insecticides; these 
alterations have implications for environmental sustainability both on 
and off the farm, which are evaluated to the extent possible at this point 
in time (Box 2-1). In particular, we examine the effects of the adoption of 
GE crops on soil quality, biodiversity, and water quality.

ENVIRONMENTAL IMPACTS OF HERBICIDE-RESISTANT CROPS

The adoption of herbicide-resistant (HR) crops has affected the types 
and number of herbicides and the amount of active ingredient applied 
to soybean, corn, and cotton. This section first examines the substitu-
tion of glyphosate for other herbicides that has taken place and how the 
use of HR crops has interacted with tillage practices. It then assesses eco-
logical effects of those changes on soil quality, water quality, arthropod 
biodiversity, and weed communities. Lastly, the implications for weed 
management in cropping systems with HR crops are considered, espe-
cially for systems in which glyphosate-resistant weeds evolve.

Herbicide Substitution

A higher proportion of herbicide-resistant GE soybean has been 
planted than of any other GE crop in the United States. Adoption has 
exceeded 90 percent of the acres planted to soybean by U.S. farmers 
(Figure 2-1). HR cotton acreage reached 71 percent in 2009 (Figure 2-2), 
while planted HR corn acres were 68 percent that year (Figure 2-3). The 
HR crops planted thus far have altered the mix of herbicides used in 
cropping systems and allowed the substitution of glyphosate for other 
herbicides.� Figures 2-1 through 2-3 summarize the trends in the use of 
glyphosate and other herbicides on soybean, cotton, and corn (expressed 
in pounds of active ingredient per planted acre of these crops) and the 
adoption of HR soybean, cotton, and corn (Fernandez-Cornejo et al., 
2009). It is important to recognize that, depending on the metrics used, 
the substitution of glyphosate for other herbicides has resulted in the 
use of fewer alternative herbicides by growers of HR crops. However, 
glyphosate is often applied in higher doses and with greater frequency 
than the herbicides it replaced. Thus, the actual amount of active ingredi-

� A list of herbicides for which glyphosate is a common substitute can be found in 
Appendix A.
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BOX 2-1 
Limitations to Evaluating the Magnitude 

of Environmental Effects

	 Although environmental risk assessment is conducted for all GE 
varieties before regulatory approval, in some cases the absence of 
environmental monitoring at the landscape level prevents calculating 
the magnitude of effects (e.g., water quality) following commercializa-
tion. Where monitoring data on agricultural practices are available (e.g., 
tillage practices, pesticide use), simple correlations of the adoption 
rates with trends in agricultural practices do not capture the complexity 
required to quantify the magnitude of any environmental effect. The lack 
of spatially explicit data linking the use of GE crops with data-monitoring 
agricultural practices stymies any accurate calculation of the magnitude 
of environmental effects at national or even regional levels (NRC, 2002). 
Environmental consequences of agricultural practices can vary greatly at 
a subregional scale. For example, the adoption of a herbicide-resistant 
crop may facilitate use of no-till practices, but the environmental effects 
of no-till practices depend on existing soil texture, structure, and erosion 
potential for each individual farm. Though models may exist to quantify 
soil retention given erosion potential, what amount of retention can be 
attributed to HR crops requires two additional calculations: 

	 1.	 Quantifying to what extent HR crops caused the adoption of 
conservation tillage practices, given that there is a two-way relationship, 
and 
	 2.	 Spatially linking the adoption of HR crops with data on the occur-
rence of Highly Erodible Land, something not feasible without spatially-
explicit data.

	 Similarly, weed and pest control measures fluctuate from year to year 
and crop to crop, as have the choices of active ingredients. Determining 
the extent to which adoption of GE crops replaced specific pesticides over 
time requires incorporating a suite of factors, such as changes in pest 
pressure or pest-management strategies (e.g., see footnote on boll weevil 
eradication program), tillage practices, technology, and public policy (e.g., 
pesticide regulation, government programs) (Fernandez-Cornejo et al., 
2009). Spatial data on the evolution of weed resistance are also lacking, 
thus preventing any calculation of environmental consequences of the 
declining effectiveness of glyphosate with glyphosate-resistant crops.
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FIGURE 2-1  Application of herbicide to soybean and percentage of acres of 
herbicide-resistant soybean.
NOTE: The strong correlation between the rising percentage of HR soybean acres 
planted over time, the increased applications of glyphosate, and the decreased 
use of other herbicides suggests but does not confirm causation between these 
variables.
SOURCE: USDA-NASS, 2001, 2003, 2005, 2007, 2009a, 2009b; Fernandez-Cornejo 
et al., 2009.
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ents (glyphosate and other herbicides) applied per acre actually increased 
from 1996 to 2007 in soybean (Figure 2-1) and cotton (Figure 2-2) but 
decreased over the same period in corn (Figure 2-3).

Glyphosate is reported to be more environmentally benign than the 
herbicides that it has replaced (Fernandez-Cornejo and McBride, 2002; 
Cerdeira and Duke, 2006). It binds to soil rapidly (preventing leaching), it 
is biodegraded by soil bacteria, and it has a very low toxicity to mammals, 
birds, and fish (Malik et al., 1989). Glyphosate can be detected in the soil for 
a relatively short period of time compared to many other herbicides, but is 
essentially biologically unavailable (Wauchope et al., 1992). Formulations 
that contain the surfactant polyoxyethylene amine can be toxic to some 
amphibians at environmentally expected concentrations and may affect 
aquatic organisms under some environmental conditions (Folmar et al., 
1979; Tsui and Chu, 2003; Relyea and Jones, 2009); however, these formu-
lations are labeled for terrestrial uses only with restrictions with respect to 
waterways. The greater use of postemergence glyphosate applications has 
been accompanied by modifications of agronomic practices, particularly 
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FIGURE 2-2  Application of herbicide to cotton and percentage of acres of 
herbicide-resistant cotton.
NOTE: The strong correlation between the rising percentage of HR cotton acres 
planted over time, the increased applications of glyphosate, and the decreased 
use of other herbicides suggests but does not confirm causation between these 
variables.
SOURCE: USDA-NASS, 2001, 2003, 2005, 2007, 2009a, 2009b; Fernandez-Cornejo 
et al., 2009.
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with regards to weed management and tillage. The interactions of those 
practices have implications for environmental sustainability.

Tillage Practices

Tillage is one process used by farmers to prepare the soil before 
planting. In conventional tillage, all postharvest residue is plowed into 
the soil to prepare a clean seedbed for planting and to reduce the growth 
of weeds; in conservation tillage, at least 30 percent of the soil surface 
is left covered with crop residue after planting. In the 1970s and 1980s, 
innovations in cultivators and seeders enabled farmers to plant seeds at a 
reasonable cost with residue remaining on the field. Those developments 
encouraged the adoption of one form of conservation tillage called no-till, 
in which the soil and surface residue from the previously harvested crop 
are left undisturbed as the next crop is seeded directly into the soil with-
out tillage. After soil-conservation policy was incorporated into the Food 
Security Act of 1985, conservation tillage accelerated in the 1990s. The 
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FIGURE 2-3  Application of herbicide to corn and percentage of herbicide-resistant 
corn.
NOTE: The strong correlation between the rising percentage of HR corn acres 
planted over time, the increased applications of glyphosate, and the decreased 
use of other herbicides suggests but does not confirm causation between these 
variables.
SOURCE: USDA-NASS, 2001, 2003, 2005, 2007, 2009a, 2009b; Fernandez-Cornejo 
et al., 2009.
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introduction of HR soybean and cotton has supported the trend because 
the use of glyphosate allowed weeds to be controlled after crop emergence 
without the need for tillage to disrupt weed development before or after 
planting. Indeed, in the last 10 years, the use of conservation tillage has 
continued to increase, with the exception that it has remained constant in 
the case of corn (Figure 2-4).�

The adoption of conservation tillage practices by U.S. soybean 
growers increased from 51 percent of planted acres in 1996 to 63 percent 
in 2008, or an addition of 12 million acres. The adoption of no-till prac-
tices accounted for most of the increase and was used on 85 percent of 
these additional 12 million acres. Over the same time period, the acreage 
planted to soybean increased at most nine million acres. In cotton there 
was a doubling of the percentage of acres managed using conservation 
tillage from 1996 to 2008, and no-till is the predominant conservation 
tillage practice. Cotton acreage declined over the same time period. For 

� More information on different types of tillage systems can be found in Appendix B. 
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FIGURE 2-4  Trends in conservation tillage practices and no-till for soybean, cot-
ton, and corn, and adoption of herbicide-resistant crops since their introduction 
in 1996.
SOURCE: CTIC, 2009; USDA-ERS, 2009.
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corn between 1996 and 2008, an additional 4.8 million acres of corn 
were planted. At the same time, the use of conservation tillage practices 
remained at a fairly constant 40 percent of planted acreage. No-till prac-
tices increased by 4 percent over the same time period (4.3 million acres), 
but this was disproportionate relative to overall increases in conservation 
tillage practices (1.9 million acres), indicating that farmers converted 
from other conservation tillage practices to no-till.

According to U.S. Department of Agriculture (USDA) survey data 
for 1997, a larger share of acreages planted to HR soybean was man-
aged with conservation tillage than was planted to conventional soy-
bean (Fernandez-Cornejo and McBride, 2002)—about 60 percent versus 
about 40 percent (Figure 2-5). The difference in the use of no-till between 
adopters and nonadopters of HR soybean was even more pronounced: 
40 percent of acres planted with HR soybean were under no-till, double 
the corresponding share of acres of non-GE soybean under no-till man-
agement practices (Fernandez-Cornejo and McBride, 2002).

From the perspective of farmer decision making, the availability of 
herbicide-resistance technology may affect the adoption of conservation 
tillage, and the use of conservation tillage may affect the decision to adopt 
HR crops. Several economists have tried to understand how closely the 
two decisions are linked. An econometric model developed to address the 
simultaneous nature of the decisions was used to determine the nature of 
the relationship between the adoption of GE crops with HR traits and no-
till practices on the basis of 1997 national survey data on soybean farmers 
(Fernandez-Cornejo et al., 2003). Farmers using no-till were found to have 
a higher probability of adopting HR cultivars than farmers using conven-
tional tillage, but using HR cultivars did not significantly affect no-till 
adoption. That result suggested that farmers already using no-till incor-
porated HR cultivars seamlessly into their weed-management program; 
but the commercialization of HR soybean did not seem to encourage the 
adoption of no-till, at least at the time of the survey.

More recently, however, Mensah (2007) found a two-way causal rela-
tionship on the basis of more recent data. Using a simultaneous-adoption 
model and 2002 survey data on soybean farmers, Mensah found that 
farmers who adopted no-till were more likely to adopt HR soybeans and 
that farmers who adopted herbicide-resistance technology were more 
likely to adopt no-till practices.

In the case of cotton, the evidence also points toward a two-way causal 
relationship. Roberts et al. (2006) evaluated the relationship between 
adoption of HR cotton and conservation tillage practices in Tennessee 
from 1992 to 2004. Using two methods,� they found that the adoption of 

� An application of Bayes’s theorem and a two-equation logit model. 
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FIGURE 2-5  Soybean acreage under conventional tillage, conservation tillage, 
and no-till, 1997.
SOURCE: Adapted from Fernandez-Cornejo and McBride, 2002.

HR cotton increased the probability that farmers would adopt conser-
vation tillage and conversely that farmers that had previously adopted 
conservation tillage practices were more likely to adopt HR cotton. Thus, 
the adoption of no-till and the adoption of HR cotton are complementary 
practices.

Kalaitzandonakes and Suntornpithug (2003) also studied the simul-
taneous adoption of HR and stacked cotton varieties and conservation 
tillage practices on the basis of farm-level data. They concluded that 
conservation tillage practices both encouraged the adoption of HR and 
stacked cotton varieties and were encouraged by their adoption. Using 
state-level data for 1997–2002 and using a simultaneous-equation econo-
metric model, Frisvold et al. (2007) studied the diffusion of HR cotton and 
conservation tillage. They found strong complementarity between the two 
practices and rejected the null hypothesis that the diffusion of one is inde-
pendent of the diffusion of the other. They also observed that an increase 
in the probability of adoption of HR cotton increased the probability of 
adoption of conservation tillage and vice versa.

Thus, most empirical evidence points to a two-way causal relation-
ship between the adoption of HR crops and conservation tillage.� Farmers 
using conservation tillage practices are more likely to adopt HR crop 
varieties than those using conventional tillage, and those adopting HR 
crop varieties are more likely to change to conservation tillage practices 
than those who use non-HR cultivars. The analytical techniques used do 

� Most published evidence is for the cases of soybean and cotton given that extensive 
adoption of HR corn is relatively more recent (HR corn adoption only exceeded 20 percent 
of corn acreage in 2005). 
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not reveal the relative strength of each causal linkage, so it is not clear 
which factor (adoption of HR varieties or use of conservation tillage) has 
a greater influence on the other.

Soil Quality

The relationship between the adoption of conservation tillage practices 
and the adoption of HR crops is relevant to farm sustainability because 
conservation tillage has fewer adverse environmental impacts than con-
ventional tillage (reviewed by Uri et al., 1999). On the farm, conservation 
tillage reduces soil loss from erosion, increases water infiltration, and can 
improve soil quality and moisture retention (reviewed by Uri et al., 1999; 
Holland, 2004). Corn and soybean are grown in regions where highly 
erodible land is common, and conversion to conservation tillage for these 
crops results in substantial reduction in soil loss and wind erosion even 
on non-highly erodible land (Uri et al., 1999). Leaving more crop residue 
on fields strengthens nutrient cycling and increases soil organic matter, a 
key component of soil quality (reviewed by Blanco-Canqui and Lal, 2009). 
Soil organisms decompose plant residue, and this, in turn, cycles nutrients 
and improves soil structure. In general, soil organisms have greater abun-
dance or biomass in no-till systems than in conventional tillage systems 
because soil is disturbed less (reviewed by Wardle, 1995; Kladivko, 2001; 
Liebig et al., 2004).

In addition to tillage, the use of herbicides can affect soil quality 
through their impact on soil organisms, so interpreting the effects of 
HR crops on soil quality requires an understanding of how tillage prac-
tices interact with herbicide use to influence the soil microorganism 
community. In laboratory studies, glyphosate can inhibit or stimulate 
microbial activity, depending on soil type and glyphosate formulation 
(Carlisle and Trevors, 1986, and references therein). Some microorganisms 
can use glyphosate as a substrate for metabolism (increased activity), 
whereas others are susceptible to the herbicide because they have an 
enzyme 5-enolpyruvyl-shikimate-3-phosphate synthase pathway that 
glyphosate inhibits. When species-level responses were measured, roots 
of glyphosate-resistant soybean and corn treated with glyphosate had 
significantly more colonies of the fungus Fusarium than did non-HR cul-
tivars or HR cultivars not treated with glyphosate (Kremer and Means, 
2009). In contrast, fluorescent Pseudomonas populations, an antagonist of 
fungal pathogens like Fusarium, were significantly lower in soybean that 
were both glyphosate resistant and treated with glyphosate compared 
to untreated HR cultivars or a non-HR cultivar treated with other herbi-
cides (Kremer and Means, 2009). Those results indicate a change in the 
antagonistic relationship between Fusarium and Pseudomonas attributable 
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to the formulation of glyphosate used. Whether magnitude of change in 
this antagonistic relationship would have consequences on soil quality of 
disease control was not a part of the study.

With respect to general microbial activity, three studies in the United 
States have detected no uniform changes in soil organism profiles in asso-
ciation with tillage or with the use of glyphosate on glyphosate-resistant 
cropping systems (Liphadzi et al., 2005; Weaver et al., 2007; Locke et al., 
2008). Soil microorganisms in fields planted with glyphosate-resistant corn 
and soybean varieties were similar with and without tillage (Liphadzi et 
al., 2005). HR fields treated with glyphosate and non-GE fields treated 
with other herbicides were also similar in soil microbe activity (Liphadzi 
et al., 2005). On tilled, experimental plots of glyphosate-resistant soybean, 
transient changes in the soil microbial community were detected in the 
first few days after application of glyphosate compared to no application 
(Weaver et al., 2007), but the differences disappeared after 7 days. When 
there was continuous cotton cropping, soil quality did not differ between 
HR and non-HR systems. In contrast, soil under continuous HR-corn 
cropping contained more carbon and nitrogen than soil with non-HR corn 
(Locke et al., 2008), which would be considered a benign change. Differ-
ences in carbon and nitrogen contents could have been due to glyphosate 
use, but they were also probably influenced by changes in the detrital 
food web associated with the higher biomass of winter weeds in the HR-
corn cropping system (Locke et al., 2008). Subtle differences in the struc-
ture of the soil microbial community were also detectable in those same 
experiments; the significance of the differences for soil quality were not 
discussed. Thus, species-level studies suggest that glyphosate can alter 
the microbial composition in the rhizosphere. General studies of the inter-
action of tillage and glyphosate use in HR crops have indicated transient 
benign effects of glyphosate and neutral, or in one case favorable, effects 
of conservation tillage on the soil communities in HR crops.

Water Quality

Conservation tillage practices can have off-farm benefits for water 
quality that are potentially more important than onsite productivity effects 
(Foster and Dabney, 1995). Because conservation tillage practices improve 
soil-water infiltration, the volume of runoff is less than when conventional 
tillage is used. Reduced tillage and no-till practices can improve water 
quality by reducing the amounts of sediments and sediment-associated 
chemicals in runoff from farm fields into surface water. Similarly, lower 
volumes of runoff can decrease the transport of soil nutrients and agri-
cultural inputs, such as fertilizers and pesticides, although the decrease 
will vary with soil type, tillage practice, and nutrient or pesticide input. 
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For example, although the concentration of herbicide in runoff from no-
till fields can be higher than when other conservation tillage practices 
are used, the total amount of herbicide in runoff may be similar because 
runoff volume is reduced (Fawcett et al., 1994; Locke and Bryson, 1997; 
Mickelson et al., 2001; Shipitalo and Owens, 2006; Zeimen et al., 2006). 
That phenomenon has been observed with the use of glyphosate in no-till 
fields (Shipitalo et al., 2008).

Studies have suggested that the use of glyphosate poses less risk to 
water quality than the use of other herbicides; this is attributable in part 
to the production systems typically used in GE crops and to the physi-
cal chemistry and relatively low toxicity of glyphosate (Estes et al., 2001; 
Wauchope et al., 2002; Peterson and Hulting, 2004). However, there are 
no regional-scale analyses of the effects of HR-crop adoption on water 
quality. One study conducted in a small Ohio watershed that compared 
herbicide runoff in HR and non-HR soybean fields found that the amount 
of glyphosate in the runoff was nearly one-seventh that of the herbi-
cide metribuzin and about half that of alachlor, even though glyphosate 
was applied to soybean twice and alachlor and metribuzin once to soy-
bean (Shipitalo et al., 2008). Those results are consistent with known 
characteristics of glyphosate, which strongly absorbs to soil and has a 
half-life in soil of 6–60 days, depending on soil characteristics. Micro-
bial processes degrade glyphosate into two metabolites: sarcosine and 
aminomethylphosphonic acid (AMPA). Sarcosine degrades quickly to 
carbon dioxide and ammonia. AMPA is more persistent than glyphosate 
in the soil environment but is considered equally or less toxic (reviewed 
by Giesy et al., 2000). Numerous studies have documented the occur-
rence of glyphosate and AMPA in surface waters (Kolpin et al., 2006), but 
they have rarely been found in groundwater (Borggaard and Gimsing, 
2008). Concentrations of glyphosate reported in surface water have not 
exceeded the maximum contaminant level (MCL) for drinking water set 
by the U.S. Environmental Protection Agency (EPA); in accordance with 
World Health Organization recommendations, MCLs have not been set 
for AMPA (WHO, 2005).

Shifts to conservation tillage attributable to the availability of HR 
crops have contributed to reductions in soil loss and probably in herbi-
cide runoff. The magnitude and spatial distribution of the benefits are 
not precisely known, but the implications are that those are important 
environmental benefits of these cropping systems. However, as discussed 
later in this chapter (see “Other Shifts in Weed Communities”), some of 
the environmental benefits may be threatened in the future.
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Arthropod Biodiversity

Changes in herbicide use and tillage practices like those accompany-
ing the adoption of HR crops can affect such organisms as natural enemies 
of pests or pollinators, which provide ecological services to agriculture. 
Weeds provide an ecological disservice to farms by competing with crop 
plants for nutrients and light even at low population densities, but weeds 
can also support a broad array of nonpest species. Pollinators feed on 
nectar or use some weeds as hosts for their larval stage; weed species can 
be food for herbivores that in turn are preyed on by predators that also 
control pests of crops. In particular, more effective weed management 
could decrease the abundance of beneficial organisms, depending on the 
mobility of a species and how closely its resource base is associated with 
weed abundance. In contrast, the increase in no-till practices that leave 
more plant material undisturbed in fields may increase the resource base 
for beneficial insects.

Evidence indicates that the planting of HR cultivars does not consis-
tently affect the weed diversity and abundance that support beneficial 
species. Whether a farmer used a GE crop or a conventional crop, better 
weed control has generally reduced the numbers of arthropods and other 
organisms in corn, sugar beet, and rapeseed fields (Hawes et al., 2003) 
and decreased the abundance of the predatory big-eyed bug (Geocoris 
punctipes) in soybean fields (Jackson et al., 2003; Jackson and Pitre, 2004). 
When HR crops improved weed management (decreased weeds), popula-
tions of natural enemies and pollinators decreased (Hawes et al., 2003). 
When conventional weed-management tactics (such as the use of the 
herbicide atrazine) were more effective at weed control on non-HR corn 
relative to HR corn, beneficial insect abundance was greater within the 
HR side of the field where more weeds occurred (Hawes et al., 2003). 
Subsequent analyses of these same data in more depth have revealed 
detailed associations between properties of the weed community and the 
accompanying arthropod food web (Hawes et al., 2009) and strengthened 
the conclusion that weed management accounts for the relationships 
observed. However, weed management was not the largest influence on 
the abundance of beneficial organisms. Rather, there were differences of 
a factor of 3–10 in abundance among different crops and between early 
and late in the growing season, compared with differences of a factor of 
2 associated with weed management (Hawes et al., 2003).

Weed Biodiversity and Weed Shifts

Crop-production practices inevitably influence the composition of the 
weed community. Typically, only a few weed species are economically 
important in a particular crop-production system (Owen, 2001; Tuesca 
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et al., 2001). When a production practice changes, for example, a change 
in herbicide, it may ultimately select for weed biotypes that are resistant 
to that herbicide (Baker, 1991). Other elements of production practices 
that have selective effects on the weed community include harvesting 
techniques, irrigation, fertilization, planting dates, soil amendments, and 
tillage (Hilgenfeld et al., 2004; Murphy and Lemerle, 2006; Owen, 2008).

The stronger the selective force of those practices (e.g., the level of 
disturbance caused by tillage), the more consistent the selective force 
(e.g., continuous planting of the same crop as opposed to annual crop 
rotations), and the simpler the selective force (e.g., the recurrent use of 
one herbicide), the greater the effect on the composition of the weed com-
munity (Owen, 2001). Changes in the kinds of weeds that are important 
locally are termed weed shifts (which implies changes in weed species 
composition) (Givnish, 2001); in the following discussion, weed shifts are 
the ecological process by which an initial weed community is replaced 
by a new community, including better-adapted species, in response to 
changes in agricultural practices. Weed shifts are generally followed by a 
period of stability, given the longevity of weed seeds in the soil, as long as 
the agricultural systems that resulted in the shift remain constant (Buhler, 
1992; Buhler et al., 1997). They are a common and inevitable result of agri-
culture and are not unique to the adoption of HR crops, but it is essential 
to understand and manage them well if agriculture is to be productive 
and sustainable�����������������������������������������������������������        . Such shifts are particularly relevant for managing weeds 
in HR-crop systems, in which tillage practices and herbicide use both play 
major roles in shaping the weed community.

Herbicide Resistance in Weeds

The International Survey of Herbicide Resistant Weeds (ISHRW) pro-
vides a historical account and extensive list of weeds that have evolved 
resistance to herbicides (Heap, 2010). Although the ISHRW reflects the 
efforts of many weed scientists in reporting weed populations that have 
herbicide resistance, the voluntary basis of the contributions likely results 
in underestimation of the extent of resistance to herbicides, including 
glyphosate. The evolution of herbicide-resistant weeds is not unique to 
the herbicides for which HR traits exist. Currently, 195 species (115 dicots 
and 80 monocots) have evolved resistance to at least one of 19 herbicide 
mechanisms of action in at least 347 herbicide-resistant weed biotypes 
distributed over 340,000 fields (Heap, 2010).

Glyphosate, first commercialized in 1974, has been extensively used 
for weed control in perennial crops (fruits, trees, nuts, and vines), along 
roadsides and irrigation canal banks, and in urban areas and national 
parks (Powles, 2008). The first case of evolved resistance to glyphosate 
was reported in 1996 in rigid ryegrass (Lolium rigidum) (Powles et al., 
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1998). The glyphosate-resistant population originated in an orchard in 
a large winter cropping region of southern Australia, where glyphosate 
had been used intensively for the control of rigid ryegrass for more than 
15 years. Since the initial report, at least six other weed species have been 
reported as resistant to glyphosate in environments where glyphosate-
resistant crops were not planted (Powles, 2008; Heap, 2010).

Emergence of Glyphosate-Resistant Weeds in Herbicide-Resistant Crop Fields

Ten species have evolved resistance to glyphosate independently in 
glyphosate-resistant crops over 14 years in the United States (from 1996 to 
2010) (Heap, 2010). Gene flow between HR crops and closely related weed 
species does not explain the evolution of glyphosate resistance in U.S. fields 
because sexually compatible weeds are absent where corn, cotton, and soy-
bean are grown in the United States. However, the nearly exclusive reliance 
on glyphosate for weed control, a practice accelerated by the widespread 
introduction of glyphosate-resistant crop varieties, has caused substantial 
changes in weed communities. The first report of glyphosate resistance 
associated with a GE glyphosate-resistant crop involved horseweed (Conyza 
canadensis) in Delaware (VanGessel, 2001); once resistance evolved, growers 
found it difficult to control this weed in no-till glyphosate-resistant soy-
bean (VanGessel, 2001). Since the initial report in 2000, glyphosate-resistant 
populations of horseweed have been documented throughout the Mid-
Atlantic, Mid-South, Mississippi Delta, and Midwest states (Heap, 2010). 
The weed grows particularly well in no-till production systems, producing 
a large number of wind-carried seeds that are dispersed over long distances 
(Buhler and Owen, 1997; Ozinga et al., 2004).

Subsequent to that discovery in 2000, other weed species have evolved 
resistance to glyphosate in glyphosate-resistant crops in the United States 
(Table 2-1). They include two species of pigweed, Palmer amaranth 
(Amaranthus palmeri) and waterhemp (Amaranthus tuberculatus),� which 
have become economically important in glyphosate-resistant cotton and 
soybean production (Zelaya and Owen, 2000, 2002; Culpepper, 2006; 
Culpepper and York, 2007; Legleiter and Bradley, 2008). Infested areas 
are increasing rapidly in the Southeast, the Mississippi Delta (Palmer 
amaranth as well as Johnsongrass, Sorghum halepense), and the Midwest 
(waterhemp) (Culpepper and York, 2007; Legleiter and Bradley, 2008). 
Glyphosate-resistant populations of giant ragweed (Ambrosia trifida) have 
been reported in several states (Leer, 2006), primarily in or adjacent to 
glyphosate-resistant soybean. Kochia (Kochia scoparia) with evolved resis-
tance to glyphosate has recently been identified in Kansas (Heap, 2010). 

� In some literature, Amaranthus tuberculatus is referred to as Amaranthus rudis. 
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Another weed, common lambsquarters (Chenopodium album) (Kniss et 
al., 2004, 2005; Schuster et al., 2007; Scursoni et al., 2007) may have also 
evolved glyphosate-resistant biotypes (Boerboom, 2005), but it has not yet 
appeared on the ISHRW list.

Other Shifts in Weed Communities

Factors other than the evolution of glyphosate resistance affect the 
composition of weed species in the field. Changes in the tillage system 
used in growing HR crops are probably the most important factor in 
promoting weed shifts because disturbance is a primary selective force 
(Buhler, 1992). In addition, weeds that escape glyphosate applications by 
germinating after the last application can have an advantage in glyphosate-
resistant crops (Hilgenfeld et al., 2004; Owen and Zelaya, 2005; Puricelli 
and Tuesca, 2005; Scursoni et al., 2007; Wilson et al., 2007; Owen, 2008). 
Table 2-2 lists weed species that have been found to be naturally tolerant to 
the conditions prevalent in the fields where glyphosate-resistant crops are 
grown and have become more abundant after the widespread adoption of 
these crops. Shifts in local weed communities have been observed more 
frequently in glyphosate-resistant cotton and soybean than in glyphosate-
resistant corn, probably because glyphosate-resistant cotton and soybean 
are more widely cultivated than glyphosate-resistant corn (Culpepper, 
2006). However, where glyphosate-resistant corn and glyphosate-resistant 
soybean are commonly rotated (e.g., in the Midwest), strong selection 
pressure exists for the evolution of glyphosate-resistant weeds because 
the management tactics vary so little between the two crops.

Farmers’ Response to Glyphosate Resistance in Weeds

The evolution of glyphosate resistance in some kinds of weeds and 
other weed shifts can diminish the technical and economic efficiency of 
weed control. However, because glyphosate allows producers to con-
trol a wide array of weeds conveniently and economically, they have 
been reluctant to stop using glyphosate-resistant crops and glyphosate 
when facing control problems arising from a few glyphosate-resistant or 
naturally glyphosate-tolerant weed species. For controlling problematic 
weeds, they prefer increasing the magnitude and frequency of glyphosate 
applications, using other herbicides in addition to glyphosate, or increas-
ing their use of tillage.

For example, soybean growers in Delaware continued planting 
glyphosate-resistant soybean even in the presence of widespread glyphosate 
resistance in horseweed (Scott and VanGessel, 2007). Most producers 
addressed the problem by applying an herbicide with a different mode of 
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TABLE 2-2  Weeds Reported to Have Increased in Abundance in 
Glyphosate-Resistant Crops
Species Crop Location Reference

Acalypha spp. 
(copperleaf)

Soybean — Owen and Zelaya, 
2005; Culpepper, 2006

Amaranthus 
tuberculatus 
(waterhemp)

Soybean — Owen and Zelaya, 2005 

Amaranthus palmeri 
(Palmer amaranth)

Cotton — Culpepper, 2006

Annual grasses Cotton — Culpepper, 2006

Chenopodium album 
(common 
lambsquarters)

Soybean Iowa, 
Minnesota

Owen, 2008

Commelina communis 
(Asiatic dayflower)

Cotton, soybean Midwest, 
Midsouth, 
Southeast

Owen and Zelaya, 
2005; Culpepper, 2006; 
Owen, 2008

Commelina benghalensis 
(tropical spiderwort)

Cotton Southeast, 
Georgia

Owen, 2008; Mueller et 
al., 2005

Cyperus spp. 
(nutsedge)

Cotton — Culpepper, 2006

Equisetum arvense 
(field horsetail)

Herbicide-
resistant crops

— Owen, 2008

Oenothera biennis 
(evening primrose)

Herbicide-
resistant crops

Iowa Owen, 2008

Oenothera laciniata 
(cutleaf evening 
primrose)

Soybean — Culpepper, 2006

Pastinaca sativa 
(wild parsnip)

Herbicide-
resistant crops

Iowa Owen, 2008

Phytolacca americana 
(pokeweed)

Herbicide-
resistant crops

— Owen, 2008

Ipomoea spp. 
(annual morning 
glory)

Cotton — Culpepper, 2006
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action, increasing the frequency of glyphosate applications, or using tillage 
before planting. Some 76 percent of growers estimated that resistance in 
horseweed increased their management costs by more than $2.02/acre, and 
28 percent reported cost increases of over $8.09/acre (Scott and VanGessel, 
2007). Similarly, a survey of 400 corn, soybean, and cotton producers in 
17 states found that most would not limit the use of glyphosate-resistant 
crops when facing problematic glyphosate-resistant weeds (Foresman and 
Glasgow, 2008). Instead, producers planned to increase the rotation of her-
bicides, the use of tank-mixes, or the amount of tillage. They expected that 
additional measures for the control of glyphosate-resistant weeds would 
cost $13.90–16.30/acre (Foresman and Glasgow, 2008).

In an economic analysis of weed-management costs with a hypothetical 
reduction of control with glyphosate in three regions of the United States, 
the projected cost of new resistance-management practices for horseweed 
was $12.33/acre in a cotton–soybean–corn rotation in western Tennessee 
(Mueller et al., 2005). Additional costs were due to a shift from no-till to 
conventional tillage for cotton and the need for new preplant herbicides 
for soybean. The projected cost of new herbicide resistance-management 
practices for waterhemp was $17.91/acre in a corn–soybean rotation in 
southern Illinois; this cost resulted from use of different preemergence and 
postemergence herbicides for soybean (Mueller et al., 2005). For cotton 
grown in Georgia, the extra cost of controlling shifts in tropical spiderwort 
(Commelina benghalensis), a weed that is naturally tolerant to glyphosate, 
was predicted to be $14.91/acre; an additional herbicide application after 
cotton emergence explained this cost (Mueller et al., 2005).

Those studies indicate that the evolution of glyphosate resistance and 
weed shifts could lead to two important changes in practices: increased 
use of herbicides generally and reductions in conservation tillage (Mueller 
et al., 2005). Such changes would also increase weed-management costs 
and reduce producers’ profits, and the environmental consequences of 
those practices, if they were widely adopted by producers of HR crops, 
would negate the environmental benefits previously achieved.

In summary, most glyphosate-resistant weeds in HR crops are of 
economic importance in row crops grown in the Southeast and Midwest. 
The number of weed species evolving resistance to glyphosate is growing 
(Figure 2-6), and the number of locations with glyphosate-resistant weeds 
is increasing at a greater rate, as more and more acreage is sprayed with 
glyphosate. Though the number of weeds with resistance to glyphosate 
is still small compared to other common herbicides,� the shift toward 

� For example, 38 weeds have developed resistance to some acetyl-CoA carboxylase 
(ACCase) inhibitors, and resistance to some acetolactate synthase (ALS) inhibitors has been 
documented in 107 weed species worldwide.
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FIGURE 2-6  Number of weeds with evolved glyphosate resistance.
*Weed numbers are updated through March 2010.
SOURCE: Adapted from Heap, 2010.

glyphosate-resistant weed biotypes will probably become an even more 
important component of row-crop agriculture unless production practices 
(such as recurrent use of glyphosate) change dramatically (Gressel, 1996; 
Owen and Zelaya, 2005; Johnson et al., 2009).

Implications of Weed Shifts in Herbicide-Resistant Cropping Systems

As noted above, because the adoption of HR crops has facilitated an 
increase in conservation tillage and reduced the number of herbicides 
that growers use to control weeds, the selection pressures affecting weed 
communities has changed. Unsurprisingly, managing weeds through 
glyphosate applications to HR crops favors the evolution of glyphosate 
resistance in weeds occurring in these crop fields (Shaner, 2000; Mueller 
et al., 2005; Foresman and Glasgow, 2008; Powles, 2008). Addressing the 
problem of resistance—a problem not unique to HR crops—requires care-
ful thought about management practices and other potential solutions 
based on a clear understanding of how genes that code for resistance are 
distributed throughout a population of a weed species.

Principles of Population Genetics Underlying Resistance in Weeds

Similar concepts have been used to understand the evolution of resis-
tance to glyphosate in weeds and to the Bt toxin in insects. Population-
genetic models and empirical data on factors that affect how resistance 
evolves have been applied to the management of both herbicide-resistant 
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weeds and Bt-resistant insects (Jasieniuk et al., 1996; Werth et al., 2008). 
However, strategies for delaying the evolution and spread of resistance 
are not the same because there are important underlying differences in the 
population genetics of herbicide resistance and insect resistance.

Resistance to herbicides, and in particular to glyphosate, is often 
conferred by a single nuclear gene (Jasieniuk et al., 1996; Powles and 
Preston, 2006). Herbicide resistance in weeds is rarely recessive;� in all 
cases studied, resistance to glyphosate was additive to dominant, that 
is, individuals with a single resistance allele can survive applications of 
glyphosate (Jasieniuk et al., 1996; Zelaya et al., 2004; Powles and Preston, 
2006; Zelaya et al., 2007; Neve, 2008). Furthermore, even if resistance is 
recessive in some weeds, many weeds are self-pollinating, so a recessive 
gene for resistance could become homozygous in only a few genera-
tions and thus confer resistance to all offspring (Gould, 1995; Jasieniuk 
et al., 1996). Some agronomically important weeds (such as pigweed) 
are dioecious (having separate male and female plants) and thus are 
cross-pollinated. They have demonstrated the ability to evolve resis-
tance to glyphosate although the genetics of the process have not been 
described.

Finally, even though the seeds of some weed species can disperse 
over long distances (Shields et al., 2006), dispersal of viable pollen gener-
ally occurs over short distances (Jasieniuk et al., 1996; Roux et al., 2008). 
Therein lies an important difference between weeds and insects and hence 
the availability of strategies, such as refuges, to control weed resistance. 
For all the reasons described above, maintaining a refuge—an area where 
susceptible weeds are not exposed to glyphosate and would persist to 
interbreed with resistant biotypes—cannot be expected to lower the heri-
tability of herbicide resistance in weeds as it lowers the heritability of Bt 
resistance in insects targeted by Bt crops (Jasieniuk et al., 1996). The ref-
uge strategy for Bt-resistant insects is discussed later in this chapter (see 
“Evolution and Management of Insect Resistance”).

Although the use of refuges cannot be expected to delay the evolution 
of glyphosate resistance in weeds, the spread of herbicide resistance can 
be delayed by reducing the selective differential (the difference in survival 
and other fitness traits) between individuals with and without resistance 
alleles (Gressel and Segel, 1990; Jasieniuk et al., 1996; Werth et al., 2008). 
That can be accomplished by using control practices that kill weeds that 

� Plants carry two alleles (forms) of the same gene for glyphosate resistance. Each allele 
exerts influence on the nature of that trait; saying that resistance is recessive means that one 
allele is not sufficient to confer resistance. Offspring that inherit one allele with the resistant 
trait and one without will not be resistant, while offspring that inherit two of the same form 
of the allele that confers resistance will be resistant. 
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have the resistance alleles. For example, the use of tank-mixes that contain 
two or more herbicides with different modes of action may be effective if 
the herbicides have high efficacy in controlling the target weeds. Similarly, 
herbicides with different modes of action or methods that combine herbi-
cides and mechanical weed control (tillage) may be used sequentially to 
control the same generation (i.e., emergence cohort) of weeds.

The selective differential between individuals with and without resis-
tance alleles can also be reduced by rotating the types of herbicides used 
to control the target weeds so that selection for resistance to a specific 
herbicide occurs only in alternate growing seasons (Jasieniuk et al., 1996; 
Roux et al., 2008). When no fitness costs� are associated with resistance, 
the rotation of herbicides contributes to equalizing the fitness of indi-
viduals that are resistant to and susceptible to a herbicide during seasons 
when the herbicide is not used. Models suggest that the evolution of 
resistance to the rotated herbicides will be delayed by 1 year for each 
year that the rotation tactic is used (Maxwell and Jasieniuk, 2000). When 
fitness costs are associated with resistance to a herbicide (Gressel and 
Segel, 1990; Jasieniuk et al., 1996; Baucom and Mauricio, 2004), the fit-
ness of individuals that have resistance alleles is lower than the fitness of 
individuals that do not during seasons when the herbicide is not used. 
Therefore, herbicide rotation contributes to reducing the selective differ-
ential between individuals with and without resistance alleles over time, 
which may delay the evolution of resistance (Jasieniuk et al., 1996; Roux 
et al., 2008).

Reduction in the selective differential can be accomplished by rotat-
ing the type of crops grown in a field between growing seasons; this 
may result in drastic changes in the types of herbicides used. Changes in 
ecological conditions associated with cultivation of different crops could 
favor declines in particular weed species (which could be resistant or 
tolerant to glyphosate) or induce competitive disadvantages in herbicide-
resistant weeds through negative cross-resistance, in which resistance to 
one chemical confers hypersensitivity to another chemical (Gressel and 
Segel, 1990; Boerboom, 1999; Owen and Zelaya, 2005; Beckie et al., 2006; 
Murphy and Lemerle, 2006).

� Some genes that confer resistance affect the biological or physiological viability of an 
organism adversely in absence of a pesticide, and carriers of such a gene tend to become 
rarer in the population over time. The fitness cost is the extent to which such a penalty on 
fitness exists.
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Developing Weed-Management Strategies for Herbicide-Resistant Crops

How might the various strategies be used in the context of HR crop-
ping systems? Tank-mixes and sequences of herbicides to extend the useful 
life of herbicides could be employed if crop cultivars that are resistant to 
two or more herbicides are developed; this strategy is currently favored 
by biotechnology companies (Duke, 2005; Behrens et al., 2007; Green et 
al., 2008; Green, 2009). As for using crop rotations, the increasingly com-
mon practice of farmers throughout the United States of using glyphosate 
as the primary or only weed-management tactic in rotations of different 
glyphosate-resistant crops limits the application of the rotation strategy, 
even if the change in crop-induced ecological changes might improve 
weed management. A possible solution could be to combine the rotation of 
two or more HR cultivars that each can tolerate only one herbicide with the 
use of a different herbicide at each rotation. For example, different varieties 
of GE canola (Brassica napus L.) grown in the prairie provinces of Canada 
were engineered for resistance to glufosinate or glyphosate. That allowed 
producers to include two types of HR canola into a canola–wheat–barley 
rotation so that canola resistant to glufosinate or glyphosate would be 
grown only once every 4 years in a particular field (Powles, 2008). In 
contrast with corn, soybean, and most cotton production, growing crop 
species like canola, in which hybridization between the crop and weedy 
relatives is possible, poses a risk of gene flow between the HR crop and 
the weedy relatives (Beckie et al., 2003; Légère, 2005; see also “Gene Flow 
Between Genetically Engineered Crops and Related Weed Species”).

The same rotation strategy could be used with HR crops that are 
resistant to two (or more) herbicides; the same crop would be grown 
twice during the rotation cycle, but each of the two herbicides that it can 
resist would be applied only every other year. Genes that confer resistance 
to some acetyl-CoA carboxylase (ACCase) inhibitors, synthetic auxins 
(e.g., 2, 4-D), acetolactate synthase (ALS) inhibitors, dicamba, glufosinate, 
glyphosate, and hydroxyphenylpyruvate dioxygenase (HPPD) inhibitors 
are the most likely candidates for production of the next generation of HR 
varieties that are resistant to multiple herbicides (Duke, 2005; Behrens et 
al., 2007; Green, 2009). So far, weed resistance to glufosinate and HPPD 
inhibitors has not been reported. Weed resistance to dicamba has not been 
reported in corn, cotton, or soybean but has appeared in other crops in the 
United States (Heap, 2010). However, weed resistance to some ACCase 
inhibitors, synthetic auxins, and ALS inhibitors has been reported in corn, 
cotton, and soybean (Heap, 2010). Moreover, most weed species that have 
evolved resistance to glyphosate in fields of HR crops (Table 2-1) also 
have evolved resistance to ALS inhibitors (Heap, 2010).

From the point of view of herbicide-resistance management and the 
long-term efficacy of an HR crop, it may be better to engineer a crop for 
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resistance to herbicides that can efficiently control most weeds associated 
with the crop. For example, genes that confer resistance to ALS inhibitors, 
to which many weed species are already resistant, could be inferior to 
genes that confer resistance to dicamba, glufosinate, and HPPD inhibitors 
to produce durable HR corn, cotton, and soybean resistant to two or more 
herbicides. Similarly, care should be taken to engineer crops for resistance 
to specific ACCase inhibitors and synthetic auxins that will still be effec-
tive in controlling weeds associated with future HR crops.

If crops that are resistant to multiple herbicides—including ALS 
inhibitors, ACCase inhibitors, synthetic auxins, and glyphosate—are 
widely planted, continued use of the herbicides in fields that contain 
weeds already resistant to some of them could involve a risk of selecting 
for high levels of multiple herbicide resistance. The ability of weeds to 
evolve biotypes that have multiple herbicide resistance has already been 
demonstrated in waterhemp populations in Illinois and Missouri that are 
resistant to three herbicide mechanisms of action (Patzoldt et al., 2005; 
Legleiter and Bradley, 2008). Evolved multiple resistance will exacerbate 
problems of controlling some key herbicide-resistant weeds, and local 
and regional spatially explicit information on the distribution of weeds 
that are resistant to glyphosate and other herbicides could be useful in 
helping to manage such a situation (Werth et al., 2008). Tank-mixes and 
sequencing herbicides rely on redundancy to be effective. Models assess-
ing sequential use of herbicides only, or of herbicides and mechanical 
weed control, indicate that a low frequency of alleles conferring resistance 
to herbicides and high weed mortality are critical factors for these strate-
gies to substantially delay the evolution of weed resistant to glyphosate 
in HR crops (Neve et al., 2003; Neve, 2008; Werth et al., 2008).

In conclusion, regardless of the specific herbicide for which HR 
crops are genetically engineered, only appropriate stewardship by the 
grower will delay the evolution of resistance to the herbicide. Resistance 
management is voluntary in the United States for all pesticides except 
Bt produced by Bt crops (Berwald et al., 2006; Thompson et al., 2008). 
Given the rapid increase in and expansion of weeds that are resistant to 
glyphosate in HR crops, herbicide-resistance management needs national 
attention. As discussed previously, the rapid evolution of weed resistance 
to glyphosate has probably been a consequence of growers’ management 
decisions that favored the use of glyphosate as the primary, if not sole, 
tactic to control weeds despite efforts in the private and public sectors to 
strongly recommend alternative strategies (Johnson et al., 2009). With-
out changes in production practices, the increase in weeds resistant to 
glyphosate will likely increase weed-management expenses for farmers. 
The evolution of herbicide resistance and other weed shifts associated 
with the adoption of GE crops requires the development and use of more 

Impact of Genetically Engineered Crops on Farm Sustainability in the United States

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/12804


ENVIRONMENTAL IMPACTS OF GE CROPS AT THE FARM LEVEL	 83

effective weed-management strategies and tactics (Beckie, 2006; Murphy 
and Lemerle, 2006; Green et al., 2008; Gustafson, 2008; Powles, 2008; 
Werth et al., 2008).

Diversification of weed-management strategies can be accomplished 
by integrating several weed-control tactics: herbicide rotation, herbicide 
application sequences, and the use of tank-mixes of more than one herbi-
cide; the use of herbicides that have different modes of action, methods 
of application, and persistence; cultural and mechanical control prac-
tices; and equipment-cleaning and harvesting practices that minimize the 
dispersal of herbicide-resistant weeds. Although the strategies to miti-
gate weed shifts are readily identified, they have largely been ignored 
because of the scale of commercial agriculture, which favors the simplicity, 
convenience, and short-term success of herbicide use over more time-
consuming strategies that can be burdensome to implement on farms 
(Shaner, 2000; Mueller et al., 2005; Johnson and Gibson, 2006; Sammons 
et al., 2007; Owen, 2008). Furthermore, increased reliance on glyphosate 
for weed control in glyphosate-resistant crops has reduced the price of 
other herbicides in the United States and has limited efforts to develop 
new herbicides (Shaner, 2000; Duke, 2005). Companies are increasingly 
focused on expanding the use of currently registered herbicides, which 
can be achieved by commercializing GE crops that are resistant to more 
than one herbicide (Duke, 2005; Green, 2007, 2009). Delaying the evolu-
tion of resistance to herbicides that are used with HR crops and minimiz-
ing other weed shifts are particularly important in this context because 
new herbicides may not be readily available to replace ones that become 
ineffective when resistance evolves. Therefore, farmers would benefit 
from focusing on more diverse, longer-term weed-management strategies 
to preserve the effectiveness of HR crops and to minimize the possibility 
of more expensive control tactics in the future.

ENVIRONMENTAL IMPACTS OF INSECT-RESISTANT CROPS

The adoption of Bt crops has changed insect-management strategies 
for most corn and cotton farmers in the United States. Those changes have 
implications for pest populations, soil conditions, and the management 
of insect pests in the future. The following section evaluates the impact 
of insect-resistant (IR) crop adoption on pest populations, on nontarget 
insects, and on soil quality. It also investigates resistance-management strat-
egies and concerns related to the continued effectiveness of IR crops.
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Levels of Insecticide Use

Insecticide Use in Corn

Insecticide use in corn (in pounds of active ingredient per acre) has 
steadily declined since 1997 as the adoption of Bt corn (which reached 50 
percent of corn acres planted in 2007) has increased (Figure 2-7). Bt corn 
was introduced in the mid-1990s to control European corn borer (Ostrinia 
nubilalis). Because chemical control of European corn borer was not always 
profitable (and timely application was difficult) before the introduction of 
Bt corn, many farmers accepted yield losses rather than incur the expense 
and uncertainty of chemical control. For those farmers, the introduction of 
Bt corn resulted in yield gains rather than pesticide savings (Fernandez-
Cornejo and Caswell, 2006). However, a new type of Bt corn introduced in 
2003 to protect against corn rootworm (Diabrotica spp.), which was previ-
ously controlled with chemical insecticides and crop rotation, has provided 
substantial insecticide savings (Fernandez-Cornejo and Caswell, 2006).

FIGURE 2-7  Pounds of active ingredient of insecticide applied per planted acre 
and percentage of acres of Bt corn, respectively.
NOTE: Seed-applied insecticide not included. Furthermore, the strong correlation 
between the rising percentage of Bt corn acres planted over time and the decrease 
in pounds of active ingredient per planted acre suggests but does not confirm 
causation between these variables.
SOURCE: USDA-NASS, 2001, 2003, 2005, 2007, 2009a, 2009b; Fernandez-Cornejo 
et al., 2009.
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Insecticide Use in Cotton

Cotton has the highest traditional use of insecticides per acre and 
the highest rate of adoption of Bt crops, reaching almost 60 percent 
in 2007, 12 years after Bt cotton was first commercialized (Figure 2-8). 
Insecticide use has fallen (in pounds of active ingredient per acre) over 
the same period, but fluctuations in total cotton insecticide applications 
have also been strongly affected by the boll weevil eradication program� 
(Fernandez-Cornejo et al., 2009).

� Since the 1970s, cotton growers and governments have worked toward eradicating the 
boll weevil, a beetle that affects cotton and that is not directly affected by Bt cotton. Differ-
ent cotton-growing regions joined the program in different years. Typically, the first year of 
participation entails heavy application of pesticides (generally malathion). In subsequent 
years, the boll weevil population is monitored and treated as needed. A new wave of cotton-
growing regions began participating in 1993. The spike in cotton insecticide applications in 
1999 and 2000 coincides with the entry of 2 million cotton acres into the program in Texas 
(Fernandez-Cornejo et al., 2009). 

FIGURE 2-8  Pounds of active ingredient of insecticide applied per planted acre 
and percentage of acres of Bt cotton, respectively.
NOTE: The strong correlation between the rising percentage of Bt cotton acres 
planted over time and the decrease in pounds of active ingredient per planted acre 
suggests but does not confirm causation between these variables.
SOURCE: USDA-NASS, 2001, 2003, 2005, 2007, 2009a, 2009b; Fernandez-Cornejo 
et al., 2009.
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Regional Pest Reductions

Corn and cotton that produce Bt toxins can cause high mortality in 
insect pest populations in which Bt-resistance alleles are rare. For example, 
mortality in pink bollworm (Pectinophora gossypiella) and tobacco bud-
worm (Heliothis virescens) on Bt cotton with Cry1Ac protein is virtually 100 
percent throughout the growing season (Tabashnik et al., 2000; Showalter 
et al., 2009). However, mortality in the moths Helicoverpa armigera and 
Helicoverpa zea10 on Cry1Ac cotton is typically lower than 95 percent and 
declines during the growing season (Kennedy and Storer, 2000; Olsen et 
al., 2005; Tabashnik et al., 2008; Showalter et al., 2009). Crops that produce 
more than one Bt toxin generally cause higher mortality than crops that 
produce a single toxin although declines in mortality during the growing 
season may still be observed (Adamczyk et al., 2001; Bommireddy and 
Leonard, 2008; Mahon and Olsen, 2009; Showalter et al., 2009).

Because Bt crops can cause high pest mortality, it has been postulated 
that one effect of the widespread use of Bt crops is a reduction in some 
pest populations regionally (Kennedy et al., 1987; Alstad and Andow, 
1995; Roush, 1997; Gould, 1998; Kennedy and Storer, 2000; Storer et al., 
2003). According to that idea, an area-wide decline in pest abundance 
could occur because replacing non-Bt crop fields with Bt crop fields elimi-
nates suitable habitats for the pests. If females lay eggs on Bt plants and 
on non-Bt host plants, laying eggs on Bt plants could substantially reduce 
the number of surviving offspring produced by females and cause a 
decline in pest density (Riggin-Bucci and Gould, 1997; Carrière et al., 
2003; Shelton et al., 2008). Models have suggested that the suppression of 
pest populations is more likely as mortality induced by Bt crops increases, 
the abundance of Bt crops and female movement between patches of 
Bt and non-Bt plants increase, and the net reproductive rate in patches 
of non-Bt hosts decreases (Carrière et al., 2003). However, polyphagous 
pest species (those able to feed on multiple types of plants) often exploit 
crops sequentially during the growing season, tracking changes in host 
suitability (Kennedy and Storer, 2000). In some cropping systems, the 
feeding options of such pests might be limited to only a Bt crop for a few 
generations, when it is the only suitable resource available. Thus, Bt crops 
could affect pest population dynamics even when the crops are relatively 
rare (Kennedy et al., 1987; Wu et al., 2008).

Long-term monitoring of insect-pest density before and after commer-

10 Helicoverpa armigera and Helicoverpa zea are known by many common names, depending 
on the host plant. Helicoverpa armigera is referred to as old world bollworm or cotton boll-
worm (when it feeds on cotton), pod borer (when it feeds on chickpea or pigeon pea), tomato 
fruit borer (when it feeds on tomato), and corn earworm (when it feeds on corn). Helicoverpa 
zea is often called cotton bollworm, corn earworm, or tomato fruitworm.
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cialization of Bt crops has provided evidence that deployment of Bt crops 
influences pest population dynamics regionally. Table 2-3 contains the 
results of pest-monitoring studies in the United States and China. Most 
of the studies covered a single region where spatially explicit data on the 
distribution of Bt crops were not available, but in one study of pink boll-
worm population density in Arizona from 5 years before to 5 years after 
introduction of Bt cotton, the abundance of Bt and non-Bt cotton fields in 
15 cotton-growing regions was quantified with geographical information 
system technology (Carrière et al., 2003). In regions with less than an aver-
age of 65 percent Bt cotton in the second 5-year period, the introduction 
of Bt cotton had no consistent effect on population density of pink boll-
worm; in regions with more than 65 percent Bt cotton, the introduction of 
Bt cotton decreased pink bollworm population density, and the extent of 
the decline increased as the percentage of Bt cotton increased. Those data 
are consistent with modeling results and suggest that pest-population 
suppression occurs if the area of Bt crops exceeds a threshold percentage 
of Bt cotton (Carrière et al., 2003). Another recent study of European corn 
borer conducted in five major U.S. corn-producing states indicated that 
suppressive effects of Bt corn depended on the extent of adoption of the 
technology (Hutchison et al., 2007).

Storer et al. (2008) noted that producers, extension agents, and pesti-
cide appliers reported less serious insect-pest control problems in non-Bt 
crops, such as soybean and vegetables, after the regional suppression of 
European corn borer and corn earworm (H. zea) by Bt corn in Maryland. 
As a comparison to the U.S. experience, a study conducted in six prov-
inces of China from 1997 to 2006 documented a progressive decline in the 
population density of cotton bollworm (H. armigera) after the introduc-
tion of Bt cotton (Wu et al., 2008; Table 2-3). The significant suppression 
of cotton bollworm occurred not only in Bt and non-Bt cotton but in 
corn, peanut, soybean, and vegetables. Wu et al. (2008) proposed that the 
regional decline of cotton bollworm populations could reduce insecticide 
use in crops other than cotton. Nevertheless, the economic consequences 
of the regional suppression of pests by Bt crops have been investigated 
only for European corn borer in five U.S. Corn Belt states (Hutchison et 
al., 2007). It was estimated that regional declines in European corn borer 
population densities during the last 14 years in those states saved at least 
$3.9 billion for producers of non-Bt corn and $6.1 billion for producers of 
Bt and non-Bt corn combined. Further detailed spatially explicit studies 
of the association between the distribution of Bt crops and pest problems 
on different scales will be helpful in improving understanding of how the 
use of Bt crops can reduce pest abundances (Marvier et al., 2008).

The use of Bt crops sometimes changes pest-management practices 
enough to increase problems related to pests that are not killed by Bt 
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toxins. For example, substantial reductions in the use of synthetic insecti-
cides on Bt cotton favored outbreaks of mirids and leafhoppers in China 
(Wu et al., 2002; Men et al., 2005). Those pests had been well controlled 
by insecticides before the introduction of Bt cotton. Similarly, lower use 
of insecticides in Bt cotton probably contributed to the higher stink bug 
damage in cotton in some southern U.S. states although the regional 
increases in stink bug populations were probably influenced by other fac-
tors as well (Greene et al., 2001, 2006). Changes in pest-management prac-
tices in connection with Bt crops can also have favorable consequences for 
the control of some pests that are not killed by Bt toxins. For example, a 
reduction in insecticide use on Bt cotton was sometimes associated with 
greater predator abundance and better pest control in cotton aphid in the 
United States (see section “Natural Enemies”).

Reversal of Insect Resistance to Synthetic Insecticides

The deployment of Bt crops is known to promote a reversal of pest 
resistance to synthetic insecticides, but this has not yet been observed 
in the United States. In northern China, the reduction in use of insecti-
cides on Bt cotton contributed to restoring cotton bollworm (H. armigera) 
susceptibility to some synthetic insecticides (Wu et al., 2005; Wu, 2007) 
although fitness costs associated with insecticide resistance likely helped 
to increase susceptibility. Similarly, resistance to pyrethroid insecticides 
declined considerably in tobacco budworm (H. virescens) after the intro-
duction of Bt cotton in southern Tamaulipas, Mexico (Terán-Vargas et al., 
2005). The renewed efficacy of insecticides provided more pest-manage-
ment options to producers in those regions. However, such reversals in 
insecticide resistance do not always occur. For example, the planting of Bt 
cotton in Louisiana did not change the high levels of pyrethroid resistance 
in tobacco budworm (H. virescens) and cotton bollworm (H. zea) (Bagwell 
et al., 2001), and H. zea resistance to pyrethroids increased substantially 
after the planting of Bt cotton in several regions of Texas (Pietrantonio et 
al., 2007).

Effects on Nontarget Species

Bt toxins are considered acutely toxic to a relatively narrow array 
of invertebrate taxa when compared with broad-spectrum insecticides 
because toxicity through direct ingestion of a Bt toxin is typically restricted 
to insects in the same order as the target pest (Schnepf et al., 1998; Glare and 
O’Callaghan, 2000; van Frankenhuyzen and Nystrom, 2002; Mendelsohn 
et al., 2003). For example, the endotoxins Cry1Aa, Cry1Ab, and Cry1Ac 
kill mainly particular moths and butterfly species, while Cry3Aa and 
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Cry3Bb mainly kill particular beetle species. Furthermore, because Bt 
toxins are specific, they cause different mortality within targeted insect 
orders. For example, the cotton cultivar Bollgard I®, which produces the 
toxin Cry1Ac and targets lepidopteran pests, kills virtually 100 percent of 
pink bollworm and tobacco budworm (H. virescens), between 24–95 per-
cent of cotton bollworms H. zea and H. armigera, and less than 4 percent 
of fall armyworm (Spodoptera frugiperda) and beet armyworm (Spodoptera 
exigua) (Showalter et al., 2009). Field studies have revealed relatively few 
adverse effects of Bt crops on arthropods that are not closely related to 
the target pests (Cattaneo et al., 2006; Romeis et al., 2006). In contrast, 
broad-spectrum insecticides, such as pyrethroids and organophosphates 
had consistent, adverse effects on a wide array of nontarget arthropods 
(Cattaneo et al., 2006; Romeis et al., 2006).

Although the high specificity of Bt crops for the control of target pests 
is consistent with integrated pest management, they may have effects on 
beneficial organisms. For example, the larvae of nontarget moths or butter
flies in the landscape surrounding farms may be susceptible to Bt toxins 
that target pests in this group, but they would need to eat the Bt plant 
material to be affected. Bt corn byproducts that enter streams may affect 
aquatic insects in related taxa (Rosi-Marshall et al., 2007). The abundance 
of some natural enemies may decrease when their host or prey species are 
susceptible to Bt toxins and as a result become rare or nutritionally less 
suitable (Romeis et al., 2006).

Quantifying and predicting the effects of Bt crops on nontarget inver-
tebrate species has been the subject of considerable work. As compiled by 
Marvier et al. (2007) and Naranjo (2009), research on the nontarget effects 
of Bt crops includes 135 laboratory studies of nine Bt crops and 22 Bt 
Cry proteins or protein combinations and 63 field studies of five Bt crops 
and 13 Bt proteins. In total, field and laboratory studies of at least 99 and 
185 invertebrate species, respectively, have been conducted although not 
with equal effort. Most of the field studies have been of corn and cotton. 
Individual study results vary, so evidence-based generalizations are elu-
sive in the absence of formal approaches. A review of recent syntheses 
provides an overview of the generalizations that have emerged thus far 
from those efforts.

For cotton and corn, whether Bt crop fields have more or fewer non-
target invertebrates depends on whether one compares the Bt crop to a 
conventional counterpart that received insecticide treatments (Marvier et 
al., 2007; Wolfenbarger et al., 2008; Naranjo, 2009). Collectively, studies 
have indicated that a higher total abundance of arthropods occurred 
in Bt fields than in conventional fields sprayed with insecticides and a 
lower abundance than in conventional fields with no insecticide treat-
ment (Marvier et al., 2007). For Bt corn, the magnitude of the effect also 
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depended on whether studies tested Bt176 (no longer registered for use) 
or the MON810 (commercially used) Bt events. Lower abundance of spe-
cific taxa was found in Bt fields than in unsprayed, non-Bt fields; the taxa 
in question included moths, butterflies, beetles, and true bugs on cotton 
and wasps on corn. Differences in the availability of prey or in survival 
may explain those results (Marvier et al., 2007).

Bt potato crop fields without insecticide use contained higher abun-
dances of predators, natural enemies as a whole, and nontarget pests 
compared to conventional potato fields, whether or not insecticides were 
applied to the conventional fields (Wolfenbarger et al., 2008).

Natural Enemies

Maintenance of healthy populations of predators of crop pests is a 
desirable goal for ensuring long-term environmental sustainability of 
farms. Decreasing the numbers of predators, which in practice will be 
related to the overall biodiversity in an area and to on-farm pest control 
(Landis et al., 2008), would be undesirable. Even in systems where a single 
predator may suffice as a biocontrol agent, redundancy is an important 
tool for ensuring ecosystem services.

The few studies comparing biological control (by parasitism and preda-
tion rates) between Bt and conventional crops have suggested that control 
of nontarget pests on Bt crops was enhanced on cotton (Head et al., 2005) or 
similar on cotton (Naranjo, 2005) and corn (Pons and Starý, 2003; Naranjo, 
2005) and that control of target pests on Bt crops was enhanced on cotton 
(Head et al., 2005), similar on cotton (Sisterson et al., 2004b; Naranjo, 2005) 
and corn (Orr and Landis, 1997; Sisterson et al., 2004b; Naranjo, 2005), or 
reduced on corn (Siegfried et al., 2001; Bourguet et al., 2002; Manachini, 
2003; cited by Naranjo, 2009). Maintenance of biological control of nontarget 
pests in one study occurred in Bt cotton fields in spite of about a 20-percent 
reduction in the abundance of some common predators (Naranjo, 2005). 
When Bt crops have completely replaced insecticide-treated conventional 
crops, studies have consistently reported higher numbers of predators on 
cotton, corn, and potato. When Bt crops have replaced non–insecticide-
treated conventional crops, results studies have consistently indicated 
slightly fewer predators on Bt cotton and no detectable difference on Bt 
corn (Wolfenbarger et al., 2008; Naranjo, 2009).

Field studies of parasitoids have overemphasized specialist species 
of the target pest of Bt corn, so generalizations to parasitoids as a group 
are premature. The studies have revealed a pattern similar to that of 
predators: fewer parasitoids in conventional corn fields sprayed with 
insecticides and no detectable difference between Bt corn fields and con-
ventional corn fields not treated with insecticides. Laboratory studies 
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indicate that effects of Bt toxins on parasitoids depend on whether they 
are fed prey that are susceptible to Bt toxins (Zwahlen et al., 2000; Dutton 
et al., 2002; Schuler et al., 2003, 2004; Romeis et al., 2006). Syntheses of 
laboratory studies of 14 parasitoid species indicate a favorable or neutral 
effect on life-history traits when they were fed prey that had ingested a Bt 
toxin but were not affected by it (high-quality prey). Conversely, studies 
have shown longer development times, lower reproduction, and lower 
survival if the parasitoids were fed prey that had ingested a Bt toxin that 
was toxic to them (low-quality prey) (Naranjo, 2009).

The adoption of Bt cotton increases abundances of natural enemies 
and hence the potential for biological control when it completely replaces 
insecticide treatments. Moth larvae were responsible for a large fraction 
of cotton-insect losses before the adoption of Bt cotton, but cotton-insect 
losses caused by these larvae have become less important now that Bt 
cotton has been widely adopted. The five major insect pests of cotton 
in the United States in 2008 were lygus bugs (1 percent yield loss), boll-
worms and budworms (0.76 percent yield loss), stink bugs (0.75 per-
cent yield loss), thrips (0.52 percent yield loss), and cotton fleahoppers 
(0.23 percent yield loss) (Williams, 2009). Among those, only bollworms 
and budworms are controlled by Bt cotton, so the use of Bt cotton rarely 
eliminates all insecticide applications. Actual farm-level reductions in 
insecticide use for Bt cotton would probably increase the abundance of 
nontarget insects less consistently (e.g., Cattaneo et al., 2006; Sisterson et 
al., 2007) than what has been observed in experimental studies in which 
the use of Bt cotton completely replaced insecticide treatments.

Pollinators and Other Valued Insects

The honey bee (Apis mellifera) is one of the agricultural sector’s most 
important pollinators. Laboratory toxicity studies of honey bees have 
consistently found no evidence that Bt pollen or Bt proteins decrease 
honey-bee larval or adult survival (Duan et al., 2008) even at toxin con-
centrations well beyond what would be encountered in the field. There 
have been laboratory or field studies of few other species (Wolfenbarger 
et al., 2008; Naranjo, 2009); no consistent effect on development time 
(eight studies) or survival (20 studies) has been detected in labora-
tory tests, but effects varied widely among studies, particularly for 
development time (Naranjo, 2009). Laboratory studies collectively have 
indicated longer development time and lower survival of valued insect 
herbivores, a category that includes charismatic species (e.g., monarch 
butterfly larvae) and moths of economic importance (e.g., the silkworm) 
(Naranjo, 2009).
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Summary of Nontarget Effects

The abundance of natural enemies on Bt crops can be greater than, 
the same, or lower than on non-Bt crops. The magnitude of the benefit 
depends on the extent to which a Bt crop substitutes for the use of 
insecticide treatments of non-Bt crops and on whether insecticides for 
other pests are used on the Bt crop. Honey-bee adults and larvae were 
not harmed by Bt pollen or Bt proteins, but too few pollinators have 
been studied to support generalizations about the group as a whole. 
As the sophistication of GE-crop varieties increases and the functional 
roles of arthropods become understood more fully, it should be possible 
to develop strategic pest-management systems that maintain high crop 
productivity while avoiding effects on nontarget moths, butterflies, and 
beetles.

Soil Quality

Overall, it appears that current Bt crops have no greater or lesser 
effect on soil quality than the crops that they have replaced. Many peer-
reviewed studies have addressed the nontarget impacts of Bt crops on 
soil organisms. Specifically, studies have considered the effects of plant 
residues on the soil community because plants are the primary source of 
carbon in soils. If Bt toxins affect soil microorganisms, rates of decompo-
sition and nutrient cycling may be altered. Studies have also focused on 
the consequences of Bt-containing root exudate. Root exudate influences 
the soil community, especially the community of distinct, specialized soil 
microorganisms associated with roots.

Most assessments of the effects of Bt insecticidal proteins on soil 
microorganisms and other organisms have found that these proteins do 
not substantially alter microbial populations and measured functions 
(Icoz and Stotzky, 2008). Over four years of continuous corn cultivation, Bt 
plant residues and root exudates had no consistent or persistent effect on 
a breadth of microorganisms or their enzymatic activity in the soil, but dif-
ferences were detected according to plant species, variety, and age as well 
as other environmental factors (Icoz et al., 2008). With respect to macro
organisms, Lang et al. (2006) found no significant differences in earth-
worm or springtail population density or biomass between soils with Bt 
and with non-Bt corn or between soils with corn treated and not treated 
with insecticide (baythroids) at five sites during 4 years of corn cultiva-
tion. Instead, the site and the sampling years had a greater influence on 
earthworm population density and biomass than the presence of the Cry 
protein. Those results corroborate other laboratory and field studies of the 
effect of Bt toxins on survival, growth, and reproduction of an array of soil 
invertebrates, including woodlice, springtails, and mites (Ahl Goy et al., 
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1995; Saxena and Stotzky, 2001a; Zwahlen et al., 2003; Clark et al., 2006; 
Vercesi et al., 2006; Krogh et al., 2007). Similarly, Birch et al. (2007) detected 
transient and site-specific reductions in the biomass of oribatid mites and 
total microarthropods in fields under Bt and non-Bt corn. However, the 
differences between populations under different non-Bt corn varieties 
were often of the same magnitude as those between Bt and non-Bt corn; 
this led to the conclusion that the effects in the field were varietal effects 
and not due specifically to the Bt trait (Cortet et al., 2006).

When the effects of Bt toxins on nematodes were studied, season, soil 
tillage, soil type, crop type, and cultivar influenced nematode number to 
a greater extent than whether the corn was a Bt variety. Under field culti-
vation for Bt crops with the Cry3Bb1 protein and non-Bt crops, no effect 
was detected on the abundance of the nematode Caenorhabditis elegans 
on corn (Al-Deeb et al., 2003) or on the relative abundance of species of 
nematodes in the soil with eggplant (Manachini, 2003; cited by Icoz and 
Stotzky, 2008). When soils from Bt corn with the Cry1Ab protein and non-
Bt corn in cultivation were compared, there were no effects on nematode 
communities and diversity (Manachini, 2003; cited by Icoz and Stotzky, 
2008) or on the nematode Pratylenchus spp. (Lang et al., 2006). However, 
in experiments in cultivated Bt and non-Bt corn fields, adverse effects 
on growth and abundance of C. elegans were observed (Manachini, 2003; 
Lang et al., 2006; cited by Icoz and Stotzky, 2008), and a lower abundance 
of natural populations occurred transiently in Bt fields and consistently 
at one Bt site (Griffiths et al., 2005, 2006).

Similarly, the Cry1Ab insecticidal protein for European corn borer con-
trol had less effect on the bacterial community structure than other envi-
ronmental factors (Baumgarte and Tebbe, 2005). In one study, a transient 
decrease occurred in the numbers of protozoa in soil with Bt corn under 
field conditions (Griffiths et al., 2005); otherwise, no toxic effects of the Cry 
proteins on protozoa have been observed (Donegan et al., 1995; Saxena and 
Stotzky, 2001a; Griffiths et al., 2005; Icoz and Stotzky, 2008). No changes 
in microbial activity and other assays (i.e., nitrogen mineralization poten-
tial, short-term nitrification, and soil respiration rate) occurred when soils 
cropped with corn that produced the Cry3Bb toxin for corn rootworm pro-
tection were compared with soils cropped with the nontransgenic isoline 
(Devare et al., 2004, 2007). Those studies have indicated that Bt and non-Bt 
crops have comparable effects on soil bacteria and protozoa.

Rates of residue decomposition and the associated accumulation 
of soil organic matter affect soil productivity and soil ecological func-
tions; therefore, if residues of Bt corn differ from residues of non-Bt corn 
in decomposition rates, there might be long-term implications for soil 
quality and soil carbon sequestration. Reduced decomposition rates might 
increase the time that Bt toxins remain in the environment. Chemical 
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bonds in lignins are more resistant to microbial decomposition than other 
chemical bonds in plant cells. Some studies have demonstrated higher 
lignin content in Bt corn hybrids compared to their respective isolines 
(or near-isolines) (Saxena and Stotzky, 2001b; Poerschmann et al., 2005), 
but other studies have found no differences (Jung and Sheaffer, 2004). 
Decomposition rates have more importance for soil quality than relative 
lignin contact. In some laboratory research, plant residue of Bt hybrids 
decomposed at a lower rate in soil than residue of non-Bt hybrids (Flores 
et al., 2005), but field studies have not detected differences in decomposi-
tion rates (Lehman et al., 2008). Similarly, Hopkins and Gregorich (2003) 
reported no differences in carbon dioxide production from Bt and non-
Bt corn in soil over a 43-day incubation period. No differences in mass 
losses in the field were detected between Bt-glyphosate–resistant and 
glyphosate-resistant cotton lines, indicating that there were no differences 
in the rate of decomposition or change in nutrient content in the litter 
over the 20-week experiment (Lachnicht et al., 2004). When the whole soil 
organism community was allowed to access the residue, the decomposi-
tion of Bt and non-Bt residue was similar (Zwahlen et al., 2007)������������ . Tarkalson 
et al. (2008) also reported no differences in residue decomposition rates or 
in mass of total carbon remaining over time between Bt and non-Bt corn 
hybrids observed in a field study although the study did detect differences 
in rates of decomposition for leaf, stalk, and cob plant parts. ��������������� Finally, after 
seven years of continuous corn cultivation, no differences between Bt and 
non-Bt corn treatments were detected in total carbon or nitrogen in soil, 
indicating that plant decomposition rates were similar (Kravchenko et al., 
2009). On the basis of those studies, the plant residue from Bt and non-Bt 
corn hybrids decomposed at similar rates and would have similar effects 
on soil quality and on potential carbon sequestration.

Evolution and Management of Insect Resistance

Evolution of Resistance

Insects can adapt to toxins and other tactics used to control them 
(Palumbi, 2001; Onstad, 2008). When Bt crops were first considered for com-
mercial introduction, EPA recognized their potential to reduce human and 
environmental exposure to broad-spectrum insecticides, increase growers’ 
ability to manage pests and improve crop quality, and increase profits at the 
farm and industry levels (Berwald et al., 2006; Matten et al., 2008). Those 
benefits had already been demonstrated by sprayed Bt insecticides that are 
critical pest-management tools for many fruit and vegetable crops in the 
United States (Walker et al., 2003a). As the regulatory agency overseeing 
the introduction of biological pesticides, EPA concluded that the potential 
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for rapid evolution of insect resistance to Bt toxins produced by GE crops 
was a threat to the benefits provided by Bt crops and to the efficacy of Bt 
sprays in organic and conventional production systems (Matten et al., 2008; 
Thompson et al., 2008). Accordingly, it mandated the use of a refuge strat-
egy (described later in this chapter) to delay the evolution of resistance in 
major insect pests controlled by Bt corn and cotton (US-EPA, 2008a).

Extensive monitoring of 11 major lepidopteran pests of corn and cot-
ton over the last 14 years has revealed that some populations of one moth 
species, cotton bollworm (Helicoverpa zea), evolved resistance to the Bt 
toxins Cry1Ac and Cry2Ab found in some cotton cultivars in the United 
States (Tabashnik and Carrière, 2008; Tabashnik et al., 2008, 2009a). In 
addition, some populations of fall armyworm evolved resistance to Cry1F 
corn in Puerto Rico (Matten et al., 2008), and some populations of corn 
stem borer (Busseola fusca) evolved resistance to Cry1Ab corn in South 
Africa (van Rensburg, 2007; Kruger et al., 2009).

That resistance has evolved in only three pest species in the last 14 
years suggests that the refuge strategy has successfully delayed the evo-
lution of resistance to Bt toxins (Tabashnik et al., 2008, 2009a). Compari-
sons between pests that have and have not evolved resistance to Bt crops 
suggest that recessive inheritance of resistance and abundant refuges of 
non-Bt host plants are two key factors that delay the evolution of resis-
tance (Tabashnik et al., 2008, 2009a). In accordance with these findings, 
EPA demands that GE seed companies require producers to plant refuges 
to delay the evolution of resistance where such refuges are deemed nec-
essary and develop compliance assurance programs (Thompson et al., 
2008). The promotion of precise resistance-management guidelines by the 
industry has undoubtedly contributed to increasing the use of refuges for 
managing the evolution of resistance to Bt crops in the United States. In 
some regions, compliance to the mandated refuge strategies has been high 
since the introduction of Bt crops (Carrière et al., 2005). However, levels 
of compliance have substantially and regularly declined in other parts of 
the country, possibly because the use of Bt crops has increased globally 
and producers can no longer rely on non-Bt users to provide refuges for 
their farms (Jaffe, 2009).

Although the theory, resistance-monitoring data, and experimental 
work conducted in the laboratory suggest the refuge strategy has been 
useful, detailed field experiments are still needed to demonstrate how 
the refuge strategy can delay the evolution of resistance to Bt crops. There 
is usually a delay between the introduction of a novel pesticide and the 
rapid rise in the number of species that have evolved resistance to it 
(Georghiou, 1986). That is illustrated in a comparison of the cumulative 
number of cotton pests that evolved resistance to Bt toxins in crops and to 

Impact of Genetically Engineered Crops on Farm Sustainability in the United States

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/12804


ENVIRONMENTAL IMPACTS OF GE CROPS AT THE FARM LEVEL	 97

the insecticide dichlorodiphenyltrichloroethane (DDT) after the introduc-
tion of these pest-management tools in the United States (Figure 2-9).

After commercialization of Bt cotton in 1996, its use increased rapidly 
in the United States. Similarly, the use of DDT in cotton increased rapidly 
after it became widely commercially available in 1946. For example, 90 
percent of agricultural DDT applications in the United States targeted 
cotton pests in 1962 (Walker et al., 2003b). Similar to Bt cotton that pro-
duces high concentrations of Bt toxins over much of the growing season, 
DDT was applied repeatedly in cotton and retained toxicity for extended 
periods (US-EPA, 2000). The recessive mutations kdr and super-kdr confer 
recessive resistance to DDT in many agricultural pests (Davies et al., 2007; 
APRD, 2009); this is similar to the inheritance of resistance to Bt toxins in 
cotton, which is often recessive (Tabashnik et al., 2008).

With respect to the evolution of resistance, Bt cotton and DDT differ 
in at least two important ways. First, DDT kills a wide array of insects 
regardless of their feeding habits whereas Bt cotton kills only some lepi-
dopteran pests that feed on the cotton. Second, no refuge strategy was 
mandated to manage the evolution of insect resistance to DDT. Those 
differences suggest that the evolution of DDT resistance in cotton pests 
should have been more rapid than the evolution of resistance to Bt cotton. 
However, the cumulative number of cotton pests that evolved resistance 
to Bt cotton and the number that evolved resistance to DDT after their 
introduction in the United States have been strikingly similar (Figure 2-9). 
That comparison indicates that it may still be too soon to claim that the 
refuge strategy has substantially delayed the accumulation of pests resis-
tant to Bt. While seed companies are in a better position to commercialize 
more efficient Bt cultivars for delaying the evolution of resistance (see 
below), the possibility remains that the accumulation of resistant pests 
could accelerate. Thus, complacency in the implementation of resistance-
management strategies is not warranted (Hurley and Mitchell, 2008; Jaffe, 
2009; Tabashnik et al., 2009a).

Principles of Population Genetics Underlying the Refuge Strategy

Population-genetic models and empirical data on factors that affect 
the evolution of insect resistance to Bt crops have been central in the 
development of the refuge strategy. Models generally assume that resis-
tance to a toxin produced by Bt crops is conferred by mutations at a single 
locus (gene location) (Gould, 1998; Tabashnik and Carrière, 2008). That 
is a reasonable assumption because resistance to the intense selection 
imposed by Bt crops and insecticides is likely to involve genes that have 
major effects (Carrière and Roff, 1995; McKenzie, 1996). Furthermore, 
most of the observed cases of evolved resistance to Bt crops have involved 
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FIGURE 2-9  Cumulative number of cotton pests evolving resistance to Bt cotton 
and DDT in the years after these management tools became widely used in the 
United States.
SOURCE: APRD, 2009.

mutations at a single locus (Gahan et al., 2001; Morin et al., 2003; Yang et 
al., 2007; Pereira et al., 2008). For simplicity, models assume the presence 
of one allele that confers susceptibility and one allele that confers resis-
tance even if more than one allele at a single locus can confer resistance 
to Bt crops (Morin et al., 2003; Yang et al., 2007).

The refuge strategy relies on two basic principles. The first principle 
is that the dominance of resistance11 is reduced by increasing the dose of 
Bt toxins (Gould, 1998; Tabashnik et al., 2004). When the concentration 
of a Bt toxin in a plant is low, the resistance trait in the insect popula-
tion is nonrecessive, but when it is high, the resistance trait in the insect 
population becomes recessive, and resistance becomes rarer. Accordingly, 
resistance to commercialized GE crops that produce high concentrations 
of Bt toxins is recessive in many, but not all, target pests (Tabashnik et al., 
2008). The refuge strategy requires the presence of refuges of non-GE host 
plants in or near Bt crop fields (US-EPA, 2008a, 2008b). For refuges to be 
effective, the susceptible insects produced in refuges must be in sufficient 

11 The dominance of resistance depends on the response of heterozygotes compared to the 
response of homozygous-susceptible individuals and homozygous-resistant individuals. If 
heterozygotes respond like homozygous-susceptible individuals, resistance is recessive; 
if heterozygotes respond like homozygous-resistant individuals, resistance is dominant. 
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numbers and mate with the rare resistant pests that survive on GE crops. 
With effective refuges and recessive resistance, most hybrid offspring 
produced by resistant pests that survive on Bt crops are killed when they 
feed on GE crops. That reduces the heritability of resistance (the degree 
of genetic similarity between resistant parents that survive on Bt crops 
and their offspring) and delays its evolution (Gould, 1998; Sisterson et al., 
2004a; Tabashnik and Carrière, 2008).

The second principle underlying the refuge strategy is that the evolu-
tion of resistance can be delayed or prevented by reducing the selective dif-
ferential between individuals with and without resistance alleles (Gould, 
1998; Carrière and Tabashnik, 2001; Andow and Ives, 2002; Tabashnik et 
al., 2005; Crowder and Carrière, 2009). The selective differential between 
resistant and susceptible individuals can be affected by crop-management 
practices, such as increasing refuge size that increases relative fitness of 
susceptible individuals (Mitchell and Onstad, 2005; Onstad, 2008). In fields 
of Bt crops, where resistant individuals are more abundant than susceptible 
individuals, the selective differential between resistant and susceptible indi-
viduals can be reduced by such crop-management practices as pheromone 
mating disruption and the elimination of crop residues that contain insects 
(Andow and Ives, 2002; Carrière et al., 2004b).

The selective differential between resistant and susceptible individuals 
can also be affected by pest biology and genetics. Fitness costs associated 
with resistance to Bt toxins occur in environments that lack Bt toxins if 
individuals with one or more resistance alleles have lower fitness than 
individuals without such alleles (Gassmann et al., 2009). Fitness costs of Bt 
resistance are found in many species and select against resistance in envi-
ronments where Bt toxins are absent; this selection counterbalances selec-
tion that favors an increase in resistance in fields of Bt crops (Gassmann 
et al., 2009). Fitness costs expressed in heterozygous individuals are non-
recessive; costs expressed only in homozygous resistant individuals are 
recessive. Nonrecessive fitness costs can delay the evolution of resistance 
more effectively than recessive fitness costs because alleles that confer 
resistance to Bt crops are often rare (Gould et al., 1997; Andow et al., 2000; 
Tabashnik et al., 2006; Mahon et al., 2007), so most resistance alleles in 
pests targeted by Bt crops are carried by heterozygous individuals. With 
nonrecessive fitness costs, the fitness of resistant heterozygous individuals 
is lower than the fitness of susceptible individuals in refuges, and such 
costs can strongly select for a decline in resistance despite the fact that 
selection favors resistant individuals on Bt crops (Gassmann et al., 2009). 
In other words, recessive costs that influence only the rare homozygous 
resistant individuals are less effective in delaying resistance than non-
recessive costs that influence the more abundant resistant heterozygous 
individuals.
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Incomplete resistance occurs when the fitness of resistant individuals 
is lower on Bt cultivars than on corresponding non-Bt cultivars (Carrière 
and Tabashnik, 2001). It occurs because the individuals that do survive 
on Bt crops are nevertheless affected adversely by Bt toxins (for example, 
larvae take a long time to develop on the Bt crop, and the resulting 
moths are smaller and less fecund). Incomplete resistance is found in 
many species and contributes to delaying the evolution of resistance by 
reducing the selective differential between resistant and susceptible indi
viduals (Carrière and Tabashnik, 2001; Tabashnik et al., 2005; Crowder 
and Carrière, 2009).

The Pyramid Strategy

The first IR crops produced a single Bt toxin. More recently, the 
“pyramid” strategy has used GE crops that produce two distinct Bt toxins 
for delaying pest resistance. The pyramid strategy is based on the prin-
ciple that insects are killed on two-toxin plants as long as they have a 
susceptibility allele at a resistance locus—a phenomenon called redun-
dant killing (Gould, 1998; Roush, 1998). As resistance alleles are generally 
rare, the only genotype that has high survival on a cultivar that produces 
two or more Bt toxins is expected to be extremely rare. Accordingly, the 
refuge strategy is considered more effective in reducing the heritability 
of resistance when crops produce more than one Bt toxin than when they 
produce a single Bt toxin (Gould, 1998; Roush, 1998; Gould et al., 2006). 
Models suggest that the pyramid strategy is most effective when the 
majority of susceptible pests are killed by the GE crop, resistance to each 
Bt toxin is recessive, fitness costs and refuges are present, and selection 
with one Bt toxin does not cause cross-resistance to another (Gould, 1998; 
Zhao et al., 2005; Gould et al., 2006). Cross-resistance to Bt occurs when 
a genetically based decrease in susceptibility to one toxin decreases sus-
ceptibility to other toxins.

Changes in Refuge Strategy in the United States

In a process that aims to use scientific knowledge to balance economic 
and environmental considerations, refuge strategies for Bt corn and cotton 
mandated by EPA have been improved since the commercialization of 
these GE crops in 1996. EPA specifies the area, configuration, and types 
of refuges to be used with specific Bt crops. Changes in refuge require-
ments have been based on input from academe, farmers, and industry. 
Some of the changes have made refuge requirements more stringent, 
while others have eliminated refuge requirements. For example, refuge 
distance requirements for the use of Bt cotton against pink bollworm 
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were unspecified from 1996 to 2000, unless the percentage of Bt cotton in 
a county exceeded 75 percent in the previous year (US-EPA, 1998; Carrière 
et al., 2001). However, on the basis of the principle that refuges must be 
near Bt crops to promote the desired mating between susceptible and 
resistant insects, new regulations enacted in 2001 limited the distance 
between refuges and Bt cotton regardless of the percentage of Bt cotton 
in the previous year (Tabashnik et al., 1999; Carrière et al., 2001; US-EPA, 
2001; Carrière et al., 2004a). Since 2006, in response to a proposal from 
cotton growers to eradicate pink bollworm in Arizona, EPA has allowed 
use of mass release of sterile pink bollworm moths as an alternative to 
non-Bt cotton refuges (US-EPA, 2006a).

In another example, in response to a proposal from Monsanto, the 
refuge requirement of non-Bt cotton cultivars was abolished from Texas 
to the Mid-Atlantic to manage resistance of tobacco budworm (Heliothis 
virescens) and cotton bollworm (Helicoverpa zea) to Monsanto’s pyramided 
Bt cotton cultivar that produces the toxins Cry1Ac and Cry2Ab (US-EPA, 
2007) and subsequently to a cultivar from Dow AgroSciences produc-
ing Cry1Ac and Cry1F. The proposal included new data and modeling 
results that indicated that weeds and non-Bt crops other than cotton 
might provide sufficient refuges to delay Bt resistance in the two mobile, 
polyphagous pests (US-EPA, 2006b). The 2007 change by EPA meant that 
refuges of non-Bt cotton are no longer required for millions of acres of 
the Monsanto cotton cultivar grown in large areas of the United States. 
Assuming that no other factors changed (e.g., the technology fee), that 
action would improve the net benefits to farmers growing the GE cotton 
and increase its adoption (Luna V. et al., 2001; Matus-Cádiz et al., 2004) 
at least in the short term. However, it is noteworthy that decreased sus-
ceptibility to both Cry1Ac and Cry2Ab in cotton bollworm (H. zea) has 
indicated that this pest is evolving resistance to cotton producing those 
toxins in the United States (Tabashnik et al., 2008, 2009b).

It appears likely that most Bt crops commercialized in the future by 
biotechnology companies will produce two or more Bt toxins for the con-
trol of individual insect pest species (Bravo and Soberón, 2008; Matten et 
al., 2008). That could improve the durability of Bt crops if few other major 
insect pests targeted by Bt crops evolve resistance before the replacement 
of one-toxin crops by pyramids and if populations of pests that are resis-
tant to single-toxin Bt crops remain rare. EPA promotes the replacement 
of one-toxin Bt cultivars with two-toxin Bt cultivars on the basis of recog-
nition that the evolution of resistance is more effectively delayed with a 
pyramid strategy than with one-toxin crops (Matten et al., 2008). Another 
incentive to eliminating the use of one-toxin Bt cultivars when two-toxin 
Bt cultivars are introduced is that results from simulation models and 
small-scale laboratory experiments indicate that the evolution of resis-
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tance to two-toxin cultivars is accelerated when plants that produce two 
Bt toxins are grown near plants that produce just one toxin (Roush, 1998; 
Gould, 2003; Zhao et al., 2005).

So far, the complete replacement of one-toxin with two-toxin Bt 
cultivars has occurred only in Australia (Baker et al., 2008). The Trans-
genic and Insecticide Management Strategy committee, which comprises 
growers, consultants, researchers, seed companies, and chemical indus-
try, has overseen the development, implementation, and evaluation of 
resistance-management strategies for Bt cotton in Australia (Fitt, 2003). 
Cotton that produces the Bt toxin Cry1Ac for the control of cotton boll-
worm (Helicoverpa armigera) was replaced by cotton producing Cry1Ac 
and Cry2Ab in 2004. That allowed producers to reduce the area of refuges 
from 70 percent with Cry1Ac cotton to as low as 5 percent with Cry1Ac 
and Cry2Ab cotton (Baker et al., 2008). The exclusive use of a pyramid 
strategy for managing the evolution of Bt resistance in insect pests might 
allow producers to use more Bt crops while maintaining efficient resis-
tance management (Mahon et al., 2007; Baker et al., 2008). However, an 
allele conferring high levels of resistance to Cry2Ab has been found in 
relatively high frequency (0.0033) in field populations of cotton bollworm 
(H. armigera), and individuals homozygous for this allele can survive on 
mature cotton producing the toxins Cry1Ac and Cry2Ab (Mahon et al., 
2007; Mahon and Olsen, 2009). This indicates that a key assumption of the 
pyramid strategy is not met (i.e., redundant killing), and thus that caution 
should be used to manage the evolution of cotton bollworm resistance to 
Cry1Ac and Cry2Ab cotton in Australia.

Agricultural and Environmental Impacts of Insect Resistance to Bt Crops

The refuge strategy was mandated in the United States not only to 
slow the evolution of resistance to Bt cultivars but also to protect the effec-
tiveness of Bt sprays. Susceptibility to sprays with many Bt toxins in pests 
that evolve resistance to single-toxin Bt crops will depend on several fac-
tors, including the level of resistance, the variety and concentration of the 
toxins in the sprays, and the extent of cross-resistance to different toxins. 
If a spray contains one or more toxins to which the pest has evolved resis-
tance or cross-resistance, susceptibility to the spray could be decreased 
(Tabashnik et al., 1993; Moar et al., 1995). Nonetheless, sprays containing 
one or more toxins that kill pests that are resistant to other toxins can be 
useful against such pests (Tabashnik et al., 1993; Liu et al., 1996; Akhurst 
et al., 2003; Wang et al., 2007).

Along with other insecticidal compounds with different modes of 
action, many sprayed Bt insecticides commonly used in the United States 
contain at least two Cry toxins that differ substantially from each other 
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in amino acid sequence and that bind to different target sites in the larval 
midgut (Schnepf et al., 1998; Ferré and Van Rie, 2002; Crickmore et al., 
2009). The few pests that have evolved resistance to Bt crops could remain 
susceptible to sprayed Bt insecticides that contain many Bt toxins, as long 
as the evolution of resistance to the toxins in Bt crops does not involve 
strong cross-resistance to all the toxins in Bt sprays. Cross-resistance 
between Bt toxins that differ substantially in amino acid sequence is 
usually weak or nil, but exceptions occur in important pests that are 
targeted by Bt crops, including cotton bollworm (H. zea) (Hernández-
Martínez et al., 2009; Tabashnik et al., 2009b). However, the possibility 
of cross-resistance in corn stem borer and fall armyworm has not been 
investigated extensively. The agricultural and environmental impacts of 
cross-resistance between single-toxin Bt crops and multitoxin Bt sprays 
will also depend on the extent to which the two approaches are used to 
control a given pest and on pest movement between Bt crops and areas 
where Bt sprays are used.

EPA requires remedial action plans to address cases of resistance, which 
can involve cessation of use of a particular Bt cultivar in a specific area 
(US-EPA, 1998; Carrière et al., 2001; US-EPA, 2001). Sales of corn that pro-
duce the Bt toxin Cry1F were suspended voluntarily in Puerto Rico after 
the evolution of resistance to Cry1F in fall armyworm (Matten et al., 2008). 
In the absence of published information on the distribution of resistance 
and on the presence of cross-resistance and fitness costs, it is not possible 
to assess whether the evolution of resistance to Cry1F in fall armyworm 
threatens the sustainability of other Bt crops or sprayed Bt insecticides in 
Puerto Rico. Furthermore, the economic and environmental consequences 
of Bt resistance are difficult to assess because little information is available 
on the profitability of Cry1F corn in Puerto Rico and on how withdrawal 
of Cry1F corn in Puerto Rico has affected insecticide use.

In contrast, the evolution of resistance of cotton bollworm (H. zea) 
to Cry1Ac cotton in the United States did not have serious agronomic, 
economic, or environmental consequences. That is because resistance did 
not affect many bollworm populations, Cry1Ac cotton still provides some 
control of Cry1Ac-resistant insects, synthetic insecticides were used in 
conjunction with Cry1Ac cotton from the onset to control bollworm, and 
the widespread use of cotton that produces both Cry1Ac and Cry2Ab in 
the states where resistance occurred provided effective control of insects 
that were resistant to Cry1Ac (Tabashnik et al., 2008). Data on increased 
bollworm survival on cotton plants that produce Cry1Ac and Cry2Ab in 
the field or on the consequences of field-evolved resistance to Cry2Ab 
are lacking (Tabashnik et al., 2009b). Although there is strong evidence of 
resistance to Cry1Ac in some populations of bollworm in the Southeast 
(Tabashnik and Carrière, 2009; Tabashnik et al., 2009a), a subset of the data 
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has been contested by some scientists (Moar et al., 2008), and EPA has not 
commented on the situation.

GENE FLOW AND GENETICALLY ENGINEERED CROPS

This section presents an overview of the potential of gene flow to 
weedy relatives for crops for which GE varieties have been developed 
(though not all of these varieties have been commercialized). The move-
ment of herbicide resistance into weedy relatives present on farm fields 
can influence farmers’ weed-management strategies. Gene flow between 
GE and non-GE crops could accelerate the evolution of pest resistance 
to Bt crops, if many Bt plants are routinely present in refuges of non-Bt 
crops (Heuberger et al., 2009; Krupke et al., 2009). The following section 
specifically considers factors that affect gene flow via cross-pollination 
within crops, on which the coexistence of GE and non-GE crops depends. 
Chapter 3 addresses other sources of gene flow, such as co-mingling of 
seed and germination of volunteer seeds left behind, and the economic 
consequences of gene flow between GE and non-GE varieties.

Gene Flow Between Genetically Engineered and 
Non-Genetically Engineered Crops

The potential for cross-pollination between GE and non-GE crops 
depends on the plant species (Ellstrand, 2003a). In particular, the repro-
ductive strategy of a crop determines the degree of gene flow between GE 
and non-GE crops; open-pollinated crops (such as corn) have the greatest 
probability of cross-pollination between GE and non-GE cultivars. Even in 
self-pollinated plants, out-crossing occurs occasionally, the rate depend-
ing on the particular species and environment. In soybean, for example, 
out-crossing is occasional (Palmer et al., 2001; Abud et al., 2004, 2007). In 
contrast, corn is freely out-crossing, so the cross-pollination of non-GE 
cultivars with pollen from GE varieties depends on the distance from 
the source and other factors. Models of pollen dispersal in corn and the 
consequent gene flow may have low precision, particularly in light of the 
small amounts of pollen that move more than 800 ft and the substantial 
impacts of climate (Ashton et al., 2000).

Among the factors that control gene flow between populations of 
wind-pollinated plants are distance from the pollen source and pollen 
shed density, time required for pollen movement, wind speed and direc-
tion, air temperature, and relative humidity (Luna V. et al., 2001; Westgate 
et al., 2003). Pollen viability declines quickly with desiccation. Even if 
pollen is dispersed over great distances, it may, if dried out, not be viable. 
Similarly, the occurrence of GE pollen in a non-GE corn field does not 
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necessarily mean that pollination will occur (Feil and Schmid, 2002). 
Nonetheless, the distances needed to prevent any cross-pollination in 
corn or other open-pollinated crops are so great that they are not practical 
in current commercial agricultural systems (Luna V. et al., 2001; Matus-
Cádiz et al., 2004).

Insect-mediated cross-pollination between GE and non-GE crops 
occurs in those species for which insects typically are the agents of trans-
fer of pollen between individuals (Van Deynze et al., 2005; Llewellyn et 
al., 2007). Canola and cotton are modally out-crossing as a result of pol-
linator activity, whereas soybean is usually self-pollinated but is visited 
by insects seeking its pollen (Ahrent and Caviness, 1994; Walklate et al., 
2004; Heuberger and Carrière, 2009). In a recent study that monitored 
cross-pollination of seed-production fields of non-Bt cotton (some HR, 
some not) by Bt cotton, both the density of flower-foraging honey bees in 
seed production fields and the area of Bt cotton at a distance of 2,460 ft 
from the non-Bt cotton fields affected cross-pollination (Heuberger and 
Carrière, 2009). It had been documented that most cross-pollination in 
cotton occurs over distances of less than 160 ft (McGregor, 1976; Free, 
1993; Xanthopoulos and Kechagia, 2000; Zhang et al., 2005). Nevertheless, 
foraging honey bees can easily travel two miles or more (Beekman and 
Ratnieks, 2000); this suggests that the 2,460-ft radius at which pollen from 
Bt cotton influenced out-crossing of non-Bt cotton resulted from move-
ment of foraging honey bees from Bt to non-Bt cotton fields. Accordingly, 
the results of Heuberger and Carrière (2009) indicate that small-scale 
gene-flow studies may miss occasional long-distance cross-pollination 
between GE and non-GE insect-pollinated crops.

As the adventitious presence of GE traits is widespread in the seed 
supply of non-GE crops, gene flow between non-GE and GE crops may 
commonly involve cross-pollination by plants from the same field (i.e., 
adventitious plants). Heuberger and Carrière (2009) found adventitious 
Bt cotton plants in 67 percent of seed-production fields of non-Bt cotton. 
They demonstrated that adventitious Bt plants resulted both from human 
error (inadvertent planting of Bt cotton in non-Bt cotton fields) and from 
contamination in seed bags. After accounting for the effect of the area 
of Bt cotton surrounding a seed-production field and the abundance of 
foraging honey bees, the density of adventitious Bt plants was positively 
associated with out-crossing rates in seed-production fields. Most mod-
els of pollen transfer between crop varieties have not considered the 
adventitious presence of GE plants in non-GE fields and may therefore 
fall short of making accurate predictions of the abundance of GE traits in 
supposedly non-GE plants.

Canola is not a major crop in the United States, but substantial acre-
age is planted in North Dakota, which accounted for more than 87 percent 
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of U.S. canola planted in 2009 (USDA-NASS, 2009b). Gene flow between 
GE and non-GE canola is well documented in the large canola-growing 
region of western Canada; it can be facilitated by the transient popula-
tions of canola established each year outside agricultural fields (Knispel 
et al., 2008). Genetically engineered HR canola cultivars are the dominant 
type, and in 2006, glyphosate-resistant and glufosinate-resistant canola 
cultivars accounted 65 percent and 32 percent, respectively, of U.S. canola 
acres planted (Howatt, personal communication). Given that there are two 
GE herbicide-resistance traits (glyphosate and glufosinate) and a non-GE 
imidazolinone-resistant trait, introgression of these traits can result in 
multiple-herbicide resistance in a single plant (Knispel et al., 2008). The 
occurrence of multiple-herbicide–resistant volunteer canola increases the 
difficulties of management (Beckie et al., 2004; Beckie, 2006; Beckie et al., 
2006). In addition to the problem of deploying special management tech-
niques for HR weeds, adventitious presence of a GE trait in a non-GE field 
of canola has economic consequences.

Alfalfa is an important crop in the United States and is widely culti-
vated over a broad geographic range (USDA-NASS, 2008). GE glyphosate-
resistant alfalfa was commercialized in 2005, and about 198,000 acres were 
planted in 2006 (Weise, 2007). However, in 2007, it once again became a 
regulated item, a decision that was upheld by the Court of Appeals in 2008. 
USDA Animal and Plant Health Inspection Service (APHIS) was ordered 
to conduct an environmental impact statement (EIS) because of “the sig-
nificant threat of gene flow and the development of Roundup-resistant 
weeds that requires further study and analysis in an EIS” (Geertson Farms 
v. Johanns, 2009).12 APHIS released the draft EIS for public comment in 
December 2009.

Sugar beet (Beta vulgaris) cultivars with the GE trait that confer resis-
tance to glyphosate have been commercialized and were widely adopted 
by growers in the United States. However, in September 2009, the North-
ern California District Court ruled that USDA violated the National Envi-
ronmental Protection Act when it deregulated HR sugar beets, and USDA 
is required by the court to prepare an environmental impact statement to 
adequately consider the impacts of GE sugar beets on other sugar beet 
growers as well as farmers growing table beets and swiss chard, two 
crops with which sugar beets may cross pollinate (Center for Food Safety 
v. Vilsack, 2009).

12 Roundup is the trademarked name of glyphosate sold by Monsanto. 
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Gene Flow Between Genetically Engineered 
Crops and Related Weed Species

In locations where crop varieties occur with wild or weedy popula-
tions of the same or closely related species, interbreeding between a crop 
and its relatives may lead to exchange of genes between the cultivars or 
species involved. Such hybridization is common in plants generally and 
is a key process for the evolution of new plant species. When gene flow 
occurs between crops and their wild relatives, an agronomic characteristic 
may move into the wild populations. Environmental sustainability on 
farms might be affected by the consequences of such gene flow between 
crops and wild relatives if the gene flow reduces genetic diversity avail-
able for crop improvement. However, only a few crops (sunflower, pecan, 
blueberry, and some squashes) were domesticated within the borders 
of the United States, so most crops planted on U.S. farms do not pose 
a risk to the conservation of genetic diversity in related native species 
and landraces. When crop species coexist with weedy relatives, gene 
flow might result in a weed-management issue and any accompany-
ing economic and environmental effects. At least 15 crop species have 
been documented to hybridize with weedy relatives in the United States 
(Keeler et al., 1996). For HR traits, hybridization is a mechanism by which 
herbicide resistance might evolve in related weeds if HR crops are able 
to interbreed with related weedy species occurring in the same location 
(see the canola example in “Developing Weed-Management Strategies in 
Herbicide-Resistant Crops” earlier in this chapter).

In the United States for corn and soybean, the most common GE 
crops grown, no genetically compatible relatives or weedy strains exist; 
therefore, movement of GE traits into related weed species is not an 
issue. Wild populations of cotton (Gossypium hirsutum) exist along the 
Gulf Coast and a wild relative (Gossypium tomentosum) is in Hawaii. Gene 
flow is unlikely because the United States prohibits the commercial sale 
of Bt cotton in those areas. In Hawaii, test varieties and nursery stock can 
be produced, but with restrictions to minimize gene flow (e.g., US-EPA, 
2005). In contrast, the use of HR crops in the same areas is apparently 
not more restricted than in the rest of the United States (USDA-APHIS, 
2008).

Hybridization between the allotetraploid canola (Brassica napus) and 
one of its diploid weedy parents, turnip mustard (Brassica rapa) are exten-
sive, and the hybrids are usually about 60 percent pollen fertile (Warwick 
et al., 2003; Légère, 2005; Simard et al., 2006), thus facilitating the spread of 
a GE trait into the weeds. GE herbicide-resistant traits have been reported 
to persist in populations of turnip mustard as they have in several other 
species of weeds (Warwick et al., 2003; Owen and Zelaya, 2005; York et al., 
2005; Warwick et al., 2008). In addition, hybridization is possible between 
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canola and species of a few related genera of mustards, some of them 
weedy (Warwick et al., 2000; FitzJohn et al., 2007) and occurs spontane-
ously when they are grown together in an experimental garden. For these 
reasons, canola has been designated as a moderate-risk crop with regard 
to the potential for gene flow to its weedy relatives (Stewart et al., 2003), 
and farm-level effects may occur in canola-growing regions as discussed 
earlier. The extent to which they have economic impacts and affect envi-
ronmental sustainability will depend on how the weeds are managed.

Gene flow has been demonstrated from sugar beet to near-relative 
weeds, B. macrocarpa and B. vulgaris subsp. maritima (Andersen et al., 
2005). Thus, the introgression of HR traits from GE sugar beets to weedy 
beets (B. vulgaris) and sea beets (B. vulgaris subsp. maritima) should be 
considered a moderate risk (Stewart et al., 2003), but the consequences of 
gene flow would occur on a very small spatial scale in the United States. 
Co-occurrence of those species with sugar beet cultivation was limited 
to two California counties (Kern and Imperial) in 2006 (Calflora, 2009). 
Weedy beets are sporadic and local in the United States and not consid-
ered a major problem, as they are in Europe, where the species is native.

Transgenic virus-resistant squash has been available commercially 
since 1995 and was estimated to have been planted on an average of 
12 percent of the 58,400 acres in squash production in 2005 (Quemada et 
al., 2008). Wild populations of Cucurbita pepo occur in south and central 
regions of the United States (Cowan and Smith, 1993) and can be an agri-
cultural weed (Oliver et al., 1983). Gene flow between conventional culti-
vars of domesticated C. pepo and its wild populations is known to occur 
(Kirkpatrick and Wilson, 1988; Decker-Walters et al., 2009). Data are not 
available yet on the extent to which transgenes may exist in wild popu-
lations. As of 2005, the opportunity for gene flow across a large spatial 
scale appeared low because the majority of transgenic squash cultivation 
occurs outside the range of the wild populations of C. pepo (Quemada et 
al., 2008). The consequences of any gene flow to wild populations depend 
on virus incidence and the expression of the transgene in the wild popula-
tions (Spencer and Snow, 2001; Fuchs et al., 2004a, 2004b; Laughlin et al., 
2009; Sasu et al., 2009)

Concerns about the consequences of a transfer of GE traits to wild or 
weedy populations and how to effectively mitigate those consequences 
have delayed the release of GE sunflower (Helianthus annuus, a species 
that was domesticated in the United States), creeping bentgrass (Agrostis 
stolonifera, a popular turf grass introduced from Europe), and rice (Oryza 
sativa, a species native to Asia with related, intercompatible weeds intro-
duced into some rice fields with the crop). For sunflower, the potential 
for transgene movement to weedy relatives is quite high and thus the 
consequences of gene flow on weed management presents an environ-
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mental concern about the commercial development of transgenic sun-
flower (Snow and Palma, 1997; Snow, 2002; Ellstrand, 2003b; Stewart et 
al., 2003). Wild sunflowers are weeds in row-crop fields, including corn, 
soybean, domesticated sunflower, wheat, and small grains (Bernards et 
al., 2009). In a multiyear study conducted across the High Plains of the 
United States in a number of commercial sunflower-production fields, 
it was observed that approximately 66 percent of the fields existed near 
weedy sunflower (Burke et al., 2002). It is important that the cultivated 
and weedy sunflowers flowered simultaneously (52–96 percent), and evi-
dence of hybridization ranged from 10 percent to 33 percent of the weedy 
sunflower (Burke et al., 2002). Evidence of genes coding for herbicide 
resistance in cultivated sunflower moving to weedy sunflower suggests 
that there is a substantial risk of the introgression of the trait into wild 
sunflower populations, which might result in increased management 
problems for growers if the wild plants are in cultivated fields (Marshall, 
2001; Massinga and Al-Khatib, 2002; Massinga, 2003). These manage-
ment problems may emerge in association with sunflower varieties with 
resistance to the herbicide imazamox that were developed using con-
ventional breeding methods and not genetic engineering. Hybrids of 
imazamox-resistant sunflowers and two interbreeding relatives appear 
to be competitively equal to the HR domesticated sunflower, suggesting 
that the resistance gene will persist when gene flow occurs (Massinga et 
al., 2005).

GE glyphosate-resistant creeping bentgrass was field-tested in Oregon 
in 2003, and introgression of the transgene into weedy populations was 
detected at a considerable distance from the test sites (Mallory-Smith et 
al., 2005; Reichman et al., 2006). The inability to mitigate GE trait introgres-
sion into compatible weedy relatives of creeping bentgrass has delayed 
commercialization of the GE creeping bentgrass product (Charles, 2007). 
The transfer of this trait may be important if glyphosate is used to control 
weedy populations of the grass.

In the case of rice, GE glufosinate-resistant rice cultivars have been 
developed to improve weed management of red rice (Oryza sativa L.), a 
common and important weed in commercial rice production. However, 
these GE cultivars have never been commercially available (Gealy et al., 
2007) though they were first deregulated in 1998. The commercializa-
tion of rice with resistance to the herbicide imazethapyr (produced by a 
chemical-induced seed mutagenesis, not genetic engineering) has resulted 
in the movement of this HR trait into red rice because total control of 
red rice is not always possible (Burgos et al., 2008). Stewardship recom-
mendations to prevent and to control the spread of HR red rice exist and 
encourage crop diversity (BASF, 2009); data on the success of managing 
imazethapyr-resistant red rice may provide useful information for the 
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regulation of GE cultivars. In addition to concerns about introgression 
with the weed red rice, GE rice has historically been unacceptable to con-
sumers for the reasons discussed in Chapter 1 (Gealy and Dilday, 1997; 
Gealy et al., 2003, 2007).

Wheat is a major grain crop in the United States, and there has been 
interest in commercializing genetically engineered HR cultivars. The 
potential for introgression of a GE trait into near-relative weed popula-
tions exists (Ellstrand et al., 1999; Morrison et al., 2002a, 2002b; Stewart 
et al., 2003). Jointed goatgrass (Aegilops cylindrica) is reported to be an 
important weed of small grains in Colorado, Kansas, New Mexico, 
Oklahoma, Oregon, Utah, Washington, and Wyoming (NAPPO, 2003) 
and is a weed in the Great Plains (Stubbendieck et al., 1994). Specifically, 
it causes serious problems in winter wheat in the western United States 
due to its similarity to wheat in appearance, seed size, growth pattern, 
and genetics (Schmale et al., 2008, 2009; Yenish et al., 2009). Studies have 
demonstrated hybridization with wheat varieties (Hanson et al., 2005; 
Rehman et al., 2006). It is predicted that hybridization between HR wheat 
cultivars and Aegilops spp. will result in the introgression of the HR trait 
and thus a more competitive weedy hybrid, complicating management 
issues in wheat production (Hanson et al., 2005; Loureiro et al., 2008). 
Glyphosate-resistant hard red spring wheat provided an opportunity for 
better weed management and resulted in a 10-percent higher grain yield 
than conventional wheat cultivars treated with conventional herbicides 
(Howatt et al., 2006). Despite the technical fit, the program to develop 
glyphosate-resistant cultivars was postponed in 2004 because of regula-
tory and marketing issues, concern for stewardship, and the inability to 
ensure the segregation of the GE wheat from non-GE wheat grain at the 
time (Dill, 2005) (see Chapter 4 for further details). An imazamox-resistant 
winter wheat, which was bred using conventional techniques, has been 
commercially available since 2002, and the identical concerns about the 
development of HR jointed goatgrass biotypes exist (Kniss et al., 2008).

The ecological and economic consequences of the introgression of GE 
traits into weedy or native relatives will vary among types of GE traits 
(Owen, 2008). For HR crops, the introgression of herbicide resistance 
from GE crops into weedy near-relatives is likely to have consequences 
for weed management when weeds with the resistance trait occur in fields 
or other ecosystems treated with the herbicide. Therefore, for future HR 
plants, understanding the extent to which a herbicide controls weedy 
relatives will provide valuable information on the consequences of gene 
flow for on-farm and off-farm weed management.
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CONCLUSIONS

Environmental effects at the farm level have occurred as a result of 
the adoption of GE crops and the agricultural practices that accompany 
their cultivation. The introduction of GE crops has reduced pesticide 
use or the toxicity of pesticides used on fields where soybean, corn, and 
cotton are grown. Available evidence indicates that no-till practices and 
HR crops are complementary, and each has encouraged the other’s adop-
tion. Conservation tillage, especially no-till, reduces soil erosion and can 
improve soil quality. The pesticide shifts and increase in conservation till-
age with GE crops have generally benefited farmers who adopted them 
so far. Conservation tillage practices can also improve water quality by 
reducing the volume of runoff from farms into surface water, thereby 
reducing sedimentation and contamination from farm chemicals. Given 
that agriculture is the largest cause of impaired quality of surface waters, 
that may constitute the largest benefit of GE crops, but the infrastructure 
for tracking and understanding this does not exist.

The effects of Bt crops on nontarget invertebrates, including preda-
tors, are favorable or neutral, depending on the degree to which Bt crops 
replace insecticide treatment and on whether additional insecticide treat-
ments are applied to the Bt crop. Evidence indicates no effect of Bt toxins 
on the honey bee, a widespread pollinator in agricultural systems. For HR 
crops, the effects on the abundance of arthropods in the fields correlate 
with whether weeds are controlled more effectively. Shifts in the weed 
communities have occurred in response to weed-management tactics used 
for HR crops, in particular when weeds in glyphosate-resistant crops are 
treated only with glyphosate. Similarly, glyphosate-resistant weeds have 
evolved where the glyphosate application is repeated and constitutes 
the only weed-management tactic used. The evolution of resistance to 
glyphosate in particular kinds of weeds and shifts in the weed community 
may increase production costs for farmers, require more tillage for weed 
control, and lead to at least a partial return to the use of different and often 
more toxic herbicides. The development and establishment of more diver-
sified control strategies for managing weeds in HR crops is needed.

The first generation of IR crops commercialized in the United States 
produced a single Bt toxin for the control of insect pests. Since the com-
mercialization of those crops, EPA has mandated the refuge strategy to 
delay the evolution of resistance in major insect pests that are controlled 
by Bt corn and cotton. After 14 years of use of Bt crops, two insect pests 
have evolved resistance to Bt crops in the United States: Cotton bollworm 
(Helicoverpa zea) evolved resistance to Cry1Ac and Cry2Ab in Bt cotton, 
and fall armyworm evolved resistance to Cry1F in Bt corn. The evolution 
in bollworm of resistance to Bt cotton did not have serious agronomic, 
economic, or environmental consequences. Information for assessing the 
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consequence of the evolution of resistance to Cry1F in Bt corn in fall army-
worm is lacking. The second generation of IR crops produces two or more 
Bt toxins for the control of individual insect pest species. The complete 
replacement of one-toxin with multitoxin Bt crops should help in delaying 
the evolution of insect-pest resistance to IR crops.

The changes in weed and insect population densities resulting from 
the adoption of HR and IR crops can affect farms beyond the boundaries 
of the operations that are using the GE crops. That is, farming practices 
may have landscape as well as local level effects on pest populations. For 
example, large-scale planting of IR crops has decreased populations of 
some insect pests targeted by Bt crops not just at a farm-field level but on 
a regional scale. It can also affect local and possibly landscape populations 
of nontarget or beneficial organisms according to crop species planted and 
management of pests, nutrients, water, and soil (Björklund et al., 1999; 
Cattaneo et al., 2006; Dale and Polasky, 2007; Zhang et al., 2007; Carrière et 
al., 2009). Beneficial organisms with high mobility move among habitats 
and crop fields, so effects within a field that is planted to GE crops could 
influence beneficial organisms on other farms as well as noncultivated 
habitats in the region.

For corn and soybean, gene flow between GE varieties and wild 
relatives is not an issue in the United States because corn and soybean 
have no wild relatives here. Limited overlap occurs between cotton and 
wild relatives and between sugar beet and introduced, weedy relatives. 
Gene flow is unlikely for Bt cotton and wild relatives because of planting 
restrictions, but there are no planting restrictions for HR cotton. Other 
crops in which gene flow with wild or weedy relatives is possible include 
canola, alfalfa, sunflower, creeping bentgrass, wheat, and rice. Gene flow 
between GE and non-GE crops occurs via cross-pollination between GE 
and non-GE plants from different fields, co-mingling of seed before or 
during the production year, and germination of seeds that are left behind 
after the production year. Gene flow between GE and non-GE crops is 
almost impossible to prevent completely with current technology. The 
complex interactions among the multiple factors that influence gene flow 
between GE and non-GE crops and the resulting levels of adventitious 
presence of GE traits in non-GE crops deserve more attention.
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3

Farm-Level Economic Impacts

As shown in Chapter 1, farmers growing soybean, cotton, and corn 
adopted genetically engineered (GE) varieties over the last decade 
on the majority of acres planted to these crops in the United States. 

Much smaller acreages were planted in 2009 to a few other GE crops, such 
as canola, sugar beet, squash, and papaya. The decision to plant GE crops 
has affected the economic circumstances not only of the adopting farmers 
but in some cases of farmers who chose not to adopt them. The economic 
effects on farmers who adopt GE crops span their production systems and 
marketing decisions. In this chapter, we discuss the potential yield effects, 
changes in overhead expenses and management requirements, and shifts 
in market access and value of sales. A wide array of studies conducted 
mostly during the first 5 years of adoption has provided evidence for 
assessing the overall economic implications for farmers (see Box 3-1). We 
also discuss here the economic effects of GE-crop use on livestock produc-
ers who use the crops for feed and on farmers who do not elect to use the 
technology. The chapter concludes by examining the economic implica-
tions of gene flow from GE crops to non-GE crops and weedy relatives.

ECONOMIC IMPACTS ON ADOPTERS OF 
GENETICALLY ENGINEERED CROPS

GE crops have affected the economic status of adopters in several 
ways. The use of GE crops has had an effect on yields and their risk-
management decisions. Genetic-engineering technology has also changed 
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BOX 3-1 
Measuring Impacts

	 To evaluate the economic impacts of GE crops on adopters and non
adopters, the committee relied on the results of empirical analyses of farmer 
surveys and market data. Studies were peer reviewed, but the research 
approach and methods varied considerably with each study’s purposes 
and data. Each study has its own strengths and limitations. For example, 
some studies may use a different guideline in judging the significance (i.e., 
confidence level) of factors affecting the adoption of GE crops compared to 
other studies. The committee could not make the various studies comparable 
and accepted each set of findings as valid evidence. Some of the general 
approaches used to estimate economic impacts are explained here.
	 Empirical data. A comparison of means or averages is sometimes used 
to analyze results from experiments in which factors other than the item of 
interest are “controlled” by making them as similar as possible. For example, 
means of yield or pesticide use can be compared for two groups of soybean 
plots that are similar in soil type, rainfall, sunlight, and all other respects. One 
of the two groups is considered to have a treatment (e.g., soybean with a 
genetically engineered trait), and the other does not (e.g., conventional soy-
bean). As an alternative to controlled experiments, the subjects that receive 
treatment and those that do not can be selected randomly with data collected 
through mail, phone, Internet, or personal surveys.
	 Survey data. Caution must be exercised in interpreting the results 
obtained by analyzing the differences in means from data from “uncontrolled 
experiments,” such as farm surveys. Conditions other than the “treatment” are 
not equal across the farms surveyed. For example, differences between mean 
estimates for yield and pesticide use from survey results cannot necessarily be 
attributed to the use of GE seeds because the different results are influenced 
by many other factors which are not controlled, including irrigation, weather, 
soil, nutrient and pest-management practices, other cropping practices, opera-
tor characteristics, and pest pressures.
	 Moreover, farmers are not assigned randomly to the two groups (adopters 
and nonadopters) but make the adoption choices themselves. Therefore, 
adopters and nonadopters may be systematically different as groups, and 
these differences may manifest themselves in farm performance. They could 
be confounded with differences due to the adoption of GE crops (i.e., the treat-
ment). This situation, called self-selection, would bias the statistical results 
unless it is recognized and corrected.

	 However, farmer surveys give a more accurate picture of the total farm-
level economic effects of GE-crop adoption in terms of the secondary behav-
ioral changes resulting from adoption (e.g., adoption of conservation tillage 
and changes in the timing of pesticide application). Moreover, it is rarely the 
case that a farmer would or could choose to adopt a GE cultivar to replace 
a non-GE cultivar that is an isoline or near-isoline, so relying on agronomic 
experimental data to measure the economic differences can be biased. Also, 
only farmer surveys can reveal the value of the changes in nonpecuniary 
characteristics that can occur with the adoption of GE cultivars.
	 Social scientists often are able to statistically control for certain influencing 
factors for which there are data (apart from the GE-crop treatment) by using 
multiple regression techniques in econometric models. That is, differences in 
economic conditions and crop or management practices that also influence 
yield or other outcomes are held constant so that the effect of adoption can be 
isolated. For example, in research on GE crops, economists control for many 
factors, including output and input prices, pest infestation levels, farm size, 
operator characteristics, and management practices such as crop rotation and 
tillage. In addition, economists control for self-selection and simultaneity (of GE 
adoption and pesticide use decisions) using particular types of econometric 
models. To account for simultaneity of decisions and self-selectivity, a two-stage 
model may be used. The first stage consists of the adoption-decision model 
for GE crops. The second stage then uses the findings from the first stage to 
examine the impact of using GE crops on yield, farm profit, and pesticide use.
	 The Counterfactual. Ideally, measuring the impact of a treatment requires 
the observation of the results that would emerge in the absence of the treat-
ment: a counterfactual. Aside from controlled experiments, it is not possible to 
observe this counterfactual outcome. Rather, the counterfactual is inferred by 
methods such as those summarized above (e.g., controlling for all other influ-
encing factors). Moreover, regarding environmental impacts, Ferraro (2009) 
argues that “elucidating casual relationships through counterfactual thinking 
and experimental or quasi-experimental designs is absolutely critical in envi-
ronmental policy and that many opportunities for doing so exist.” The use of 
the two-stage estimation procedure to correct for selection bias exemplifies 
such a quasi-experimental design. However, Ferraro also admits that “not all 
environmental programs are amenable to experimental or quasi-experimental 
design.” In those cases, firm conclusions cannot be drawn about the causative 
factors inducing GE-crop adoption or other outcomes of interest.
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BOX 3-1 
Measuring Impacts

	 To evaluate the economic impacts of GE crops on adopters and non
adopters, the committee relied on the results of empirical analyses of farmer 
surveys and market data. Studies were peer reviewed, but the research 
approach and methods varied considerably with each study’s purposes 
and data. Each study has its own strengths and limitations. For example, 
some studies may use a different guideline in judging the significance (i.e., 
confidence level) of factors affecting the adoption of GE crops compared to 
other studies. The committee could not make the various studies comparable 
and accepted each set of findings as valid evidence. Some of the general 
approaches used to estimate economic impacts are explained here.
	 Empirical data. A comparison of means or averages is sometimes used 
to analyze results from experiments in which factors other than the item of 
interest are “controlled” by making them as similar as possible. For example, 
means of yield or pesticide use can be compared for two groups of soybean 
plots that are similar in soil type, rainfall, sunlight, and all other respects. One 
of the two groups is considered to have a treatment (e.g., soybean with a 
genetically engineered trait), and the other does not (e.g., conventional soy-
bean). As an alternative to controlled experiments, the subjects that receive 
treatment and those that do not can be selected randomly with data collected 
through mail, phone, Internet, or personal surveys.
	 Survey data. Caution must be exercised in interpreting the results 
obtained by analyzing the differences in means from data from “uncontrolled 
experiments,” such as farm surveys. Conditions other than the “treatment” are 
not equal across the farms surveyed. For example, differences between mean 
estimates for yield and pesticide use from survey results cannot necessarily be 
attributed to the use of GE seeds because the different results are influenced 
by many other factors which are not controlled, including irrigation, weather, 
soil, nutrient and pest-management practices, other cropping practices, opera-
tor characteristics, and pest pressures.
	 Moreover, farmers are not assigned randomly to the two groups (adopters 
and nonadopters) but make the adoption choices themselves. Therefore, 
adopters and nonadopters may be systematically different as groups, and 
these differences may manifest themselves in farm performance. They could 
be confounded with differences due to the adoption of GE crops (i.e., the treat-
ment). This situation, called self-selection, would bias the statistical results 
unless it is recognized and corrected.

	 However, farmer surveys give a more accurate picture of the total farm-
level economic effects of GE-crop adoption in terms of the secondary behav-
ioral changes resulting from adoption (e.g., adoption of conservation tillage 
and changes in the timing of pesticide application). Moreover, it is rarely the 
case that a farmer would or could choose to adopt a GE cultivar to replace 
a non-GE cultivar that is an isoline or near-isoline, so relying on agronomic 
experimental data to measure the economic differences can be biased. Also, 
only farmer surveys can reveal the value of the changes in nonpecuniary 
characteristics that can occur with the adoption of GE cultivars.
	 Social scientists often are able to statistically control for certain influencing 
factors for which there are data (apart from the GE-crop treatment) by using 
multiple regression techniques in econometric models. That is, differences in 
economic conditions and crop or management practices that also influence 
yield or other outcomes are held constant so that the effect of adoption can be 
isolated. For example, in research on GE crops, economists control for many 
factors, including output and input prices, pest infestation levels, farm size, 
operator characteristics, and management practices such as crop rotation and 
tillage. In addition, economists control for self-selection and simultaneity (of GE 
adoption and pesticide use decisions) using particular types of econometric 
models. To account for simultaneity of decisions and self-selectivity, a two-stage 
model may be used. The first stage consists of the adoption-decision model 
for GE crops. The second stage then uses the findings from the first stage to 
examine the impact of using GE crops on yield, farm profit, and pesticide use.
	 The Counterfactual. Ideally, measuring the impact of a treatment requires 
the observation of the results that would emerge in the absence of the treat-
ment: a counterfactual. Aside from controlled experiments, it is not possible to 
observe this counterfactual outcome. Rather, the counterfactual is inferred by 
methods such as those summarized above (e.g., controlling for all other influ-
encing factors). Moreover, regarding environmental impacts, Ferraro (2009) 
argues that “elucidating casual relationships through counterfactual thinking 
and experimental or quasi-experimental designs is absolutely critical in envi-
ronmental policy and that many opportunities for doing so exist.” The use of 
the two-stage estimation procedure to correct for selection bias exemplifies 
such a quasi-experimental design. However, Ferraro also admits that “not all 
environmental programs are amenable to experimental or quasi-experimental 
design.” In those cases, firm conclusions cannot be drawn about the causative 
factors inducing GE-crop adoption or other outcomes of interest.
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farmers’ production expenses and altered their decisions related to time 
management. Furthermore, because of the widespread adoption of GE 
crops and their subsequent impact on yields, genetic-engineering technol-
ogy has influenced the prices received by U.S. farmers.

Yield Effects

The first generation of GE varieties contains traits that control or facil-
itate the control of pest damage. A starting point for analyzing the produc-
tivity effect of such control is the damage-control framework (Lichtenberg 
and Zilberman, 1986) that was developed to estimate the effectiveness 
of the use of chemical pesticides and other pest-control activities. The 
framework recognizes that damage-control agents, like pesticides and GE 
traits for pest management, have an indirect effect on yield by reducing 
or facilitating the reduction of crop losses, in contrast with such inputs as 
fertilizers, capital, and labor, which affect yields directly. In particular, the 
framework assumes that

effective yield = (potential yield)(1 – damage).

Potential yield is defined as the yield that would be realized in the 
absence of damage caused by pests (i.e., weeds, insects).� It is a function of 
production inputs, such as water and fertilizer, and of agroecological con-
ditions and seed varieties. The yield actually observed is called effective 
yield and is equal to potential yield minus damage. Damage is affected by 
the pervasiveness of pests, which may be controlled with pesticides, the 
adoption of GE varieties, or other control activities. With that framework, 
the yield effects of GE varieties can be analyzed, but spatial, temporal, and 
varietal factors must be taken into consideration.

Indirect Yield Effects

The indirect yield effects of the use of insect-resistant (IR) crops are 
most pronounced in locations and years in which insect-pest pressures 
are high. For example, it is generally recognized that the adoption of Bt 
corn for European corn borer (Ostrinia nubilalis) control resulted in annual 
average yield gains across the United States of 5–10 percent (Falck-Zepeda 
et al., 2000b; Carpenter et al., 2002; Fernandez-Cornejo and McBride, 
2002; Naseem and Pray, 2004; Fernandez-Cornejo and Li, 2005). Empirical 

� Damage may also be caused by weather conditions, such as wind, rain, drought, and 
frost. For succinctness and convenience here, the definition of damage is restricted to pest 
problems.
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studies, however, have clearly indicated that the indirect yield effects of 
Bt corn hybrids for European corn borer control vary temporally and 
spatially. In years with high pressure—corn borer damage of more than 
one tunnel per plant that exceeds 2 inches in length (Baute et al., 2002; 
Dillehay et al., 2004)—the yield advantage for Bt hybrids relative to near-
isolines� was 5.5 percent in Pennsylvania and Maryland (Dillehay et al., 
2004), 6.6 percent in Wisconsin (Stanger and Lauer, 2006), 8 percent in 
New Jersey and Delaware (Singer et al., 2003), 9.4 percent in Iowa (Traore 
et al., 2000), and 9.5 percent in South Dakota (Catangui and Berg, 2002). 
The yield advantage for Bt corn was negligible in those regions during 
years with low pest pressure (Traore et al., 2000; Catangui and Berg, 2002; 
Singer et al., 2003; Dillehay et al., 2004; Stanger and Lauer, 2006). Likewise, 
in regions where European corn borer is an occasional pest, there was no 
indirect yield advantage from the use of Bt hybrids in comparison to near-
isolines (Cox and Cherney, 2001; Baute et al., 2002; Ma and Subedi, 2005; 
Cox et al., 2009). Most of the early empirical studies, however, included 
some Bt events� that did not have season-long control of corn borer, and 
this may have muted the yield advantage of Bt hybrids (Traore et al., 2000; 
Catangui and Berg, 2002; Pilcher and Rice, 2003).

There have been fewer empirical studies of the yield effects of Bt 
corn for control of corn rootworm (Diabrotica spp.) than of the effects of 
Bt corn for control of European corn borer. Rice (2004) estimated potential 
annual benefits if 10 million acres of Bt corn for corn rootworm control 
were planted. They included

•	 Intangible benefits to farmers (safety because of reduced exposure 
to insecticides, ease and use of handling, and better pest control).

•	 Tangible economic benefits to farmers ($231 million from yield 
gains).

•	 Improved harvesting efficiency due to reduced stalk lodging.
•	 Increased yield protection (9 to 28 percent relative to that in the 

absence of insecticide use and 1.5 to 4.5 percent relative to that with insec-
ticide use).

•	 Reduction in insecticide use (a decrease of about 5.5 million pounds 
of active ingredient per 10 million acres).

� Near-isolines are cultivars that have the same or near genetic constitution (except for 
alleles at one or a few loci) as the original cultivar from which they were developed. Near-
transgenic isolines that have similar genetic makeup except for the transgenic trait allow 
a comparison of the cultivar with or without the transgene for its agronomic, quality, or 
nutritional aspects.

� Each seed company has different events associated with different insertion places of the 
Bt gene and different promoter genes that allow a Bt toxin to be produced at different times 
of the season or in different plant parts.
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•	 Increased resource conservation (about 5.5 million gallons of water 
not used in insecticide application).

•	 Conservation of aviation fuel (about 70,000 gallons not used in 
insecticide application).

•	 Reduced farm waste (about 1 million fewer insecticide containers 
used).

•	 Increased planting efficiency.
•	 Improved safety of wildlife and other nontarget organisms.

A recent study by Ma et al. (2009) indicated spatial and temporal vari-
ability in indirect yield responses. Bt corn rootworm hybrids produced 
yields 11–66 percent larger than untreated near-isoline hybrids. Bt yields 
were also larger than yields of the non-Bt hybrid variety planted on clay 
soils and treated with insecticide in 1 of 3 years that had high infestations 
of western corn rootworm (Diabrotica virgifera virgifera). On sandy soils, 
where corn rootworm infestations are typically much lower than on clay 
soils, yield differences also occurred between Bt corn rootworm hybrids 
and their near-isolines with or without the standard soil-applied insecti-
cide treatment in 1 of 2 years. The study reported low levels of western 
corn rootworm on droughty sandy soil, however, and attributed yield 
increase to improved drought tolerance from the finer, longer fibrous 
roots of the Bt hybrid corn. Cox et al. (2009) found no yield advantage for 
corn hybrids with Bt rootworm control compared with near-isolines in a 
dry year when rootworm damage did not occur.�

Gray et al. (2007) expressed concern that one of the Bt corn rootworm 
events was somewhat susceptible to injury by a variant of western corn 
rootworm in Illinois. Another Bt corn rootworm event, however, had 
superior control of western corn rootworm larvae in Iowa, Illinois, and 
Indiana (Harrington, 2006); this suggests that distinct Bt events from dif-
ferent seed companies may differ somewhat in corn rootworm control as 
they did initially in corn borer control. Cox et al. (2009) evaluated both Bt 
rootworm events on second-year corn in field-scale studies on four farms 

� As discussed in Chapter 1, all Bt rootworm corn hybrids are treated with a low level 
of insecticide and fungicide (typically a neonicotinoid). The low level (0.25 mg of active 
ingredient per seed) targets secondary pests but does not affect corn rootworm. In fields 
planted continuously with corn, the low level used with a soil-applied insecticide resulted 
in lower corn yields compared to a high level (1.25 mg of active ingredient per seed) with 
a soil-applied insecticide (Cox et al., 2007c). That is indirect evidence that the high level of 
seed-applied insecticide increases control of corn rootworm, but the low level does not. 
In addition, the low and high levels of seed-applied insecticides had no positive effects 
on corn grain (Cox et al., 2007b) or corn silage yields (Cox et al., 2007a) when following 
soybean, which suggests there is no yield enhancement of these seed-applied insecticides 
in the absence of pests.
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in New York and found that neither rootworm event provided a yield 
advantage because rootworm occurrence was low in all fields. As with 
Bt corn for corn borer, Bt corn for rootworm control did not provide an 
indirect yield benefit in the absence of pest pressure.

Piggott and Marra (2007), relying on 1999–2005 university field-trial 
data from North Carolina, found that Bt cotton with two endotoxins 
out-yielded conventional cotton by 128 more lbs of lint per acre (14 per-
cent of average yield in the region) and out-yielded Bt cotton with one 
endotoxin by 80 lb/acre (8 percent of average regional yield). A study 
of Bt cotton varieties with two endotoxins in 13 southern locations that 
had mostly moderate to high infestations of cotton bollworm (Helicoverpa 
zea), with or without foliar-applied insecticides, showed that indirect 
yield effects had spatial variability. The Bt cotton cultivars without insec-
ticide use provided consistent control of the Heliothines (cotton bollworm 
and tobacco budworm, Heliothis virescens), regardless of the magnitude 
of infestation (Siebert et al., 2008). Furthermore, supplemental insecti-
cide applications to the Bt cotton cultivars rarely improved control of 
budworm and bollworm. In the low-infestation environments, however, 
the use of Bt cultivars with or without insecticides provided no yield 
improvement relative to the control of the non-Bt cultivar without insec-
ticide application. In the moderate- to high-infestation environments, the 
Bt cultivars provided the same 30-percent yield increase in lint yield with 
or without insecticides compared with the control (Siebert et al., 2008). In 
a large-scale study of 81 commercial cotton fields conducted in 2002 and 
2003, average yield did not differ among Bt cotton, Bt cotton resistant to 
glyphosate, and non-GE cotton (Cattaneo et al., 2006). However, after 
statistical control for variation in two factors significantly associated with 
yield (number of applications of synthetic insecticide and seeding rate), 
the yield of Bt cotton and Bt cotton with herbicide resistance was signifi-
cantly larger (by 8.6 percent) than the yield of non-GE cotton. A total of 
eight GE cotton cultivars and 14 non-GE cultivars were included in the 
study. For those cultivars, it appears that Bt cotton (herbicide-resistant or 
not) would generally out-yield non-Bt cotton given similar production 
inputs and agronomic conditions.

The indirect yield effects of herbicide-resistant (HR) crops generally 
may have less spatial and temporal variability because weeds are ubiq-
uitous and cause yield losses in most situations. For example, the use of 
HR soybean with timely glyphosate application almost always achieves 
yield gains relative to production without weed control (Tharp and 
Kells, 1999; Corrigan and Harvey, 2000; Mulugeta and Boerboom, 2000; 
Wiesbrook et al., 2001; Knežević et al., 2003a, 2003b; Dalley et al., 2004; 
Scursoni et al., 2006; Bradley et al., 2007; Bradley and Sweets, 2008). 
Likewise, the use of HR corn and cotton varieties with timely glyphosate 
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application almost always results in yield increases (Culpepper and 
York, 1999; Johnson et al., 2000; Gower et al., 2002; Dalley et al., 2004; 
Richardson et al., 2004; Sikkema et al., 2004; Thomas et al., 2004; Cox et 
al., 2005; Myers et al., 2005; Sikkema et al., 2005; Cox et al., 2006; Thomas 
et al., 2007).

Yield Lag and Yield Drag

Despite properties that result in indirect yield benefits, some farmers 
observed a yield reduction when they first adopted HR varieties (Raymer 
and Grey, 2003). Indeed, shortly after the adoption of glyphosate-resistant 
soybean, university soybean trials reported lower yields of HR varieties 
(Oplinger et al., 1998; Nielsen, 2000). In a study that compared five HR 
varieties with five non-HR varieties in four locations in Nebraska, evi-
dence of “yield lag” and “yield drag” was found (Elmore et al., 2001a, 
2001b).� A 5-percent yield lag was due to the difference in productivity 
potential between the older germplasm used to develop the HR varieties 
and the newer, higher yielding germplasm of the non-HR varieties.� A 
5-percent yield drag resulted from the reduced production capacity of the 
soybean plant following the presence or insertion process of the HR gene 
(Elmore et al., 2001b). Although not as pronounced as in the Nebraska 
study, Bertram and Petersen (2004) also presented data that indicated a 
potential yield lag at one location in Wisconsin with the early HR soybean 
varieties.

Fernandez-Cornejo et al. (2002b) reported that a national farm-level 
survey indicated that HR soybean showed a small advantage in yield 
over conventional soybean, probably because of better weed control. 

� Yield lag is a reduction in yield resulting from the development time of cultivars with 
novel traits (in this case, glyphosate resistance and Bt). Because of the delay between the 
beginning of the development of a cultivar with a novel trait and its commercialization, 
the germplasm that is used has lower yield potential than the newer germplasm used in 
cultivars and hybrids developed in the interim. Consequently, the cultivars with novel traits 
have a tendency to initially yield lower than new elite cultivars without the novel traits. 
Over time, the yield lag usually disappears. 

Yield drag is a reduction in yield potential owing to the insertion or positional effect of a 
gene (along with cluster genes or promoters). This has been a common occurrence through-
out the history of plant breeding when inserting different traits (e.g., quality, pest resistance, 
and quality characteristics). Frequently, the yield drag is eliminated over time as further 
cultivar development with the trait occurs.

� During selection for a particular trait in a plant-breeding program, many other traits 
may also change. Such “correlated” changes may occur because a gene controls more than 
one trait (pleiotropy), because genes controlling two traits are in physical proximity on a 
chromosome (linkage), or because of random segregation (drift). The distinctions among the 
three causes are important because the solutions to them differ. Solutions may be necessary 
because some correlated changes are undesirable. 
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A national survey of soybean producers in 2002 found that there was 
no statistical difference in yield between conventional soybean and HR 
soybean (Marra et al., 2004). A mail survey of Delaware farmers in 2001 
found that HR soybean had a 3-bushel/acre yield advantage (Bernard et 
al., 2004). The survey data and results of empirical studies in Wisconsin 
indicate that the use of more elite germplasm in variety development has 
probably eliminated the yield lag or yield drag associated with the use of 
HR varieties (Lauer, 2006).

Similarly, early empirical studies of Bt corn hybrids indicated a poten-
tial yield lag, as indicated by the lower yield of Bt hybrids than of new 
elite hybrids (Lauer and Wedberg, 1999; Cox and Cherney, 2001). How-
ever, Bt hybrids yielded as well as or better than near-isolines (Lauer and 
Wedberg, 1999; Traore et al., 2000; Cox and Cherney, 2001; Baute et al., 
2002; Dillehay et al., 2004), and this suggests that there was no yield drag 
or loss of yield because of the insertion of the Bt gene with the early Bt 
corn hybrids.

Furthermore, whether a yield loss or a yield increase materializes 
for a GE crop depends on the particular farming situation. For exam-
ple, in their comparison of HR corn hybrids with non-HR varieties, 
Thelan and Penner (2007) reported that in low-yield environments HR 
hybrids yielded 5 percent more than non-HR hybrids and in high-yield 
environments non-HR hybrids yielded about 2 percent more than HR 
hybrids. An early study of cotton (May and Murdock, 2002) that com-
pared first-generation glyphosate-resistant cultivars with nonresistant 
cultivars showed no yield lag in glyphosate-resistant cultivars and a 
yield advantage of using glyphosate instead of the standard conven-
tional soil-applied herbicides. The results of the study suggested that the 
use of soil-applied herbicides resulted in some type of injury to cotton, 
whereas glyphosate application before the fourth leaf stage did not. A 
study at nine locations across the United States (May et al., 2004) showed 
that one of Monsanto’s later glyphosate-resistant cotton lines provided 
even greater yield than the first-generation glyphosate-resistant cotton 
when glyphosate was applied from the fourth to the 14th leaf stage; this 
resulted in an agronomic advantage of the later technology.

A 2002 U.S. Department of Agriculture (USDA) survey found that 
increases in cotton yields in the Southeast were associated with the adop-
tion of HR cotton and Bt cotton in 1997: A 10-percent increase in HR-
cotton acreage led to a 1.7-percent increase in yield and a 10-percent 
increase in Bt cotton acreage led to a 2.1-percent increase in yield if other 
productivity-influencing factors were constant (Fernandez-Cornejo and 
Caswell, 2006).

It was noted above that most of the yield studies of GE versus non-
GE crops conducted in the United States used data from the late 1990s 
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and early 2000s.� Any yield differences between GE and non-GE varieties 
found during the first 5 years of adoption could have diminished as seed 
companies developed new IR and HR events. One reason for the lack of 
recent studies on yields may be that it is increasingly difficult to find suffi-
cient data on non-GE varieties owing to the predominance of GE varieties 
in major crops (see Chapter 4).

Improved Crop Quality and Risk Management

Bt corn has been found to decrease concentration of the toxic chemi-
cal aflatoxin (Wiatrak et al., 2005; Williams et al., 2005) and some other 
mycotoxins produced by fungi (fumonisins in particular) in the grain 
(Clements et al., 2003). In doing so, it decreases the risk of price dock-
age to farmers because of poor crop quality and increases food safety 
for consumers. Bt crops also have reduced stalk lodging at harvest (Rice, 
2004; Wu et al., 2005; Stanger and Lauer, 2006; Wu, 2006);� this improves 
crop quality and increases harvest efficiency, thus reducing the farmers’ 
fuel and labor costs. A benefit of the use of HR soybean is that the pres-
ence of foreign matter (such as weed seeds) in the harvested crop has 
greatly decreased (from 5-25 percent to 1-2 percent in the southeastern 
states) (Shaw and Bray, 2003), reducing the need for handlers to blend 
soybean with high foreign matter with soybean with lower foreign matter 
to improve the overall quality of the crop.

The use of GE crops can also reduce agronomic risks for farmers. 
For example, in the case of HR crops, glyphosate breaks down quickly in 
the soil, removing the potential for the residual herbicide to injure a suc-
ceeding crop (Scursoni et al., 2006). Additionally, some Bt varieties may 
improve drought tolerance (Wilson et al., 2005). Empirical studies have 
not documented that the use of Bt corn for corn borer provides a yield 
benefit in the presence of drought (Traore et al., 2000; Dillehay et al., 2004; 
Ma et al., 2005), but Ma et al. (2009) found in an empirical study on Bt 
corn for corn rootworm that in a drought year on sandy soil, the Bt corn 
rootworm hybrid yielded 10 percent more than the near-isoline. The roots 
of the Bt corn rootworm hybrids were longer and more dense than those 
of the non-GE hybrid because the Bt trait kills the below-ground larvae 
that feed on the roots of the corn plant. Ma et al. (2009) speculated that Bt 

� More recent data from field trials are available but have not been published in peer-
reviewed literature. 

� Stalk lodging is the permanent displacement of the stems of crops from their upright 
position, resulting in a crop that either leans or can be prostrate. A mildly lodged crop results 
in only a slight slowdown of harvest, whereas a severely lodged crop greatly slows down 
harvest (in some instances the crop can only be harvested in one direction, further reducing 
harvesting efficiency). 
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corn rootworm hybrids may have more drought tolerance than standard 
hybrids in drought years because the root system is more intact and there-
fore capable of taking up more water. Such risk reduction may explain in 
part farmers’ motivation to adopt these GE crops. A related risk posed 
by adoption of Bt corn in northern latitudes, however, is the potential for 
higher grain moisture at harvest because of improved plant health, which 
increases drying costs or delays harvest (Pilcher and Rice, 2003; Dillehay 
et al., 2004; Ma and Subedi, 2005; Cox et al., 2009).

Because GE crops have the ability to reduce yield loss, adopting farmers 
also have different insurance options for managing risk. In 2007, Monsanto 
developed a submission to the USDA Federal Crop Insurance Corporation 
for a new crop-insurance endorsement for corn that contains three traits: 
a Bt toxin that controls corn borer, one that controls corn rootworm, and 
herbicide resistance.� The submission proposed a premium-rate discount 
for those hybrids based on several thousand on-farm field trials conducted 
over several years in the Corn Belt states of Illinois, Indiana, Iowa, and 
Minnesota. The trials demonstrated the yield and yield-risk reduction 
advantages of the hybrids compared with conventional or single-trait 
HR hybrids and showed that the current premium rates were no longer 
actuarially appropriate. A lower insurance premium became available in 
the 2008 crop year to farmers who adopted the triple-stacked hybrids. The 
rate discount was applied to the yield portion of the premium for actual 
production history of the field and based policies on crop-insurance units 
in which at least 75 percent of the acreage was planted to qualifying corn 
hybrids. The average premium-rate discount was 13 percent in 2008, or 
about $3.00/acre.

Comparable triple-stacked hybrids from seed companies Dupont/
Pioneer and Syngenta were approved for inclusion in the program for 
the 2009 crop year, and the premium-rate discount applies to all three 
companies’ and licensees’ seed brands that contain at least the above-
mentioned traits for dryland corn in at least a subset of 13 Midwest states 
and irrigated corn in Kansas and Nebraska. This is the first approved 
crop-insurance innovation that has resulted in reduced premium rates, 
and it provides a saving for farmers and reduces the need for premium 
subsidies by the federal government. Cox et al. (2009), however, found 
no consistent yield or economic advantage for triple-stacked hybrids 
compared to double-stacked hybrids from both companies in second-
year corn in New York, despite one of the years being dry and warm. In 
both years, corn rootworm damage was low, and corn borer damage was 
sporadic across locations.

� These products are marketed by Monsanto as YieldGard® Plus, Roundup Ready 2®, and 
YieldGard VT Triple® hybrids. 
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Production Expenses

The use of GE crops triggers changes in several production expenses, 
particularly those related to seed technology, pesticide expenditures, labor 
and management requirements, and machinery operations.

Seed Prices

U.S. farmers pay for the GE traits in the seeds that they plant in the 
form of a technology fee because GE seeds are considered proprietary 
in the United States. The market price of seed, which includes the tech
nology fee, incorporates the costs associated with development, produc-
tion, marketing, and distribution (Fernandez-Cornejo and Gregory, 2004). 
The price must be responsive to farmers’ willingness to purchase the 
technology while ensuring an attractive return on capital to the seed 
development firms (technology provider and licensee seed companies or 
distributors) and their investors. The price also depends on the competi-
tiveness of the particular seed market and on the pricing behavior of firms 
that hold large shares of the market.

In recent decades, private-sector research and development costs have 
risen with the application of new technologies. Much of the increase in 
seed prices paid by U.S. farmers has been associated with that general 
trend (Krull et al., 1998). The seed-price index has exceeded the average 
index of prices paid by U.S. farmers by nearly 30 percent since the intro-
duction of GE seeds in 1996 (Figure 3-1). The contrast is even starker for 
cotton and soybean. After adjustment for inflation, the real average cotton 
seed price almost tripled between 1996 and 2007 (Figure 3-2), while the 
soybean seed price grew by more than 60 percent.

The rise in real seed prices can be accounted for by improvements in 
germplasm, by the increasing price premiums paid for GE seed, and by 
the growing share of GE seed purchased by U.S. farmers (as the share of 
seed saved by farmers correspondingly decreased). The price premium, 
which includes the technology fee, doubled in real terms for GE cotton 
seed between 2001 and 2007 (adjusted for inflation) (Figure 3-3). U.S. 
farmers also experienced similar price-premium increases for corn and 
soybean seed (Figures 3-4 and 3-5). Some of the increase reflects the larger 
number of services that the seed delivers to the buyers compared with 
conventional seed. For example, farmers who purchase Bt cotton receive 
the seed germplasm and an insecticide combined in one product, whereas 
for non-GE crops they must buy each separately and pay for costs related 
to applying the insecticide. The increase also reflects the additional value 
to the farmer provided by later GE cultivars with more than one type of 
trait or more than one mode of action for particular target pests. The rates 
of adoption noted in Chapter 1 indicate that the price premiums have not 
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FIGURE 3-1  Seed-price index and overall index of prices paid by U.S. farmers.
SOURCE: Fernandez-Cornejo, 2004; USDA-NASS, 2000, 2005, 2009a.

FIGURE 3-2  Estimated average seed costs for U.S. farmers in real (inflation-
adjusted) terms.
SOURCE: Fernandez-Cornejo, 2004; USDA-NASS, 2000, 2005, 2009a.
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deterred many U.S. farmers from purchasing GE seeds and that non-GE 
seed options were less attractive or were not available.

Other Input Costs

If U.S. farmers who have adopted GE crops pay higher prices for 
the seed, have they experienced compensatory cost reduction for other 
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FIGURE 3-4  Real (inflation-adjusted) corn seed prices paid by U.S. farmers, 
2001–2008.
SOURCE: USDA-NASS, 2000, 2005, 2009a.

FIGURE 3-3  Real (inflation-adjusted) cotton seed prices paid by U.S. farmers, 
2001–2007.
SOURCE: USDA-NASS, 2000, 2005, 2009a.

inputs? With insect-resistance technology, a plant contains its own insecti-
cide, whereas most HR crops are engineered to be used with the herbicide 
glyphosate. Have those conditions changed adopters’ farming practices 
and purchasing habits?

Economic reasoning suggests that the influence of genetic engineering 
on pesticide use depends on whether the GE cultivar and the pesticides 
are complementary or substitute inputs (Just and Hueth, 1993). Where IR 
or stacked GE cultivars substitute for other pesticides, chemical-pesticide 
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use should decline. That is often the case with Bt crops (see Chapter 2, 
Figures 2-7 and 2-8). For HR crops, it often means reducing the use of less 
effective, more costly, and possibly more toxic herbicides although excep-
tions occur (Cattaneo et al., 2006). That substitution effect can produce cost 
savings as well as reductions in environmental and human health risks 
associated with chemical applications (Sydorovych and Marra, 2007). 
Several studies have attempted to establish whether the adoption of GE 
crops affects pesticide use. Some early investigations found evidence of a 
decline in pesticide use as adoption of GE crops increases (Heimlich et al., 
2000; Hubbell et al., 2000; Carpenter et al., 2001; Marra et al., 2002)������� . �����Some 
studies have found that most of the reduction in pesticide use resulting 
from adoption of an IR cultivar was in highly toxic chemicals, and average 
toxicity declined with adoption (Heimlich et al., 2000; Sydorovych and 
Marra, 2007). However, others have concluded that pesticide use increases 
in tandem with GE-crop production (Benbrook, 2004). Such contradictory 
findings have been attributed to the different approaches to measuring 
pesticide use, specifically

•	 How pesticide use is recorded (pesticide active-ingredient vol-
ume, formulated volume, relative toxicity, or number of applications) 
(Sydorovych and Marra, 2007).

•	 Which factors are controlled for (results would vary from region to 
region and from year to year depending on the extent of pest infestation, 
weather, cropping patterns, and so on).

•	 The method of aggregation (Frisvold and Marra, 2004).

FIGURE 3-5  Real (inflation-adjusted) soybean seed price paid by U.S. farmers, 
2001–2008.
SOURCE: USDA-NASS, 2000, 2005, 2009a.
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A general overarching effect cannot be discerned because of the vari-
ability in specific conditions on different farms and in different regions.

The observed change in pesticide use with IR crops depends on the 
crop and the pest. Changes in insecticide use for treatment of European 
corn borer were minimal because many farmers accepted yield losses 
rather than incur the expense and uncertain results of chemical control. 
A survey of corn growers in Iowa and Minnesota determined that only 
30 and 17 percent, respectively, had managed European corn borer with 
insecticides during any season in the early 1990s because chemical use 
was not always profitable and timely application was difficult owing to 
the unpredictability of pest outbreaks (Rice and Ostlie, 1997).

In the case of Bt cotton, however, GE control greatly reduced 
expenditures on pesticides to treat tobacco budworm, pink bollworm 
(Pectinophora gossypiella), and cotton bollworm (Jackson et al., 2003; 
Cattaneo et al., 2006). Survey data indicated that the number of insecti-
cide sprays and insecticide costs generally decreased with the adoption 
of GE cotton across the United States (Table 3-1). Where measurable, 
farm-level profit was also shown to have increased with the adoption 
of Bt cotton in all states (Piggott and Marra, 2007). Although the studies 
reported in Table 3-1 seem to suggest that insecticide costs increased after 
commercialization of Bt cotton in Arizona, detailed surveys of insecti-
cide use and costs conducted since 1979 clearly show that use and costs 
were drastically reduced after 1996 (Ellsworth et al., 2009). One major 
factor in the reductions has been the efficient control of pink bollworm 
by Bt cotton (Carrière et al., 2003, 2004). However, other critical factors 
in reducing insecticide use and cost were the introduction of novel and 
highly efficient insecticides for the control of whitefly (Bemisia tabaci) in 
cotton (Carrière et al., 2004) and the success of the boll weevil eradication 
program (Fernandez-Cornejo et al., 2009). That illustrates an important 
point (see Chapter 2): Longitudinal data on pesticide use should not be 
taken at face value in assessing the effects of GE crops without control-
ling for other influences, as many factors can contribute to changes in 
patterns of insecticide use.

Bt corn is a preferred method for growers for controlling rootworm 
because of its simplicity and safety in applying it compared with soil-
applied insecticides or with higher levels of active ingredient in seed 
treatments on non-Bt corn seed10 (Al-Deeb and Wilde, 2005; Vaughn et al., 
2005; Ahmad et al., 2006). The adoption of Bt corn for rootworm control 

10 As discussed in Chapter 1, Bt corn hybrid seed for corn rootworm control has 0.25 mg 
of active ingredient of insecticide and fungicide applied per seed compared to 1.25 mg of 
active ingredient applied to non-Bt corn hybrids.

Impact of Genetically Engineered Crops on Farm Sustainability in the United States

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/12804


FARM-LEVEL ECONOMIC IMPACTS	 151

has resulted in a substantial reduction in insecticide use, by an estimated 
5.5 million pounds of active ingredient per 10 million acres (Rice, 2004).

In addition to the pesticide quantity effects, the adoption of HR and 
IR crops lowers the demand of competing pesticides used on conventional 
varieties and may therefore lower the prices of these pesticides. Huso and 
Wilson (2006) shows that this effect benefits farmers who adopt the GE 
variety and those who plant the conventional variety.

Indirect cost differences between GE crops and conventional crops 
originate in the adoption of practices that are linked to the adoption 
of some GE crops. For example, if a GE crop reduces the need for till-
age to control weeds, reductions in machinery, fuel, and labor for the 
avoided cultivation practices amount to indirect cost savings. The indirect 
cost differences are particularly important for HR crops because of the 
complementary relationship between their adoption and conservation 
tillage. That is, GE-crop adoption increased the probability of adoption of 
conservation tillage, and conservation tillage increased the probability of 
higher adoption of GE crops (for a more detailed discussion of conserva-
tion tillage, see Chapter 2).

The increased use of conservation tillage has been facilitated by the 
commercialization of more effective postemergence herbicides, such as 
glyphosate, that can be applied topically to crops and weeds. Glyphosate 
can supplement or replace tillage as a tool for controlling most weeds 
and in so doing can reduce the use of machinery and fuel and lower 
labor requirements (Harman et al., 1985; Chase and Duffy, 1991; Baker 
et al., 1996; Downs and Hansen, 1998; Boyle, 2006; Baker et al., 2007)��. 
Mitchell et al. (2006)�����������������������������������������������������         reported that a reduced-tillage system in the plant-
ing of California cotton reduced the number of tractors in operation by 
41 to 53 percent, fuel use by 48 to 62 percent, and overall production costs 
by 14 to 18 percent. Sanders (2000) reviewed and summarized results of 
several studies and concluded that conservation tillage can reduce fuel 
costs by as much as 50 percent and labor costs by up to 40 percent. Those 
conclusions agree with USDA Natural Resources Conservation Service 
estimates that Iowa farmers would save 30–50 percent in fuel costs by 
adopting conservation-tillage practices (Table 3-2). Using Nebraska sur-
vey data for various row crops, Jasa (2000) showed that fuel use for no-
till was 1.43 gal/acre compared with 5.28 gal/acre for moldboard-plow 
tillage and that labor requirements for no-till were 0.49 hours/acre, com-
pared with 1.22 hours/acre for moldboard-plow use.

The financial returns to GE crops should vary directly with fuel 
prices if they save costly machinery passes over a field. HR crops do 
not necessarily save passes over a field, but they do substitute herbi-
cide applications for more expensive and more fuel intensive methods 
of weed management, such as intensive tillage practices or the use of 
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TABLE 3-1  Summary of Farm-Level Impact Evidence for 
Genetically Engineered Cotton in the United States, 1996–1999
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Yield Pesticide Cost Pesticide Use Profit 
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(count)(pounds lint per acre) (count) (dollar/acre) (count) (sprays/acre) (count) (dollars/acre)

Bt cotton
Alabama 4 143.5 231.5 38.0 2 –32.4 3.1 –68.0 2 –1.3 0.3 –3.0 2 77.6 116.5 38.7
Arizona 8 116.7 917.0 –331.5 9 17.1 97.0 –24.6 3 –2.2 –1.8 –2.5 10 57.5 465.0 –104.0
Georgia 3 75.2 104.0 38.0 3 –23.4 27.5 –68.0 3 –2.7 –2.5 –3.0 3 92.0 169.2 38.7
Louisiana 2 –7.5 22.0 –37.0 2 –20.0 –15.4 –24.6 2 –2.4 –2.2 –2.5 2 16.5 36.0 –3.1
Mississippi 8 22.6 92.0 –73.0 8 –5.1 13.8 –24.6 4 –2.4 –1.3 –3.3 6 34.5 79.5 –3.1
North Carolina 8 41.6 182.5 –35.7 2 –14.3 –1.2 –27.5 2 –2.4 –2.4 –2.5 8 20.5 95.1 –25.3
Oklahoma 4 168.0 203.0 123.0 4 –3.4 –2.3 –6.5 4 53.8 85.5 25.5
South Carolina 2 90.5 119.0 62.0 2 –16.2 –1.2 –31.1 2 –2.5 –2.5 –2.5 4 51.8 80.1 17.1
Tennessee 2 –79.0 85.0 –243.0 1 –5.6 1 –1.8 2 67.5 74.3 60.7
Texas 3 116.6 177.5 81.0 1 46.0
Virginia 1 62.0 1 –1.2 1 –2.5 1 41.7

RRa cotton 1 17.1
Arkansas 1 –150
Tennessee 1 –243 1 –145.3 1 74.3

Bt/RR cotton
Arkansas 2 292.8 –331.5 917.0 2 79.5 –269.0 159.0 2 243.0 21.0 465.0

aMonsanto markets its glyphosate-resistant varieties under the trademarked name Roundup 
Ready.
SOURCE: Adapted from Marra, 2001.

herbicides that require physical incorporation into the soil. Also, with 
potentially fewer passes over the field, tractor and spraying equipment 
lasts longer, and this results in savings in machinery and equipment costs 
over the long term.

Management Requirements and Nonpecuniary Benefits

Many of the commercially available GE products have consistently 
been shown to be profitable for U.S. farmers. For example, the profitability 
of Bt cotton in the Cotton Belt and Bt corn for controlling corn rootworm is 
well documented (Marra, 2001; Alston et al., 2002). However, the national 
evidence supporting the use of HR soybean is inconclusive (Bullock and 
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TABLE 3-1  Summary of Farm-Level Impact Evidence for 
Genetically Engineered Cotton in the United States, 1996–1999
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Alabama 4 143.5 231.5 38.0 2 –32.4 3.1 –68.0 2 –1.3 0.3 –3.0 2 77.6 116.5 38.7
Arizona 8 116.7 917.0 –331.5 9 17.1 97.0 –24.6 3 –2.2 –1.8 –2.5 10 57.5 465.0 –104.0
Georgia 3 75.2 104.0 38.0 3 –23.4 27.5 –68.0 3 –2.7 –2.5 –3.0 3 92.0 169.2 38.7
Louisiana 2 –7.5 22.0 –37.0 2 –20.0 –15.4 –24.6 2 –2.4 –2.2 –2.5 2 16.5 36.0 –3.1
Mississippi 8 22.6 92.0 –73.0 8 –5.1 13.8 –24.6 4 –2.4 –1.3 –3.3 6 34.5 79.5 –3.1
North Carolina 8 41.6 182.5 –35.7 2 –14.3 –1.2 –27.5 2 –2.4 –2.4 –2.5 8 20.5 95.1 –25.3
Oklahoma 4 168.0 203.0 123.0 4 –3.4 –2.3 –6.5 4 53.8 85.5 25.5
South Carolina 2 90.5 119.0 62.0 2 –16.2 –1.2 –31.1 2 –2.5 –2.5 –2.5 4 51.8 80.1 17.1
Tennessee 2 –79.0 85.0 –243.0 1 –5.6 1 –1.8 2 67.5 74.3 60.7
Texas 3 116.6 177.5 81.0 1 46.0
Virginia 1 62.0 1 –1.2 1 –2.5 1 41.7

RRa cotton 1 17.1
Arkansas 1 –150
Tennessee 1 –243 1 –145.3 1 74.3

Bt/RR cotton
Arkansas 2 292.8 –331.5 917.0 2 79.5 –269.0 159.0 2 243.0 21.0 465.0

aMonsanto markets its glyphosate-resistant varieties under the trademarked name Roundup 
Ready.
SOURCE: Adapted from Marra, 2001.

TABLE 3-2  Fuel Consumption by Tillage System (Gallons per Year)

Crop Acres
Conventional 
Tillage

Mulch 
Till

Ridge 
Till No-Till

Corn 1,000 4,980 3,710 3,330 2,770

Soybean 1,000 4,980 3,110 3,330 1,970

Total fuel use 9,960 6,820 6,660 4,740

Potential fuel savings over 
conventional tillage

3,140 3,300 5,220

Saving 32% 33% 52%

SOURCE: USDA-NRCS, 2008.
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Nitsi, 2001; Gardner and Nelson, 2007). Fernandez-Cornejo et al. (2002b) 
and Fernandez-Cornejo and McBride (2002) evaluated 1997 field-survey 
data and 1998 whole-farm survey data, respectively, and found that the 
differences in net returns between adopters and nonadopters of HR soy-
bean were not significant. This lack of significance is consistent with find-
ings from other producer surveys (Couvillion et al., 2000; Duffy, 2001). 
In light of high overall adoption rates, those findings suggest that other 
considerations have motivated farmers to use genetic-engineering tech-
nology. The wide adoption of HR soybean despite the associated technol-
ogy fee stimulated research to identify possible nonpecuniary benefits to 
GE adopters that motivate such a shift in technology use.

In addition to the substantially superior control of a broad spec-
trum of weeds (Scursoni et al., 2006), simplicity, flexibility, and increased 
worker safety have been suggested as root causes of herbicide-resistance 
technology adoption, in that growers can use one herbicide instead of 
several to control a wide array of broadleaf and grass weeds (Gianessi 
and Carpenter, 1999; Bullock and Nitsi, 2001). The convenience of HR 
soybean use may mean that farmers can reduce the time that they spend 
scouting fields for weeds and mixing and spraying different herbicides to 
address various weed problems (Bullock and Nitsi, 2001). Furthermore, 
the window of application for glyphosate is wider than that for other post
emergence herbicides. That application flexibility can effectively control 
weeds but often the weeds have already caused a loss in potential crop 
yield by the time glyphosate is applied.

However, quantifying the simplicity, flexibility, and safety of pest-
control programs has been difficult. The inability to include a measure 
of management time in the evaluation of benefits of new technologies 
in agriculture is not unique to HR soybean. As Fernandez-Cornejo and 
Mishra (2007) observed, assessments of technology adoption using tradi
tional economic tools pioneered by Griliches (1957) have proved insuf-
ficient to explain differing rates of adoption of many recent agricultural 
innovations. The standard measures of farm profits, such as net returns 
to management, give an incomplete picture of economic returns because 
they usually exclude the value of management time itself (Smith, 2002). 
HR soybean was adopted rapidly despite showing no statistically sig-
nificant advantage in net returns over conventional soybean in most 
studies, but adoption of such strategies as integrated pest management 
has been rather slow even though it has explicit economic and environ-
mental advantages (Fernandez-Cornejo and McBride, 2002; Smith, 2002). 
That inconsistency led to the hypothesis that HR adoption is driven by 
unquantifiable advantages—such as presumed simplicity, flexibility, and 
safety—that translate into a reduction in managerial intensity, which frees 
time for other pursuits, and into increased worker safety.

Impact of Genetically Engineered Crops on Farm Sustainability in the United States

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/12804


FARM-LEVEL ECONOMIC IMPACTS	 155

An obvious use of managers’ time is off-farm employment; alter-
natively, a farmer could farm more acreage to increase farm income. 
Fernandez-Cornejo and collaborators examined the interaction of off-farm 
income-earning activities and adoption of different agricultural technol-
ogies of varied managerial intensity, including HR crops (Fernandez-
Cornejo and Hendricks, 2003; Fernandez-Cornejo et al., 2005) and Bt corn 
(Fernandez-Cornejo and Gregory, 2004). They also estimated empirically 
the relationship between the adoption of those innovations and farm 
household income from on-farm and off-farm sources. To do that, they 
expanded the agricultural household model to include the technology-
adoption decision and off-farm work-participation decisions by the opera-
tor and spouse (Fernandez-Cornejo et al., 2005; Fernandez-Cornejo and 
Mishra, 2007).

Those studies hypothesized that adoption of management-saving 
technologies frees operators’ time for use elsewhere, most notably in off-
farm employment, and that leads to higher off-farm income. They found 
that the relationship between the adoption of HR soybean and off-farm 
household income is positive and statistically significant: After controlling 
for other factors, a 15.9-percent increase in off-farm household income 
is associated with a 10-percent increase in the probability of adopting 
HR soybean. The adoption of HR soybean is also positively and signifi-
cantly associated with total household income from off-farm and on-farm 
sources. A 9.7-percent increase in total household income is associated 
with a 10-percent increase in the probability of adopting HR soybean. In 
contrast, and consistent with the lack of higher returns from this technol-
ogy, adoption of HR soybean did not have a significant relationship with 
household income from farming. Those findings complement the find-
ings of Gardner and Nelson (2007), who used national survey data from 
2001–2003 and found that adopting HR soybean reduced household labor 
requirements by 23 percent.

Studies have also found that farmers value the convenience and 
reduced labor requirements of Bt cotton above and beyond the pecuniary 
benefits. Because conventional cotton faces heavy pest pressure, IR vari
eties decrease the time demands of spraying, and this leads to a 29-percent 
reduction in household labor requirements (Gardner and Nelson, 2007). 
Survey data of Marra and Piggott (2006) support the finding that farmers 
place a monetary value on the convenience, flexibility, and relative safety 
of GE crops. In a stated-preference approach, participants in four surveys 
placed values on such characteristics as saved time, operator and worker 
safety, and total convenience. In each survey that evaluated the total-
convenience attribute of genetic-engineering technology, it made up over 
50 percent of the total value placed on nontraded aspects of the GE crop 
(Table 3-3). The median total value of convenience ranged from $3.33/acre 
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per year for soybean to $5.00/acre per year for HR cotton. Survey respon-
dents also placed a value on the improved operator and worker safety 
characteristics of GE crops. Farmers valued the reduction in handling and 
toxicity of the pesticides involved with those crops at $0.43–$2.36/acre 
per year. Although initially they increase the demand for GE seeds, the 
perceived management benefits may cause the demand for the seeds to 
become more inelastic (i.e., less responsive to price increases) over time. 
As farmers get accustomed to the characteristics and continue to place 
a value on them, increases in seed expenditures through either a price 
increase or an increase in user cost will not reduce the use of GE seeds by 
as large an amount as when the nonpecuniary attributes are not present 
(Piggott and Marra, 2008).

TABLE 3-3  Value and Relative Importance of Nonpecuniary 
Benefits to Farmers
 Rescaleda

Characteristic Median (%) Mean (%) Std Dev (%) Share (%)

Corn Rootworm Survey: n = 367
Time saving 0.588 0.997 1.390 23.86
Equipment saving 0.400 0.724 0.969 17.51
Operator and worker safety 0.429 0.991 1.623 17.12
Environmental safety 0.208 0.787 1.565 10.88
More consistent stand 0.800 1.773 2.862 30.63
Sum of the parts 3.000 5.272 6.222

National Soybean Survey: n = 113
Operator and worker safety 0.913 1.660 2.026 20.97
Environmental safety 1.304 1.961 2.201 24.89
Total convenience 3.333 4.158 3.690 54.14
Sum of parts 5.000 7.779 6.026

North Carolina Herbicide-Resistant Crop Survey: n = 52
Operator and worker safety 2.361 2.923 2.783 23.91
Environmental safety 1.666 2.720 2.660 20.45
Total convenience 5.000 7.793 7.818 55.63
Sum of parts 10.000 13.437 10.612

Roundup Ready® Flex Cotton Survey: n = 72
Operator and worker safety 1.875 3.056 4.061 23.90
Environmental safety 0.958 2.592 3.382 18.06
Total convenience 5.000 11.180 15.441 58.04
Sum of parts 10.000 16.828 17.383  

aRescaled to conform the magnitude of the overall value, which is asked as a separate 
question.
SOURCE: Marra and Piggott, 2006.
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Management benefits do not appear to influence the adoption of 
GE corn. Fernandez-Cornejo and Gregory (2004) did not find a statisti-
cally significant relationship between adoption of Bt corn (to control corn 
borer) and off-farm household income, and Gardner and Nelson (2007) 
noted no effect of adoption of Bt or HR corn on household labor. The lack 
of a significant relationship supports the observation that most farm-
ers accepted yield losses rather than incur the expense and uncertainty 
of chemical control for European corn borer before the introduction of 
Bt corn (Fernandez-Cornejo et al., 2002a). For those farmers, the use of Bt 
corn was reported to result in yield gains rather than pesticide-related 
savings, and savings in managerial time were small. However, one of the 
benefits of adoption of Bt corn for rootworm control is that it makes it 
unnecessary to handle toxic insecticides at planting or to deal with high 
rates of insecticide-treated seeds.

Thus, the econometric results are consistent with anecdotal state-
ments that many GE crops save managerial time because of the associated 
simplicity and flexibility of pest control. In the case of some GE crops, 
such as HR soybean, these nonpecuniary benefits provide incentives for 
adoption that counteract the additional cost of GE seeds. Indeed, the ben-
efits increase demand for the GE seeds, and that in turn supports a higher 
price. In the case of other GE crops, such as Bt cotton, nonpecuniary 
benefits are accrued above and beyond additional farm profits.

Lower management costs and increased yield and nonpecuniary 
benefits have figured in the economic value of the natural refuge for 
cotton with two endotoxins for control of the bollworm-budworm com-
plex. As discussed in Chapter 2, the Environmental Protection Agency 
(EPA) changed the refuge requirement for these IR cotton varieties from 
a 20-percent refuge treated with insecticide (or a 5-percent refuge not 
treated with insecticides) to a natural refuge where wild host plants con-
stitute the refuges. The benefits of the refuge change were estimated for 
North Carolina to be $26.90 per year per impacted acre when pecuniary 
and nonpecuniary impacts were considered (Piggott and Marra, 2007).

Value and Market-Access Effects

In addition to the input-cost effects, the use of GE crops can affect the 
revenue potential of farmers. Two such effects can occur: foreign yield 
effects on the prices of products sold and market access to sell the GE 
crops.

Increase in grain and oilseed supplies should result in downward 
pressure on the prices received by farmers, all else being equal. Genetic-
engineering technology helped to boost yields that had already been grow-
ing over the last 70 years through improved plant-breeding techniques. 
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As a result, supply exceeded demand; the real price of food (adjusted for 
inflation) had fallen until 2006. However, over the period 2006–2008, corn 
and soybean prices increased rapidly because of various factors, including 
the rise in world incomes and the demand for renewable fuels made from 
agricultural feedstock. The increase in the global supply of those crops 
due to the adoption of GE crops and improvements in germplasm and 
plant breeding likely moderated the upward pressures on prices during 
this time.

Assessing the impact of new agricultural technologies on commodity 
prices is difficult because the effect on price cannot be measured directly. 
As Price et al. (2003) explain, once a new technology is introduced and 
adopted, only the world price that results from increasing global supply 
(supply shift) can be observed. It is not possible to observe the counter
factual price—the price that would have existed, assuming the same 
supply and demand conditions, if the new technology had not been 
introduced (see Box 3-1). Therefore, the counterfactual world prices and 
demanded quantities of the commodities must be estimated from market 
equilibrium conditions by using econometric models, which generally are 
reliable in the short term and when systems are stable.

The approach to calculating the effect of genetic-engineering technol-
ogy on commodity prices followed by most studies (Falck-Zepeda et al., 
2000a, 2000b; Moschini et al., 2000; Price et al., 2003; Qaim and Traxler, 
2005) is based on the theoretical framework developed by Moschini and 
Lapan (1997) to assess the impacts of an innovation on economic welfare 
when the innovator behaves as a monopolist under the protection of intel-
lectual-property rights in an input market by pricing the new technology 
above marginal cost (the cost of producing one more unit of a good) (Price 
et al., 2003). Changes in the economic welfare of producers and consumers 
in a competitive output market can also be measured because some of the 
benefits generated by the innovation are passed on to them in the form of 
higher production efficiency and lower commodity prices.11

11 As Price et al. (2003) described it, the estimated total market benefit of adopting each of the 
GE crops depends on the extent to which the global commodity supply curve shifts outward 
after the introduction of the technology. In each case, the shift in supply reflects potential 
yield increases and/or decreases in costs. The estimated market benefit also depends on the 
interaction of the supply and demand curves before and after the introduction of the new 
technology. The empirical models calculate the preinnovation and postinnovation prices and 
quantities in an international market setting by using information on adoption rates, crop 
yields, costs, technology fees, and seed premiums. The framework also takes into account 
the adoption of biotechnology outside the United States. The counterfactual world price, the 
equilibrium world price without the innovation, is the sum of the observed market price 
and the vertical supply shift resulting from the adoption of GE crops. The equilibrium world 
price occurs at the intersection of the excess-supply and excess-demand curves.
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Table 3-4 shows the estimates of the effect of GE-crop adoption (corn, 
soybean, and cotton) on crop prices. The price effects are different for each 
crop and technology and depend on the market penetration (the extent of 
adoption) of the new technology and on the details of the models used 
(particularly supply and demand parameters). For example, adoption of Bt 
cotton was associated with a decline in cotton prices of 0.65 percent for the 
first year of adoption in the United States only but with a price decline of 
1.1 percent when adoption continued in the United States and took place in 
other countries. The effect of adoption of HR soybean varieties on soybean 
price ranged from a decline of 0.17 percent in 1997, when adoption had 
only occurred in the United States, to about a 2-percent decline following 
further adoption in the United States and Argentina and a 2.6-percent 
decline for world adoption in 2001. Simultaneous adoption of Bt corn and 
HR soybean could lead to a decline in corn prices of 2.5 percent and a 
decline in oilseed prices of 3.9 percent, all other things being equal.

Table 3-5 presents the estimated distribution of the tangible benefits 
among consumers, farmers, technology providers (biotechnology firms), 
seed firms, and consumers and producers in the United States and the rest of 
the world. The distribution of benefits varies by crop and technology because 
the economic incentives to farmers (crop prices and production costs), the 
payments to technology providers and seed firms, and the effect of the tech-
nology on world crop prices are different for each crop and technology. For 
example, farmer adoption of HR cotton benefits mainly consumers, whereas 
adoption of Bt cotton benefits farmers and technology providers. Innovators 
(technology providers and seed firms) are often the largest beneficiaries in 
the case of HR soybean, but producers and consumers also gain (Moschini 
et al., 2000). The aggregate net benefits to crop farmers depend on the aggre-
gate cost saving relative to the estimated price decreases and increased pro-
duction (sales). The lower output prices may deter some farmers who have 
relatively lower yield gains or higher costs from adoption. But farmers with 
sufficient yield gains and cost saving will adopt GE crops even when an 
increase in supply puts downward pressure on prices. Livestock producers 
primarily receive benefits from lower prices of feedstocks than would have 
occurred without GE-crop adoption. Analyses of the benefits of GE crops 
and their distribution have many nuances. 

The studies mentioned above analyzed the economic effects of GE 
varieties during the early period of their adoption of these technologies 
(the latest study used data from 2001).12 Results of studies of adoption in 

12 These studies were carried out before Brazil began producing large amounts of GE 
soybean. The entry of Brazil into the GE soybean market and the continued expansion 
of GE soybean in Argentina may have pushed considerable amounts of the benefits from 
producers to consumers. 
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agriculture (Feder et al., 1985) suggest that early adopters of new yield-
increasing technologies gain early in the life of the technologies, but 
that their gains dissipate as prices go down. The United States was the 
dominant early adopter of GE varieties; James (2009) has since found a 
high rate of adoption of GE varieties more recently, mostly in developing 
countries. The agricultural products produced with genetic engineering 
are traded globally, and adoption of GE varieties worldwide affects prices 
that U.S. farmers receive.

According to James (2009), 331 million acres of land were planted 
to GE cultivars worldwide in 2009, of which nearly 95 percent was in 
six countries: the United States, Argentina, Brazil, Canada, India, and 
China. The total global acreage planted to GE crops in 2009 amounted to 
8 percent of the world’s tillable cropland. The GE cultivars were mostly 
of four crops: soybean (52 percent), corn (31 percent), cotton (12 percent), 
and canola (5 percent). In 2009, 77 percent of the soybean area, 49 percent 
of the cotton, 26 percent of the corn, and 21 percent of the canola lands 
were grown with GE cultivars. Much of the adoption of GE corn and 
cotton has been in the United States, Argentina, and Brazil, but China 
and India are major adopters of Bt cotton. The majority of acres planted 
to GE crops were HR varieties, at approximately 62 percent, followed by 
stacked traits at 21 percent and IR varieties at 15 percent. Stacked traits 
grew at a 23-percent rate from 2007 to 2008, the highest rate of the three 
trait categories (James, 2009).

According to Sexton et al. (2009), the high increases in yield that 
resulted from adoption of Bt cotton in developing countries have con-
tributed to the increase in the world cotton supply and to the relatively 
low prices of cotton from 1998–2008. They suggest that the decline in the 
price of cotton relative to the price of other agricultural commodities has 
contributed to the transition from cotton to other crops in California. The 
same shift away from cotton is taking place in other cotton-producing 
regions. Total upland cotton-planted acreage in the United States has 
declined by 36.8 percent since 2002 (USDA-NASS, 2009a, 2009b).

Soybean acreage began to increase in the United States in 1997 and 
stayed relatively high until 2002, in part because the commodity support 
prices in the Federal Agricultural Improvement and Reform Act of 1996 
favored soybean over other program crops. Even though Sexton et al. 
(2009) found that average yield of soybean—the crop with the highest 
rate of adoption of GE cultivars—grew more slowly than that of cotton 
after the introduction of GE varieties, the introduction of GE soybean 
contributed to the expansion of harvested soybean area worldwide, which 
grew by nearly 30 percent from 1997 to 2007 (FAO, 2008). In Argentina 
alone, GE soybean enabled adoption of no-till practices, which facilitated 
double cropping of wheat and soybean and contributed to a 9.9-million-
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acre increase in the soybean area from 1996 to 2003 (Trigo and Cap, 2003). 
The adoption of GE soybean in South America contributed to the increase 
in soybean supply, which also occurred because of the expansion of soy-
bean acreage in Brazil. That supply shift caused downward pressure in 
soybean prices and had an adverse effect on growers in the United States, 
although the price effect was overwhelmed by the effect of increased 
global demand for soybean during the period 2006–2008.

Many of the analyses summarized in Tables 3-4 and 3-5 are based on 
partial-equilibrium models (in which the price of one good is examined 
and all other prices are held constant), but several studies have examined 
the effect of adoption of GE cultivars on producers and consumers by 
using a computable general-equilibrium approach (the prices of good 
are examined in relationship to one another). Some of the studies also 
attempted to assess the costs of access barriers imposed on GE crops by 
the European Union (EU), which has had a moratorium on the produc-
tion and import of GE crops since 1999. Qaim (2009) has surveyed those 
studies and found that they predict an annual global welfare gain to con-
sumers and producers from adoption of GE cultivars without restrictions, 
ranging from $1.4 billion from the adoption of Bt cotton to $10 billion from 
the adoption of GE oilseeds and corn. The results of the studies suggest 
that bans on imports of GE crops reduce the potential economic welfare 
of several parties, including U.S. farmers, but that European consumers 
suffer much of the loss.

Anderson and Jackson (2003) estimated that even under free trade—
with global welfare gain from the introduction of GE cultivars of cotton, 
corn, and oilseeds that will enhance supply—farmers in the exporting 
countries will actually lose 0.07 percent of their income because of lower 
prices, whereas low-income consumers in North America will stand to 
gain from the introduction of GE cultivars because of lower food prices, 
all other things being equal. A moratorium on the export of GE crops 
to the EU will quadruple the losses to U.S. farmers. Such asynchronous 
conditions, when GE crops are approved at different times or not at all by 
different countries, could influence farmers’ planting decisions because of 
those losses. Yet at the same time that U.S. farmers suffer economically, 
U.S. consumers benefit. A more severe moratorium on GE exports by the 
EU and other developed economies, such as that of Japan, is estimated to 
reduce the income of North American farmers by 0.5 percent. Those bans 
will hurt European consumers but benefit European farmers. Nielsen and 
Anderson (2001) showed that the welfare costs of less drastic barriers, 
such as labeling and segregation requirements, are important but smaller 
than the cost of bans.

Lence and collaborators (Lence and Hayes, 2005a, 2005b, 2006; Lence 
et al., 2005) showed that, in addition to the cost saving and other benefits, 
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the overall welfare impact of genetic-engineering technology depends on 
the level of consumer concern with the technology and the costs of iden-
tity preservation. In particular, they state that their results suggest “the 
United States may have maximized welfare by not requiring labeling” of 
GE corn and soybean, but they claim that their results also suggest that 
“recently approved EU legislation enforcing labeling of GE crops also 
makes sense because consumer concern in the EU appears to be greater 
than that in the United States.”13

The literature suggests that adoption of GE cultivars puts downward 
pressure on crop prices and increases the earnings of adopting farmers in 
the early years of the adoption process and that barriers to access reduce 
grower income. But there is a paucity of studies of the welfare effects 
of genetic-engineering technology in recent years, when adoption has 
increased globally, and this is an important subject for future research.

ECONOMIC IMPACTS ON OTHER PRODUCERS

Livestock Producers

Much of the soybean and corn produced in the United States is fed 
to livestock (Figures 3-6 and 3-7), and byproducts are used in consumer 
products, so quality and nutritional characteristics of soybean and corn 
associated with GE crops have been closely examined. Most studies of 
soybean have reported no differences in animal performance (Hammond 
et al., 1996); in important nutritional qualities, such as isoflavones (Duke 
et al., 2003); or in other characteristics at the macroscopic level of HR soy-
bean (Magaña-Gómez and Calderón de la Barca, 2009). Researchers (Cox 
and Cherney, 2001; Jung and Sheaffer, 2004) have reported that glypho-
sate-resistant Bt corn does not affect feeding-quality characteristics of corn 
silage. Lutz et al. (2006) reported that the Bt protein Cry1Ab is degraded 
during the ensiling process. In feeding studies, there was no difference in 
milk production or milk composition between glyphosate-resistant corn, 
with or without the stacked Bt gene, and nontransgenic hybrids (Barrière 
et al., 2001; Phipps et al., 2005; Calsamiglia et al., 2007). There were no 
differences in body weight and feed use between rats fed grain from a Bt 
corn rootworm hybrid and rats fed grain from a nontransgenic hybrid (He 
et al., 2008). Likewise, no differences were observed in mortality, weight 
gain, feed efficiency, or carcass yield between broiler chickens fed grain 
from a Bt corn rootworm hybrid and chickens fed grain from a near-
isoline (McNaughton et al., 2007). Thus, empirical studies have clearly 

13 The welfare implications of different regimes of protection of intellectual-property rights 
in the seed industry have also been studied (Lence et al., 2005). 
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FIGURE 3-7  U.S. soybean use. 
Note: Crush is used primarily for livestock feed.
SOURCE: USDA-ERS, 2009.

FIGURE 3-6  U.S. corn use.
NOTE: FSI = food, seed, and industrial.
SOURCE: USDA-ERS, 2009.
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indicated that there is no adverse effect on quality of livestock feed or on 
the output or quality of livestock products.

Furthermore, nutritional characteristics of GE and conventional corn 
hybrids—including fatty acid profiles, mineral and vitamin contents, 
lutein, and total phenol and antioxidant activity—were comparable 
(Venneria et al., 2008) although some slight differences in triglycerides 
and urinary phosphorus and sodium extractions were noted in male rats 
(Magaña-Gómez and Calderón de la Barca, 2009). Cotton seed is used as 
a byproduct in animal feed, and cottonseed oil is used for human con-
sumption. Castillo et al. (2004) found that Bt cotton seeds were deemed 
nutritionally equivalent with no difference in feed intake, milk yield, 
or composition. Few studies have been conducted to assess the levels 
of the glyphosate metabolite aminomethylphosphonic acid (AMPA) in 
glyphosate-treated, glyphosate-resistant corn hybrids; however, one 
study by Reddy et al. (2008) reported no detection of AMPA. Duke 
et al. (2003) reported that AMPA was detected in glyphosate-treated, 
glyphosate-resistant soybean seeds; however, EPA has not established 
a tolerance for AMPA. Given that AMPA is not considered significantly 
toxic (Giesy et al., 2000), the discovery of AMPA in glyphosate-treated, 
glyphosate-resistant soybean is not considered to be an issue of impor-
tance at this time.

Feed costs constitute nearly half the variable costs of livestock pro-
duction, so even moderate price fluctuations can seriously affect the 
trajectory of the livestock market (USDA-NASS, 2008). As mentioned 
above, livestock operators are the buyers of feed, and they are the major 
beneficiaries of reductions in the prices of corn and soybean, to which the 
adoption of GE crops has contributed. They also benefit from increased 
feed safety from the reduction of mycotoxins (Wu, 2006). We are not aware 
of any quantitative estimation of savings to livestock operators and final 
consumers due to the adoption of GE crops or of the resulting effect on 
the profitability of livestock operations. This is another subject on which 
future research is desirable.

Producers of Non-Genetically Engineered Crops

The adoption of GE crops affects production costs for non-GE farmers 
in several key ways. GE crops alter the demand for inputs, and this 
affects the cost of inputs to GE and non-GE crops alike.14 For example, 
Bt crop varieties that reduce insecticide use also lower the input costs for 

14 As stated above, the introduction of GE crops will probably reduce pest damage and, in 
some cases, will reduce the commodity prices of corn, soybean, and cotton. In the damage-
control framework, the demand for inputs other than the ones controlling pests (such as 
water and energy) is represented by (Lichtenberg and Zilberman, 1986)
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producers who use insecticides that substitute for Bt because the lower 
overall demand for them puts downward pressure on their prices. In 
other cases, GE crops increase the demand for other inputs. HR varieties 
increase demand for broad-spectrum herbicides, like glyphosate, which 
can have mixed effects on the price. On the one hand, the increase in 
demand puts upward pressure on the prices of those herbicides and, 
everything else being equal, increases the profits of the firms that manu-
facture GE seeds. On the other hand, the expanded market for broad-
spectrum herbicides compatible with HR crops may allow firms to reduce 
the price of the herbicide but still increase profits through greater sales. 
HR varieties also affect the demand and prices for the herbicides that 
were used before HR crop varieties became available, usually by lowering 
prices because of reduced demand.

We have observed in Chapter 2 that GE crops can affect production of 
non-GE crops favorably or unfavorably through externalities associated 
with pest-control activities. To the extent that genetic-engineering technol-
ogy successfully reduces pest pressure on a field, farmers of adjacent or 
nearby fields planted with non-GE crops may benefit from reductions in 
costs for pest control associated with reductions in regional pest popula-
tions (Sexton et al., 2007). Such favorable externalities may exist for Bt 
crops, which control pests that target GE and non-GE crops equally (Ando 
and Khanna, 2000). HR crops may provide some benefits to non-GE crops 
on adjacent fields by reducing rates of pollination of weeds, but more 
certain benefits will accrue to crops planted in rotation with GE crops. 
Specifically, because HR crops permit the postemergent use of broad-
spectrum herbicides, such as glyphosate, weed species that affect GE and 
non-GE crops may be controlled more effectively. In particular, glyphosate 
has proved effective in controlling perennial weeds that appear late in 
the principal crop season, persist, and impose losses on subsequent crops 
(Padgette et al., 1996; Shaw and Arnold, 2002). The reduction in pest 
pressure from the late-season use of effective chemicals on HR crops 

Quantity demanded = (crop price)(1 – damage)(marginal value of the input in  
producing potential output).

This equation suggests that GE cultivars will contribute to increased demand for inputs—
such as fertilizer, water, and capital—if adoption of GE cultivars increases the earning per 
unit of potential output, which is equal to (crop price)(1 – damage), assuming no acreage 
constraints. Thus, when the introduction of GE cultivars does not affect crop prices but 
reduces pest damage, adoption of GE crops increases the demand for other input use. That 
increases the demands for fertilizer, water, capital, and so on, and causes upward pressure 
on their market prices. When the introduction of GE cultivars reduces commodity prices 
substantially, it may lead to reduced demand for other inputs. We are not familiar with 
empirical studies that have tried to estimate the impact of GE crops on the demand for or 
prices of other inputs, and this is a subject for future work.
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may benefit the crop planted in the following season (Baylis, 2000; Tingle 
and Chandler, 2004) although empirical evidence of this effect is scarce. 
A massive field trial of crop rotation and herbicide application practices 
in Britain has provided evidence that the production systems used for 
HR canola can improve weed control in cereal crops planted in rotation 
(Sweet et al., 2004).

Farmers of non-GE crops may also experience adverse externalities 
associated with HR-crop weed control. Growers experience an adverse 
effect when an economically important amount of herbicide resistance 
builds up. As discussed in Chapter 2, resistance to broad-spectrum her-
bicides is a concern associated with adoption of HR varieties because use 
of other chemicals drastically declines in favor of the herbicide to which 
the crop is resistant (Shaner, 2000). When resistance in weeds evolves, 
farmers have resorted to managing those weeds with additional forms 
of control; they have either increased their use of the herbicide to which 
the HR crops are resistant, used additional and possibly more expensive 
forms of weed control (such as cultivation), or both. Such actions not 
only reduce or reverse the environmental benefits of HR crops reviewed 
in the previous chapter but also result in higher production costs for 
the grower compared to using glyphosate alone. To date, costs have 
not risen to the level of costs incurred in the conventional systems of 
weed control. If they had, a substantial reduction in the use of HR crops 
would have occurred. Resistance-management strategies, such as the use 
of refuges, can be expensive for individual farmers, though such strate-
gies can provide long-run pest control benefits in the area that will offset 
the sum of individual costs if implemented correctly. Although Bt crops 
may be prone to resistance buildup because the toxins that target pests 
are always present in the field, the refuge requirements for Bt crops have 
thus far provided adequate protection from insect resistance buildup in 
the United States. The tradeoff is the requirement to plant some percent-
age of a crop to non-Bt cultivars, which may result in net economic costs 
to producers growing IR crops. Those costs, if they occur, are in the form 
of higher pesticide costs, foregone yield, or both. A benefit is the lower 
cost of seed for the refuge acres. A case in point is Bt cotton with the 
single trait for bollworm and budworm control, for which EPA requires 
a 20-percent refuge that can be treated with synthetic insecticides or a 5-
percent refuge that cannot be treated with insecticides in the Southeast. 
Farmers who choose the 20-percent refuge can incur higher insecticide 
costs to treat insect infestations—more passes over the field and more 
labor to scout for insects—but have lower overall seed costs. Those who 
choose the 5-percent, untreated refuge can experience substantial yield 
loss on the refuge acres, though the cost of seed for those acres is lower. It 
is important to note that before the introduction of the Bt crops substantial 
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insect resistance to other classes of insecticides, such as pyrethroids, had 
been observed.

SOCIOECONOMIC IMPACTS OF GENE FLOW

Inadvertent gene flow from GE to non-GE crops can also have a vari-
ety of social and economic effects. Both the Ecological Society of America 
and the National Research Council have recognized that some degree of 
gene flow between sexually compatible GE and non-GE crops occurs regu-
larly (NRC, 2004; Snow et al., 2005). Indeed, the presence of adventitious 
GE traits in the intended non-GE seed supply of canola, cotton, corn, and 
soybean and in the seed supply of GE crops (e.g., a Bt trait in crop seed that 
is intended as HR only) is well documented (Beckie et al., 2003; Friesen et 
al., 2003; Mellon and Rissler, 2004; Heuberger et al., 2008; Heuberger and 
Carrière, 2009).������������������������������������������������������������           �����������������������������������������������������������         The probability of gene flow is similar in both directions 
between GE and non-GE varieties of a crop (Mallory-Smith and Zapiola, 
2008); however, for farmers, consumers, and food distributors, the actual 
and perceived consequences of gene flow from GE to non-GE crops are 
greater than the consequences of gene flow from non-GE to GE crops.

Gene flow between GE and non-GE crops occurs via three routes: 
cross-pollination between GE and non-GE plants from different fields (as 
discussed in “Gene Flow and Genetically Engineered Crops” in Chap-
ter 2), co-mingling of seed before the production year (in the presence 
of GE traits in seed bags of non-GE crops) or during the production year 
(mixing of seed at planting, at harvest, or during storage), and germina-
tion of seeds left behind (i.e., volunteers) after the production year (Owen, 
2005; McHughen, 2006). Generally, GE and non-GE crops can coexist. 
However, given that some domestic and foreign consumers are willing to 
pay a premium for non-GE products, there are strong market incentives as 
well as some sociocultural reasons for farmers, seed distributors, and food 
processors to minimize the adventitious presence of GE traits in non-GE 
crops and derived products (Lin et al., 2003; Belcher et al., 2005; Furtan et 
al., 2007; Devos et al., 2008)�.

Gene flow between HR and non-HR crops can increase production 
costs if gene flow promotes weediness. For example, when volunteer 
seeds survive and germinate to the following season, field manage-
ment costs increase because the volunteers will not be eliminated by 
glyphosate applications. Similarly, if HR traits cross into weedy rela-
tives, weed-control expenses will be higher for all fields on to which 
these weeds spread, whether the farmer grows GE crops or not (Smyth 
et al., 2002).

Gene flow of GE traits could jeopardize the economic value of the 
entire harvest of non–GE-crop farmers by rendering their output unsuit-
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able for high-value markets (Bullock and Desquilbet, 2002). They could 
also have unfavorable effects on the levels of trust that exist between 
market participants. Two groups of farmers could be impacted by gene 
flow: those farming non-GE crops conventionally and organic farmers. 
The U.S. government does not have thresholds for what level of purity is 
required to characterize a product as non-GE; the thresholds are instead 
determined by the market. The U.S. National Organic Program excludes 
GE methods from the organic process (Organic Foods Production Act of 
1990). Because of adventitious gene flow, the organic process does not 
necessarily result in a non-GE product when it goes to market; whether 
adventitious presence is discovered depends on if testing for GE mate-
rial is conducted. Therefore, if GE traits are discovered in organic crops 
intended for a non-GE market, the organic or non-GE status of a crop 
may be forfeited depending on the potential legal or market tolerances 
for the presence of GE traits (Gealy et al., 2007). Other governments have 
set thresholds for organic and non-GE crops; for example, Japan has a 
5-percent threshold for corn while the EU has zero tolerance for non-
approved GE material but a 0.9-percent permissible level for GE material 
that has been approved by the EU (Bradford, 2006; Ronald and Fouche, 
2006). Tests can be performed to assess the presence of GE traits in grain 
to preserve the identity of non-GE grain; whether a positive test results in 
rejection of a product depends on the individual policies of buyers. Addi-
tional research is needed to determine the extent to which screening is 
used and its relationship to variation in consumer desires for purity in the 
food supply. Although non-GE products can lose market value because 
of the adventitious presence of GE material, the price of GE products is 
not affected by the adventitious presence of non-GE material. Accord-
ingly, gene flow between GE and non-GE crops imposes costs primarily 
on consumers and producers of GE-free crops (Smyth et al., 2002; Belcher 
et al., 2005; Devos et al., 2008). Such a need to protect the market value of 
non-GE products probably contributed to the creation of GE-free zones in 
some regions of the United States and in the EU (Jank et al., 2006; Furtan 
et al., 2007). Widespread use of GE crops in the United States may have 
forced some corporations that were producing GE-free products to move 
their operations to countries where GE crops were less prevalent (Mellon 
and Rissler, 2004). Nevertheless, a survey published in 2004 suggested 
that 92 percent of U.S. organic growers who responded to the survey had 
not incurred any direct costs or suffered losses attributable to the adventi-
tious presence of GE crops (Brookes and Barfoot, 2004). However, it must 
be noted that there have been considerable increases in the adoption of GE 
crops in the United States as well as growth in U.S. organic-crop produc-
tion and the market for non-GE products since this survey was conducted, 
that so far GE traits have been incorporated into a small number of crops 
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that have few near-relatives in U.S. agriculture, and that few studies have 
analyzed trends in the socioeconomic impacts of gene flow.

A zero tolerance for the presence of GE traits in non-GE crops is 
generally impossible to manage and is not technically or economically 
feasible. Pollen transfer between sexually-compatible GE and non-GE 
crops is difficult, if not impossible, to prevent, and segregation between 
GE and non-GE products may be accomplished more easily and economi-
cally when nonzero thresholds for the adventitious presence of GE mate-
rial in non-GE end-user products and seed are established. The goal of 
the thresholds is to set acceptable limits for the presence of GE traits that 
have been deemed safe and approved for human consumption. Accord-
ingly, programs aimed at establishing such thresholds are analogous to 
seed-certification and food-labeling programs that have been used for 
decades to ensure the quality of seeds for agriculture and of food for con-
sumers. The difficulty of maintaining the coexistence of GE and non-GE 
crops increases as the tolerance for the adventitious presence of GE traits 
in non-GE products becomes lower and the adventitious presence of GE 
traits in non-GE products becomes easier to detect even at very low levels 
due to technological advances.

The situation has a drastically greater impact when GE traits not 
approved for human consumption contaminate non-GE products. Such 
contamination can have strong adverse effects on market value, on the 
possibility of exporting crops, on the costs of remedial actions to remove 
contaminated supplies, and therefore on the profit margins of food pro-
ducers and distributors (Lin et al., 2003; Vermij, 2006; Vogel, 2006). It can 
also undermine public confidence in the food system. The effects of the 
identification of a variety of Bt corn marketed under the name StarLink® 
in human food constitute an important example. StarLink® was approved 
only for use in animal feed but was discovered in products destined for 
human consumption. The resulting concerns about food safety led to 
the recall of more than 300 food products, and some major U.S. export 
markets, such as Japan and South Korea, imposed trade restrictions (Lin 
et al., 2003). The technology developer ultimately discontinued sale of 
StarLink® seed. Similarly, the accidental release of glufosinate-resistant 
rice in the United States in 2006 and the contamination of sulfonylurea-
resistant flax in Canadian exports in 2009 imposed heavy costs on farmers, 
commodity traders, and processors.

Those examples of accidental releases, or any other low-level presence 
of unapproved GE material in the food supply, impose considerable costs 
on the food system that need to be accounted for in cost-benefit analyses 
of GE crops (Salazar et al., 2006). They also affect farmers’ planting deci-
sions because of the risk of lost revenues and other economic and social 
costs. As more exotic GE crops (e.g., pharmaceuticals) enter the commer-
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cialization phase, possible supply disruptions will multiply with greater 
potential for conflict between sectors in the food and nonfood industries 
and substantial economic costs. Such potential market and political reper-
cussions indicate that a very low tolerance threshold set by U.S. regula-
tory authorities is appropriate for the presence of unapproved GE traits 
in food intended for human consumption.

Certain groups of consumers prefer GE-free products, a preference 
that is likely to increase the demand for products made with ingredients 
from organically grown crops. The NOP regulations require the certified 
organic producers must produce and handle their organic agricultural 
products without the use of GE methods (National Organic Program). 
However, the unintentional presence of GE material in organic products 
will not necessarily lead certifying agents to change the status of an 
organic product or operation (USDA-AMS, 2000). As explained above, 
because some level of gene flow between GE and non-GE crops is difficult 
to prevent, the adventitious presence of GE material has been detected 
in non-GE products, including certified organic products. Therefore, the 
process-based NOP standard that excludes GE methods in production 
and handling systems does not assure that organically grown crops with 
non-GE methods will be free of GE material for marketing.

The presence of GE material can affect the ability of growers to sell 
non-GE and organic crops in domestic and foreign markets with require-
ments beyond the process-based standard of the NOP. Accordingly, 
policies have been established to manage the potential for adventitious 
presence while enabling coexistence of GE, GE-free, and organic produc-
tion systems. However, policy-established tolerance thresholds for the 
adventitious presences of traits from commercialized GE crops in non-GE 
or organic products vary considerably among countries. For example, 
in the United States, voluntary labeling of food as GE-free is allowed as 
long as a product contains less than 5-percent adventitious presence of 
GE material (Demont and Devos, 2008; Organic Foods Production Act of 
1990). In contrast, the EU allows up to 0.9-percent adventitious GE mate-
rial in non-GE food, animal feed, and products labeled as organic if the 
GE crop has been approved in the EU; otherwise, the threshold is zero 
(Demont and Devos, 2008). Certified non-GE seed sold to farmers in the 
United States is typically expected to contain less than 0.5-1 percent of 
seeds (depending on crop type) with GE traits (Mellon and Rissler, 2004; 
CCIA, 2007). Thresholds for commercial seed have been considered but 
have not yet been implemented uniformly in the EU (Kalaitzandonakes 
and Magnier, 2004; Devos et al., 2008).

GE-free or organic products lose their premium market value when 
the adventitious presence of GE material exceeds established govern-
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ment or market thresholds. Anecdotal stories suggest that the crops of 
U.S. organic growers are being screened in the marketing chain for the 
presence of GE material and are being rejected if levels exceed market-
determined levels. We do not have evidence to judge how widespread 
such testing is in the United States. This issue deserves more investiga-
tion to determine the extent of such market-led behavior and the social 
and other factors driving it. We do know that given the threshold criteria 
in the EU for GE material in organic products, food produced in the 
United States and labeled as organic by U.S. certifiers could be rejected 
in the EU as not organic because of adventitious presence of GE mate-
rial even though no GE seed or crops were used in production by U.S. 
producers. The coexistence of GE and non-GE products is possible as 
long as measures are taken to ensure that the adventitious presence of 
GE traits remains below the thresholds set in receiving markets, either 
by governments or buyers. In general, threshold differences among 
regions contribute to creating barriers to the use of GE crops and trade 
in non-GE products (Smyth et al., 2002; Demont and Devos, 2008; Devos 
et al., 2008).

Separating GE and non-GE products at every step of the production 
process is expensive, and costs increase as thresholds for the presence of 
GE traits in non-GE products decrease (Lin et al., 2003; Kalaitzandonakes 
and Magnier, 2004). Growers must attend to details and apply consid-
erable effort to achieve effective segregation between GE and non-GE 
crops (CBI, 2007). Grain segregation in normal production settings is 
difficult but can be accomplished and could effectively minimize the 
co-mingling of GE and non-GE crops. Given that co-mingling of seeds 
can be costly for growers, particularly for growers who have specific con-
tracts that restrict GE traits, tactics for isolating GE crops from non-GE 
crops must be established effectively (Owen, 2000). Controlling volunteer 
GE crops in non-GE crops may not be difficult, depending on crop rota-
tion but requires considerable diligence on the part of growers (Owen, 
2005). When volunteer crops acquire a GE trait for herbicide resistance 
via unintended gene flow, weed-management costs for a grower may 
increase and potential crop yield may decline if the crop planted the fol-
lowing season is also resistant to glyphosate (Owen and Zelaya, 2005). 
Furthermore, the isolation distances required to maintain complete seg-
regation for open-pollinated crops are often too large to be economically 
feasible (Matus-Cádiz et al., 2004).

An economic assessment based on data from major seed firms in the 
United States indicated that reducing the adventitious presence of GE 
traits in non-GE corn seed from 1 percent to 0.3 percent would raise seed 
production costs by about 35 percent (Kalaitzandonakes and Magnier, 
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2004).15 The increased costs would involve changes in field operations 
and in processing and result from new expenses for extra purity test-
ing, storage, and transportation, but most of the increase in production 
costs would result from measures taken at the field level to minimize 
gene flow. Thus, programs that set levels of tolerance for the adventi-
tious presence of GE traits in non-GE products probably have substantial 
impacts on growers directly and would increase the cost of non-GE seed 
and the market value of GE-free and organic products (Smyth et al., 2002; 
Kalaitzandonakes and Magnier, 2004; Belcher et al., 2005).

Barring the risk of contamination, GE crops can contribute to the 
creation of market opportunities for non-GE farmers. The organic market 
is a primary example. By virtue of the ban on the use of GE traits in the 
official USDA definition of organic production, the organic movement 
can market itself to, and collect a price premium from, consumers who 
prefer not to purchase food or fiber produced with genetic-engineering 
technology. Consumer preference for non-GE foods may be related to 
other traits associated with organic production, but the stated price pre-
mium for non-GE crops is substantial in some segments of the population 
(Huffman et al., 2003).

CONCLUSIONS

The widespread adoption of GE crops has had agronomic and eco-
nomic implications for adopters and non-GE producers in the United 
States. For GE farmers, the general increase in yield, reduction in some 
input costs, improvement in pest control, increase in personal safety, 
and time-management benefits have generally outweighed the additional 
costs of GE seed. The use of HR crops has not greatly increased yields, 
but it has generally improved weed control, especially on farms where 
substantial weed resistance to the specific herbicide to which the HR 
crop is resistant has not developed, and it has improved farmers’ incomes 
by saving time thus facilitating more off-farm work or providing more 
management time on the farm. IR crops have increased yields in areas 
where economically damaging insect-pest pressures occur and have saved 
on expenditures for conventional pesticide. Thus, the use of HR and IR 
crops has mostly increased adopters’ incomes compared with the use of 
non-GE varieties.

It should be noted that the economic benefits have changed over time 
and probably will continue to change. Yield lag and yield drag were not 

15 This study is a summary assessment over various GE-crop technologies and therefore 
should not be applied to specific situations. It is likely that the impacts would vary consider-
ably over different GE cultivars and their specific farming situations. 
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uncommon when HR crop varieties were first introduced, but GE traits 
have since been incorporated into high-yielding varieties, and improved 
GE events have replaced the initial events. Although research has identi-
fied those changes in farmers’ experience with GE crops, there has been 
little investigation of the economic impact of GE crops more recently. 
More research would improve the information available to farmers, plant 
breeders, and policy makers as market, environmental, and social condi-
tions change.

The extent to which GE crops make it economical to expand produc-
tion to lands not previously cultivated or to intensify production on exist-
ing cropland with double cropping has not been reported adequately in 
the literature. More research on the economic effects of GE-crop adoption 
on non–GE-crop producers would also be beneficial. Examples include the 
costs and benefits of shifts in pest management for non-GE producers due 
to the adoption of GE crops, the value of market opportunities afforded to 
organic farmers by defining their products as non-GE crops, the economic 
impacts of GE adoption on livestock producers, and the costs to farmers, 
marketers, and processors of adventitious presence or contamination from 
approved or unapproved GE traits and crops into restricted markets.
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4

Farm-System Dynamics and  
Social Impacts of Genetic Engineering

The dissemination of genetically-engineered (GE) crops, like the 
adoption process associated with other farm-level technologies, 
is a dynamic process that both affects and is affected by the social 

networks that farmers have with each other, with other actors in the com-
modity chain, and with the broader community in which farm households 
reside. As noted in Chapter 1, farmer decisions to adopt a technology are 
influenced not only by human-capital factors, such as the educational 
level of the adopter, but by social-capital factors, such as access to infor-
mation provided by other farmers through social networks (Kaup, 2008). 
That necessarily implies that farmers receive information from others—
for example, on the risks and benefits of a particular technology—and 
that they share their own knowledge and experience through the same 
networks. Such findings confirm the relevance of social factors in influ-
encing how genetic-engineering technology is adopted, what the impacts 
of its adoption are, and the significance of farmers’ active participation in 
both formal and informal social networks with other actors in commodity 
chains and communities.

However, little research has been conducted on the social impacts of 
the adoption of genetic-engineering technology by farmers, even though 
there is substantial evidence that technological developments in agricul-
ture affect social structures and relationships (Van Es et al., 1988; Buttel 
et al., 1990). Because further innovations through genetic engineering 
are anticipated, such research is needed to inform seed developers, pol-
icy makers, and farmers about potential favorable benefits for adopters 

Impact of Genetically Engineered Crops on Farm Sustainability in the United States

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/12804


188	 THE IMPACT OF GE CROPS ON FARM SUSTAINABILITY

and nonadopters and unwanted or potentially unforeseen social effects 
(Guehlstorf, 2008). With such information, the likelihood of maximizing 
social benefits while minimizing socials costs is increased. To demonstrate 
the necessity for increasing commitments to the conducts of research 
on the social effects of GE-crop adoption, this chapter synthesizes what 
is known in the scientific literature about the social impacts of farm-
technology adoption and the interactions between farmers’ social net-
works. The chapter also identifies future research needs.

SOCIAL IMPACTS OF ON-FARM TECHNOLOGY ADOPTION

The earliest academic research in the United States on the social 
impacts of technology adoption at the farm and community levels was 
focused on mechanical technologies. More than a century ago, the use 
of machines in U.S. agriculture not only displaced labor but widened 
socioeconomic discrepancies between skilled and unskilled laborers 
(Quaintance, 1984). Academic interest in the socioeconomic consequences 
of agricultural mechanization was particularly strong in the 1930s and 
1940s in the southern United States (Buttel et al., 1990) and again in the 
1970s throughout the country. Berardi (1981) summarized the findings 
of the literature and found that mechanization was associated with 
decreases in the agricultural labor force, particularly those among the 
least educated and least skilled workers and in minority groups; with 
better working conditions and less “drudgery” for the remaining work 
force; with a decrease in farm numbers and an increase in farm size; with 
increased capital costs for agricultural producers; and with a decline in 
the socioeconomic viability of agriculture-dependent rural communi-
ties. Data also suggested that the technological development of U.S. 
agriculture had contributed to declines in farm labor, in community 
dependence on agriculture, and in rural community viability although 
other on-farm and off-farm factors also contributed to these changes 
(Van Es et al., 1988).

In the 1980s, social scientists broadened their research on the impacts 
of technology adoption on farms and farm communities to include studies 
of the potential and actual impacts of biological (pregenetic engineering) 
technologies in agriculture. Many observers assumed that, unlike the 
earlier wave of mechanical agricultural technologies, genetic-engineering 
technology would not be biased towards large-scale farming operations. 
Such an assumption was supported by analyses of the production capa-
bilities of agricultural biotechnology. For example, it was noted that no 
interaction effect was observed between genetic predisposition to produce 
milk and the use of the growth hormone bovine somatotropin (BST) to 
increase milk production in dairy cows (Nytes et al., 1990). However, 
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other studies that directly examined farm-level social change revealed 
that, despite the presumption of scale-neutrality, it was difficult to isolate 
the impacts of biological innovations from those of other technologi-
cal innovations in agriculture because biological innovations were often 
developed and disseminated in conjunction with other technologies that 
may not have been scale-neutral (Kloppenburg, 1984).

Additional research conducted on the social impacts of biotechnology 
in animal agriculture, specifically on the use of BST, noted that rates of 
adoption of BST were moderate and that, although adoption did not 
require large herds, scale effects were observed because BST use was more 
effective in high-producing cows, which were more likely to be found 
in large herds with complementary feeding technologies (Barham et al., 
2004). Beck and Gong (1994) also observed the existence of a scale effect 
with adoption of BST, with adopters more likely to have larger herds, as 
well as being younger and having more formal education. Additionally, it 
was suggested that the quality of farm management had an impact on the 
benefits accruing to the adoption of BST (Bauman, 1992). The use of BST 
also was thought to lead to lower prices and thus to result in increased 
economic pressure on smaller producers (Marion and Wills, 1990). In 
other words, the body of research on the socioeconomic consequences of 
the use of biotechnologies, including Green Revolution technologies, indi-
cated that “scale neutrality is not inevitable, but a possibility that depends 
on institutional context” (DuPuis and Geisler, 1988: 410). To put it another 
way, the social context of the adoption process and the impacts on that 
context are interconnected, from which it follows that the social impacts of 
genetic-engineering technology on farms and communities differ among 
cultures, commodities, and historical periods.

Thus, though seed varieties are generally conceptualized as being 
scale-neutral, the adoption of any technology may be biased toward large 
firms that can spread the fixed costs of learning over greater quantities of 
production (Caswell et al., 1994). In developing countries, the economics 
of genetic-engineering technology do not appear to vary with farm size 
(Thirtle et al., 2003). However, scale may affect accessibility to technology. 
Small farmers have less influence in input supply and marketing chains 
with which to secure access to desired technologies. Thus, there can be a 
scale bias in the development and dissemination processes associated with 
herbicide-resistance technology that puts small farmers at a disadvantage. 
In contrast, as noted in Chapter 3, insect-resistance technology can replace 
insecticide applications that require fixed capital investments, such as 
for tractors and sprayers. In this regard genetic-engineering technology 
has the potential to favor small farmers, who would benefit more from a 
technology that required less fixed capital investment. The scale effects 
of transgenic varieties may also depend on the pricing (such as quantity 
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discounts) set by seed companies, which typically assess a technology-
user fee.�

An early empirical study was carried out by Fernandez-Cornejo et 
al. (2001) using 1998 U.S. farm data. They found that, as expected, the 
adoption of HR soybean was invariant to size, but adoption of HR corn 
was positively related to size. They explained this disparity as due to the 
different adoption rates: 34 percent of the farms had adopted HR soybean 
at the time, implying that adoption of HR soybean had progressed passed 
innovator and early-adopter stages into the realm where adopting farmers 
are much like the majority of farmers. On the other hand, adoption of HR 
corn was quite low at the time (5 percent of farms), implying that adop-
tion was largely confined to innovators and other early adopters who 
in general tend to control substantial resources and who are willing to 
take the risks associated with trying new ideas. Thus, they claimed that 
the impact of farm size on adoption is highest at the very early stages of 
the diffusion of an innovation (HR corn), and becomes less important 
as diffusion increases. This result confirms Rogers’s (2003) observations 
that adoption is more responsive to farm size at the innovator stage, 
and the effect of farm size in adoption generally diminishes as diffusion 
progresses. Early adopters, by virtue of early adoption, also are able to 
capture a greater percentage of the economic benefits of the technology 
adoption process.

Clearly, one cannot extrapolate the social impacts of the adoption 
of GE crops based solely on an assumption that the productive capa-
bilities of genetic-engineering technology, when isolated from the interac-
tion with other factors, should be scale-neutral. In other words, previous 
research on the social impacts of agricultural technologies suggests the 
possibility that the early dissemination of genetic-engineering technology 
would be associated with farm size, and that the use of GE crops could 
have differential impacts across farm types, farm size, and region, despite 
the fact that GE crops are presumed to be scale-neutral.

In an article that attempted to predict some of the environmental, 
economic, and social effects of genetic engineering of crops, it was argued 
that the use of GE crops was “clearly capable of causing major ecologi-
cal, economic, and social changes” (Pimentel et al., 1989: 611). Nonethe-
less, over the last decade, there has been virtually no empirical research 
conducted on the social impacts of the use of GE crops on farms and 
rural communities. The lack of research may have to do in part with the 
scarcity of funds available for such research as well as a relative lack of 
interest in social issues on the part of environmental groups (Chen and 

� Examples of empirical studies on the effect of farm size on GE-crop adoption are given in 
“An Early Portrait of Farmers Who Adopt Genetically Engineered Crops” in Chapter 1.
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Buttel, 2000), and other groups and organizations that might be expected 
to support such research. Nonetheless, the results of research referred to 
above on the social repercussions of agricultural technologies, includ-
ing non–genetic-engineering biotechnology in crops and biotechnology 
in animal agriculture, would suggest that there are impacts, that these 
impacts could be favorable or adverse, and that adverse impacts could 
be alleviated through the adoption of appropriate policies. For example, 
based on earlier research on the introduction of new technologies in 
agriculture, it might be hypothesized that certain categories of farmers 
(those with less access to credit, those with fewer social connections 
to university and private sector researchers, etc.) might be less able to 
access or benefit from existing GE crops. There is also the possibility that 
the types of genetic advances being marketed do not meet the needs 
of certain classes of farmers, and that the full spectrum of the potential 
of genetic-engineering technology is not being achieved. Furthermore, 
the possibility exists that communities where farmers play an important 
social, political, and economic role could be impacted as well. However, 
for the purpose of this report, no conclusion on the social impacts of the 
adoption of GE crops can be drawn on the basis of empirical evidence. 
Research on such impacts clearly should be accorded a high priority 
as genetic-engineering technology evolves. Without such research, the 
potential for genetic-engineering technology to contribute to the sustain-
able development of U.S. agriculture and rural communities cannot be 
adequately assessed. Thus, we recommend that such research be spon-
sored and pursued actively and immediately.

SOCIAL NETWORKS AND ADOPTION DECISIONS

The adoption of genetic-engineering technology and its perfor-
mance on the farm are functions of the knowledge of agricultural deci-
sion makers, who include farmers, input suppliers, commodity traders, 
farm-management consultants, and extension agents. In making technol-
ogy-adoption decisions, farmers rely principally on information about 
the relative performance of competing technologies and on information 
about best practices for optimizing yields and controlling costs, given the 
technologies that they use. The performances of firms and technology, 
therefore, depend upon the information used by various commodity-
system actors. Just et al. (2002) have shown that the internal competences 
of decision makers affect the degree to which they rely on different types 
and sources of information.

Farmers rely on a variety of intermediaries—such as extension agents, 
commodity groups, commercial vendors, agricultural media, and other 
farmers—for information. For example, farmers often turn to commodity 
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associations for information about regulations and regulatory changes. 
Many of the intermediaries that farmers communicate with use public 
information, especially data and research results provided by the U.S. 
Department of Agriculture (USDA) Economic Research Service and the 
National Agricultural Statistics Service and by state extension services, 
particularly for information about the economic outlook of agriculture 
and specific industries. Intermediaries use formal channels of informa-
tion more than farmers (Just et al., 2002) and then make that information 
available to farmers.

Farmers obtain about half their information from informal sources 
(i.e., sources whose professional duties do not include provision of 
information) (Just et al., 2002), including people in the end-users’ civic, 
community, professional, and commercial networks, like neighbors, col-
leagues, customers, and suppliers. Farmers’ reliance on informal sources 
may reflect low availability of or access to information from formal chan-
nels, issues of affordability of private information, and credibility (Just et 
al., 2002).

Those findings suggest that farmers’ attitudes toward GE crops are 
likely to be affected by a number of information providers. USDA’s Coop-
erative Extension Service, commodity groups, and agricultural media 
are particularly influential in informing farmers’ views on the technical 
aspects of genetic-engineering technology, its economic implications, and 
its prospects. Although the influence of those sources has not been widely 
appreciated, they have played a key role in the adoption of the technology. 
As Wolf et al. (2001) and Just et al. (2002) demonstrated, informal sources 
of information are just as likely as formal sources to accelerate or to slow 
the rate of GE-crop adoption. It would also be reasonable to hypothesize 
that patterns of information use would be linked to the ability of farmers 
to use the technology effectively and maximize its potential.

INTERACTION OF THE STRUCTURE OF THE SEED 
INDUSTRY AND FARMER DECISIONS

The U.S. seed industry has experienced extensive structural change in 
the last few decades. The changes have affected decisions at the farm level 
by shaping the choices available to corn, soybean, and cotton farmers.

As Fernandez-Cornejo and Just (2007) have summarized, plant-
breeding research until the 1930s was conducted primarily by the public 
sector (for example, USDA and state agricultural experiment stations), 
and most commercial seed suppliers were small, family-owned busi-
nesses that multiplied seed varieties that had been developed in the public 
domain. Seeds embody the scientific knowledge needed to produce a new 
plant variety with desirable attributes—such as higher yield, disease or 
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pesticide resistance, or improved quality—so seed innovators face both 
the risk of imitation by competing seed firms and the risk of seed repro-
duction by farmers themselves (Fernandez-Cornejo, 2004). The develop-
ment of hybrid corn in the first half of the 20th century provided breeders 
with greater protection of intellectual-property rights (IPR) because seeds 
saved postharvest produced substantially smaller yields than the hybrid 
plants from which they were gathered. With that incentive, the number 
of private firms engaged in corn breeding grew rapidly.

The proliferation of firms was followed by consolidation in part 
because U.S. law evolved to provide incentives to innovators for research 
and development by giving them exclusive control of their innovations 
through patent laws and other forms of enforceable legal protection 
(Fernandez-Cornejo, 2004). Two principal forms of legal protection for 
seed innovators are plant variety protection (PVP) certificates issued by 
the Plant Variety Protection Office of USDA and patents issued by the 
Patent and Trademark Office (PTO) of the U.S. Department of Com-
merce. Both grant private crop breeders exclusive rights to multiply and 
market their newly developed varieties. Patents provide more control 
because PVP certificates have a research exemption that allows others 
to borrow a new variety for research purposes (Fernandez-Cornejo and 
Schimmelpfennig, 2004). IPRs for seed innovators were strengthened by 
the U.S. Supreme Court’s 1980 Diamond v Chakrabarty decision, which 
extended patent rights to GE microorganisms, important tools and prod-
ucts of biotechnology. A series of rulings by PTO’s Board of Appeals and 
Interferences widened the scope of patent protection for GE organisms by 
including plants and nonhuman animals. Those rulings extended IPRs to 
a wide array of new biotechnology products in the form of utility patents 
(also referred to as patents for invention). Products protected under the 
rulings include seeds, plants, plant parts, genes, traits, and biotechnology 
processes (Fuglie et al., 1996; Fernandez-Cornejo, 2004).

Enhanced IPR protection has brought rapid increases in private 
research and development (R&D), and indirectly assisted technology 
developers in setting prices above marginal costs (Goldsmith, 2001). Pri-
vate spending on R&D in crop varieties increased by a factor of 14 in 
real terms from 1960 to 1996 (Fernandez-Cornejo, 2004), whereas public 
(federal and state) spending changed little (Figure 4-1; Fernandez-Cornejo 
and Schimmelpfennig, 2004). At the same time, IPR protection may have 
spurred market concentration in the seed industry. The potential profits 
of seed firms made possible through IPR protection may strengthen the 
incentive to invest and thus provide greater opportunities to large firms 
(Lesser, 1998). Many seed firms have been acquired by corporations that 
have the resources needed to achieve large economies of scale in R&D 
(Fernandez-Cornejo, 2004). For example, Lesser (1998) stated that more 
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Figure 4-1
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FIGURE 4-1  Public and private research expenditures on plant breeding. Biologi-
cal efficiency includes breeding and selection of improved plant varieties.
SOURCE: Fernandez-Cornejo, 2004.

than 50 seed firms were acquired by pharmaceutical, petrochemical, and 
food firms after the passage of the Plant Variety Protection Act.� In con-
trast, Lesser (1998) also noted that weakness of IPR protection may lead 
to mergers and acquisitions. In any case, by 1997, the share of U.S. seed 
sales controlled by the four largest firms reached 69 percent for corn 
(up from 60 percent 1973), 47 percent for soybean (up from 7 percent in 
1980), and 92 percent for cotton (up from 74 percent in 1970) (Table 4-1; 
Fernandez-Cornejo, 2004). Though it is difficult to obtain recent detailed 
published market share information, it appears from company reports 
and other sources that the trend of increased concentration in the struc-
ture of the seed industry continued in recent years.� Farm survey data 
for corn and soybean indicated that by 2007 the share of the four largest 
firms reached 72 percent for corn and 55 percent for soybean (Figure 4-2; 
Shi and Chavas, 2009).

Concentration of R&D output can also be used to measure the concen-
tration in innovation activity in the seed industry (Fulton and Giannakas, 
2001). In genetic-engineering technology, a measure of R&D output is the 

� The Plant Variety Protection Act (PVPA) of 1970 granted plant breeders a certificate of 
protection that gave them exclusive rights to market a new plant variety for 18 years from 
the date of issuance. Amendment of the PVPA in 1994 brought it into conformity with inter-
national standards. Protection provided by certificates of protection was extended from 18 
to 20 years for most crops (Fernandez-Cornejo, 2004).

� In the case of corn, Pioneer has lost its dominant position in the corn seed market from 
about 40 percent to 30 percent while Monsanto’s share of the corn seed market increased to 
about 30 percent as a result of the Landec acquisition (Leonard, 2006). 
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TABLE 4-1  Estimated Seed Sales and Shares of Major Field Crops, 
United States, 1997

Company

Total
($ billions, 
current)

Corn 
Market 
Share 

Soybean 
Market 
Share 

Cotton 
Market 
Share

Percentage of Acres

Pioneer Hi-Bred International 1.18 42.0 19.0   —
Monsanto/Stoneville 0.54 14.0 19.0 11.0
Novartis/Syngenta 0.26 9.0 5.0   —
Delta & Pine Land 0.08   —   — 73.0
Dow Agrosciences/Mycogen 0.14 4.0 4.0   —
Golden Harvest 0.09 4.0   —   —
AgrEvo/Cargill 0.09 4.0   —   —
Others 1.12 23.0 53.0 16.0

Total 3.50 100.0 100.0 100.0

SOURCES: Hayenga, 1998; Fernandez-Cornejo, 2004.

FIGURE 4-2  Share of planted acres of corn and soybean seeds by largest four 
firms (CR4).
SOURCE: Stiegert et al., 2009.

number of GE cultivars approved by USDA for release into the environ-
ment for field testing. In particular, Fernandez-Cornejo (2004) adapted 
the four-firm concentration-ratio measure, commonly used to quantify 
industry concentration in terms of sales, to examine R&D concentra-
tion on the basis of regulatory approvals of GE crop varieties. Table 4-2 
shows the percentage of field releases obtained by the leading four firms 
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in 1990–2000. The top four firms controlled well over 50 percent of the 
approvals; this suggests consolidation in R&D and potential barriers to 
entry for competitors. As Fulton and Giannakas (2001) noted, expendi-
tures on R&D and expenditures made to obtain regulatory approvals are 
sunk costs—costs that cannot be recouped. If such sunk costs are present, 
markets are not contestable, so there are potential barriers to entry.�

As Fernandez-Cornejo (2004) observed, on the basis of the four-firm 
concentration ratio of approvals, the extent of corn-seed R&D concentra-
tion has been relatively constant at around 72 percent, which is fairly 
consistent with the four-firm concentration ratio in corn in terms of sales. 
Cotton-seed R&D is the most centralized, and this is also consistent with 
market-concentration measures.

Patent ownership shows a pattern of concentration similar to that evi-
dent in other R&D measures (Fernandez-Cornejo, 2004). Most of the bio-
technology patents awarded to private firms are held by a small number 
of large companies. As of 1996–1997, Pioneer (soon after DuPont/Pioneer) 
held the largest number of patents for corn and soybean, followed by 
Monsanto (Brennan et al., 1999). The leading firms in the sector have 
received IPR protection not only by virtue of their respective R&D invest-
ments but through mergers and acquisitions. For example, Pioneer was 
one of the first four companies active in the emerging corn-seed market in 
the early 1930s. As shown in Figure 4-3, Pioneer (Pioneer Hi-Bred Interna-
tional, Inc.) made a series of acquisitions in 1973–1980 that strengthened 
its overall position in the seed market. The chemical firm DuPont bought 
20 percent of Pioneer in August 1997 and bought the remaining 80 per-
cent in 1999 for $7.7 billion. As a DuPont company, Pioneer continues 
to operate under the Pioneer name and remains headquartered in Iowa 
(Fernandez-Cornejo, 2004).

Although the increase in seed-industry concentration has raised con-
cerns about its potential impact on market power, and ultimately on 

� A contestable market behaves in a competitive manner despite having few companies 
because of the threat of new entrants.

TABLE 4-2  Four-Firm Concentration Ratio in Field-Release 
Approvals from USDA Animal and Plant Health Inspection Service, 
by Crop, 1990–2000

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000

Corn 67 67 65 82 82 67 60 73 73 80 79
Soybeans 100 100 94 68 72 94 82 82 71 87 85
Cotton 100 100 100 89 79 85 91 64 98 98 96

SOURCE: Fernandez-Cornejo, �����2004�.
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Figure 4-3 
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the sustainability of farms, empirical results for U.S. cotton and corn 
seed industries over the period covering 1970–1998 (which includes only 
2 years of GE-crop adoption) suggest that increased concentration during 
that time period resulted in a cost-reducing effect that prevailed over the 
effect of enhanced market power (Fernandez-Cornejo, 2004). Goldsmith 
(2001) argued that even though GE-seed prices were above the competi-
tive price, the actions of biotechnology supply firms apparently were not 
adversely affecting the welfare of U.S. farmers.

However, concerns have been raised that, in time, such market power 
could lead to decreased variability in the types of seeds being produced 
for the market, as well as increased prices, which could limit the ability 
of farmers to purchase those seeds most suited for local environmental 
conditions. In addition, it is conceivable that the continued market power 
of biotechnology supply firms could lead to increased input costs for 
farmers, which in turn could have an unfavorable effect on the socio
economic sustainability of farms. A recent study by Shi and Chavas (2009) 
has found that vertical integration (ownership of control of different 
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stages of production) in the U.S. soybean seed industry had a substantial 
effect on soybean prices. Shi et al. (2008) analyzed the pricing of corn 
seed with stacked traits for the years 2000–2007 and found “significant 
departures from component pricing (where seeds are priced as the sum 
of their component values). The evidence supports sub-additive pricing. It 
shows that the marginal contribution of each component to the seed price 
declines with the number of components.” The authors also have indi-
cated that “such a finding is consistent with the presence of economies of 
scope in seed production. Indeed, synergies in R&D investment (treated 
as fixed cost) across seed types can contribute to reducing total cost.”

In response to these concerns and others, USDA and the U.S. Depart-
ment of Justice launched a series of workshops in 2010 to examine com-
petition and regulatory issues in the agriculture industry (USDA, 2010). 
This is a first step towards updating and continuing research on how 
market structure in the seed industry may be impacting seed prices and 
availability to variability in genetic resources. In addition, studies of how 
seed-industry concentration, as well as the practice of cross-licensing, 
could interact with farmers’ planting options and decisions, overall yield 
benefits, crop genetic diversity, and economic returns would be very 
valuable.

Although the private sector owns the majority of agricultural-
biotechnology patents, the public sector still owns a substantial share. In 
a study of assignment of U.S. plant-biotechnology patents granted from 
1982 to 2001, Graff et al. (2003) found that 41 percent of the patents were 
owned by large biotechnology companies, 35 percent by startups, and 
24 percent by the public sector. The public-sector ownership is weaker in 
some categories, such as Bt and other insect-resistant traits (10 percent) 
and plant enzymes (8 percent), but stronger in other categories (42 per-
cent in flowering and 56 percent in pathogen resistance). The capacity of 
the public sector to obtain freedom to operate in transgenic crops is often 
also constrained by the fragmentation of technology ownership among 
numerous institutions. Improved access to information about IPRs and 
reduced transaction costs to obtain rights to use patents could increase 
the public sector’s contribution to the development of transgenic vari
eties. Concerns have also been raised that technology use and steward-
ship agreements prevent scientists in the public sector from conducting 
independent assessments of GE varieties marketed by the private sector. 
In February 2009, in response to a notice in the Federal Register on a meet-
ing of the Federal Insecticide, Fungicide, and Rodenticide Act Scientific 
Advisory Panel, 26 entomologists submitted a general comment that, 
because of those restrictions, the data that the Environmental Protection 
Agency received regarding GE crops were inherently limited (US-EPA, 
2008). If such restrictions exist, farmer welfare could be adversely affected 
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by the lack of complete information regarding GE traits or crops. How-
ever, the degree to which technology use agreements may hamper public 
research is unclear and strongly disputed by private-sector seed compa-
nies (Monsanto, 2010). This issue merits careful investigation by neutral 
researchers to understand what, if any, effects such agreements have on 
public research.

SOCIAL AND INFORMATION NETWORKS 
BETWEEN FARMERS AND INDUSTRY

Agriculture is unique among American industries in that federal law 
allows farmers to cooperate in some collective activities while competing 
in the output market. That has enabled farmers to act collectively as a 
counterweight to the large firms on which they rely to sell their output 
(Cochrane, 1993). Farmers have developed cooperatives to coordinate 
research and marketing efforts to benefit from economies of scale in these 
activities (Sexton, 1986). That collective-action capacity is important for 
adoption of genetic-engineering technology in that it gives farmers the 
ability to influence crop traits that are introduced.

Farmers may attempt to block seed technologies if they anticipate 
that those new technologies will not enhance, or perhaps even endanger, 
farm profit. Innovation in any crop can increase farm revenue if the elas-
ticity of demand for the crop is sufficiently high that increases in output 
compensate for decreases in prices. But if the elasticity of demand is low, 
increased output may lead to a fall in revenue and a decrease in profit 
unless the technology delivers cost savings. In the latter case, farmers may 
attempt to block the introduction of a technology. Farmers may also block 
a technology if its introduction would result in lower prices in national or 
international markets.

A large body of literature on the political economy of research argues 
that farmers use political pressure to shape public research funding. 
Ruttan (1982) argued that farmer pressure may have led to underinvest-
ment in public research in the United States, and de Gorter and Zilberman 
(1990) linked overall spending on research to the political power of such 
groups as consumers and producers. Graff and Zilberman (2007) argued 
that farmers’ interests partly motivated Europe’s effective ban on GE 
crops, which in turn affected the access of U.S. farmers who were growing 
GE crops to European markets.

Another example of farmers’ collective action is how farmers’ con-
cerns influenced Monsanto’s decision to halt its efforts to introduce and 
market herbicide-resistant (HR) wheat. Some farmer coalitions in the 
United States and in Canada played a role in that decision because they 
feared losing access to European and Asian markets that would not accept 
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HR wheat. It was thought that the introduction of that GE crop might 
have closed markets to U.S. and Canadian farmers who planted non-GE 
wheat because of the difficulty in segregating wheat on fields and in 
grain elevators and trucks (e.g., Anonymous, 2001; Pollack, 2004). Many 
international buyers, including millers and bakers in important Asian 
and European markets, had made it clear that they wanted to purchase 
identity preserved (IP), non-GE commodities (Vandenberg et al., 2000). 
In the case of white wheat, Japan and South Korea, two countries that 
have GE-food labeling laws, were importing more than one-fourth of U.S. 
white wheat exports (Squires, 2004). Japanese millers and bakers were 
well aware that a large percentage of Japanese consumers were express-
ing negative attitudes toward the use of genetic-engineering technology 
in foods and believed that their government’s regulation of GE food was 
too lax (Toyama et al., 2001). Indeed, Japan was the United States’s largest 
market for non-GE corn and soybean: Nearly 90 percent of the IP, non-GE 
corn and soybean produced in the United States was being exported to 
Japan (Wilson et al., 2003). Faced with such demands from the market-
place and with farmer concern about how those demands might influence 
sales in those markets, Monsanto decided to defer the introduction of HR 
wheat in 2004.

However, farm organizations are not monolithic; indeed, the issue 
of HR wheat divided the farming community (Graham and Martin, 
2004). Even after Monsanto chose to suspend its HR-wheat program, 
wheat producers and support groups, such as the National Association of 
Wheat Growers, exhibited a strong interest in glyphosate-resistant wheat 
(Jussaume et al., 2004). Monsanto’s HR trait had been inserted into only 
one variety of wheat grown in a subset of U.S. and Canadian regions. It 
was opposed primarily by farmers who did not plant the potential HR 
variety and by some farmers who could have planted it but were afraid 
of losing access to European and Asian markets. Furthermore, during 
its deliberations, the present committee heard that North Dakota wheat 
farmers who were against the introduction of HR wheat because of con-
cern about losing market access in Europe may now believe that they are 
disadvantaged by not having HR varieties and would like to see govern-
ment and industry action that would lead to its development (Wilson, 
personal communication). Pest pressure is heterogeneous among growing 
regions, so support for or opposition to damage control through GE traits 
will vary according to farmers’ abilities to benefit from them. Thus, the 
potential for collective action to restrain the power of the seed industry is 
a function of farmers’ common interests, which are often variable.

Farmer cooperatives may also undertake efforts to bring about the 
introduction of seed traits that the private sector, for economic or other 
reasons, is not motivated to introduce. They may pool resources to under-
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take their own research or to defer the regulatory and development costs 
that private firms face when they introduce new seed technologies. 
Farmers have worked with universities to introduce new technologies 
(Bradford et al., 2006), and similar collaborations could be effective in 
the development of genetic-engineering technology. In California, grape 
growers have suffered considerable losses from Pierce’s Disease, so they 
have contributed funds to the Public Intellectual Property Resource for 
Agriculture to support research for a genetic-engineering solution to the 
problem (PIPRA, 2006). More generally, pooled funds from farmers can 
lead to the introduction of desired traits for specialty crops when private 
seed companies lack the incentives to develop the traits alone (for more 
discussion of seed-access issues, see Chapter 3). As the price of wheat 
goes up, for instance, farmers in some regions may approach companies 
or universities to develop seed varieties to address specific constraints 
on productivity (Wilson, personal communication). They may also work 
with initiatives like the Specialty Crop Regulatory Assistance program, a 
fledgling collaboration of the federal government, scientists in public uni-
versities and the private sector, and farmers designed to assist technology 
developers in negotiating GE specialty crops through the requirements 
and expense of the regulatory process.

Despite the ability of farmers to organize collectively to counter-
balance seed companies and processors, some farmers are concerned 
about the evolution of seed-technology innovation from a public good 
to a private good that is controlled by firms that have market power 
derived from patents on specific products. Innovation in most agricultural 
inputs is embodied in the technology, as in tractors and fertilizers. The 
technology is developed and sold by the private sector. But because it 
had historically been difficult to capture benefits from research efforts in 
seed technology before the advent of hybrid corn seed, the private sector 
underprovided seed-technology innovation, and the public sector took 
the lead in providing improved seed varieties in many crops (especially 
wheat, soybean, cotton, barley, and oat). Consequently, farmers who grew 
those crops—particularly wheat, barley, and oat—became accustomed 
to free or low-cost access to seed, and some farmers may consider open 
access to seeds a right.

In the case of GE seed, however, companies can make use of patent 
protection to enforce contracts that disallow reuse of the seed grown in 
farmers’ fields. Farmers must instead purchase seed from firms to reward 
their research investment and effort. The patents enable the private sector 
to set prices for the protected technology and to restrict the flow of knowl-
edge. The private sector had already begun to invest more in seed technol-
ogy for major crops such as corn in the 1930s and soybean in the 1970s. 
Because of the difficulty and expense of removing lint from the seed, 
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cotton farmers had traditionally purchased their seed from ginners and 
seed distributors. Consequently, the introduction of GE seeds by the pri-
vate sector and the patented nature of the technology in the case of com-
mercially available corn, soybean, and cotton may not have appeared to 
be strikingly different from the established relationship between seed 
companies and farmers of those commodities.

However, the developmental trajectory of GE-seed technology is lead-
ing to concern that access to seeds without GE traits or to seeds that have 
only the specific GE traits of particular interest to farmers may become 
increasingly limited. Additional concerns are being raised about the lack 
of farmer input and knowledge regarding which seed traits might be 
developed. The push to develop seed varieties with a series of stacked 
traits, some of which may not be of use to some farmers with respect to 
short-term productivity (leaving aside the issue of improved resistance 
management discussed in Chapter 2), raises the issue of access to seeds 
that have equivalent yield potential but only the desired GE traits or no 
GE traits at all. Although the committee was not able to find published 
research that documents the degree of U.S. farmers’ access to and the 
quality of non-GE seed, testimony provided to the committee suggested 
that access to non-GE or nonstacked seed could become limited for some 
farmers and that available non-GE or nonstacked seed may not have the 
same yield characteristics as GE cultivars (Hill, personal communication). 
Research is needed to investigate the extent to which U.S. farmers are 
having difficulty purchasing high-yielding, non-GE seed. Public-sector 
institutions could address this concern by improving the design of licens-
ing contracts with seed companies so that property rights of privately 
developed traits or cultivars will revert to university research programs 
if private companies do not use the technologies.

Boehlje (1999) has suggested that U.S. agriculture is going through 
a structural change in which activities that will enhance product dif-
ferentiation and added value to farming are being emphasized. As part 
of that evolution, many agricultural sectors (poultry, swine, and some 
fruits and vegetables) have come to be dominated by contracting arrange-
ments between major agribusiness companies and farmers or by large 
vertically integrated agribusiness firms. Those large companies have the 
resources and scale to finance research in the development of GE traits. 
The emergence of alliances between biotechnology companies and large 
agribusiness firms, and even large farmers’ cooperatives to produce pro-
prietary GE varieties, appears possible, but future research is needed to 
determine whether such relationships can lead to the development of 
differentiated products (Boehlje, 1999)—including those with traits that 
enhance direct value to consumers, such as improving health or conve-
nience, or that respond to the environmental and management needs of 
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specific groups of farmers—and whether such relationships will limit 
farmers’ access to the types of GE traits they value.

INTERACTIONS OF LEGAL AND SOCIAL ISSUES 
SURROUNDING GENETIC ENGINEERING

Legal issues constitute an important sociopolitical dimension that 
influences the adoption of genetic-engineering technology and its impacts 
on farmers and communities. The legal issues are complex, and a com-
plete treatment of them is beyond the expertise of any of the authors of 
this report. We briefly touch here on the issues of seed saving, gene flow, 
and organic standards.

Seed Biotechnology

Courts in the United States and Canada have consistently upheld the 
rights of companies that sell patented seeds and genes through technology-
use agreements to prohibit seed-saving practices that involve seed sold 
through those contracts (Kershen, 2004; Anonymous, 2008). Although 
that property right has been established, some continue to express con-
cern about the ethical issues surrounding the patenting of life forms and 
over the effects of technology-use agreements on seed-saving practices. 
Research on whether those concerns are warranted and what the impacts 
are on farm sustainability are needed. Concerns are also being raised 
about the lack of farmer involvement in GE-trait development for traits 
that could address production problems identified by farmers and over 
the implications of current patenting procedures on power relationships 
between biotechnology firms and farmers (Phillipson, 2001). However, the 
social and economic effects of the exercise of such property rights, espe-
cially actual or potential litigation on both adopters and nonadopters of 
GE crops, have not been thoroughly investigated by social scientists. The 
lack of academic analyses of those issues may be due in part to the fact 
that companies, in any sector, that use the courts to enforce their property 
rights view legal actions and any out-of-court settlements as proprietary 
information. One interesting response by those who are concerned about 
the possible effects of the private control of genetic resources has been the 
open-source breeding movement.�

� This movement, which has been inspired in part by open-source project movements in 
computer software and elsewhere, is in essence an attempt to develop publicly available 
genetic resources. As in the case of “shareware,” researchers working on open-source bio-
technology can access and improve on publicly available genetic resources and technologies 
but must agree to make the improved materials available for others to use (Delmer, 2005; 
Lerner and Tirole, 2005).
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Gene Flow

A second set of legal issues related to genetic-engineering technology 
has to do with gene flow, particularly from fields of GE crops to those 
managed by people not using GE crops (for more on the potential for gene 
flow between GE and non-GE crops and on the challenges of coexistence of 
GE and non-GE crops, see Chapter 2). As in cases that involve restrictions 
on farmers against seed saving, these issues can be viewed as property-
rights issues. Does gene flow impinge on the rights of producers and con-
sumers who wish to grow and eat foods that do not include GE material 
(Conner, 2003)? That is of particular concern to some farmers who wish 
to produce organic or non-GE crops. Even though organic certification by 
the U.S. government is determined by the process used to grow the crop, 
some farmers are concerned that their products may not be accepted by 
markets in other countries or by food distributors and consumers who 
establish their own standards, irrespective of process.

Several lawsuits have been filed by farmers against agricultural-
biotechnology companies in part because of damage alleged to have 
occurred as a result of drift of genetic material to the fields of farmers 
who do not wish to grow crops with GE traits (Kershen, 2004). Consumer 
groups have also brought legal action against the federal government for 
approving the commercialization of GE crops that have the potential to 
cross with non-GE crops in the same vicinity. As was discussed in previ-
ous chapters, GE alfalfa was pulled from the market after a U.S. federal 
judge sided with arguments brought forward by numerous plaintiffs and 
found that USDA should have prepared an environmental impact state-
ment before it deregulated the crop, which facilitates commercialization 
(Geertson Farms v. Johanns, 2009). In another case filed by the Center for 
Food Safety and other plaintiffs, a federal judge decided in September 
2009 that similar steps should have been taken before GE sugar beet was 
commercialized (Pollack, 2009).

Issues raised by the possibility of gene flow are not only legal in 
nature. As noted in Chapters 2 and 3, the adventitious presence of GE 
material in non-GE crops raises complex environmental and economic 
challenges. Similarly, social problems could arise as a consequence of 
gene flow, particularly if GE and non-GE producers of the same commod-
ity live in the same community. Gene-flow disputes could move beyond 
the merely legal and affect the overall functioning of communities where 
such disputes exist. This might include conflicts between farmers as well 
as stress related to the economic and social costs associated with lawsuits 
and the potential threat of lawsuits. Studies of the social effects of such 
disputes are needed to gauge the full impact on community well-being. 
The ability of GE production and non-GE production to coexist in society 
may depend on the health of communities. Proposals for establishing 
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“landscape clubs” (Furtan et al., 2007) and voluntary “GMO-free zones”� 
(Jank et al., 2006) clearly depend on the existence of high levels of com-
munity cooperation, which could be undermined by disputes related to 
gene flow.

Organic Laws and Resistance to Genetic Engineering

One of the intriguing public debates that has emerged around genetic 
engineering in agriculture has been that regarding whether GE crops 
should be allowable in legal standards for organic agriculture. As dis-
cussed in Chapter 1, many organic growers have vehemently resisted the 
notion that GE crops should be allowable in organic agricultural produc-
tion systems. However, scientific arguments can be made for the use of 
genetic-engineering technology for making organic agricultural produc-
tion more sustainable. Ronald and Adamchak (2008) note that what is or 
is not an appropriate use of genetic-engineering technology for “organic” 
producers is problematic given that genetic-engineering techniques can 
be used to transfer genes within plant species as easily as between them. 
Genetic-engineering techniques also include the use of marker-assisted 
breeding wherein the genetic “fingerprint” of plants can be used to aid 
conventional plant breeding. These authors also note the potential for 
genetic-engineering technology to develop new varieties of crops that 
could be grown under conditions that reduce some of the adverse envi-
ronmental impacts of growing food and that contribute to local food 
production. The rationale parallels the arguments used in discussing the 
potential of genetic-engineering technology for improving the productive 
capability of orphan crops in developing countries (Naylor et al., 2004).

The ideological divisions between those who favor and those who 
oppose the use of GE plants in organic production systems are complex, 
and in many cases concerns about safety and naturalness are connected 
to and mask socioeconomic concerns. An example of the complexity was 
the successful vote in Mendocino County, California, in 2004 to ban the 
local use of GE organisms in agriculture. The legal focus of the vote was 
on GE organisms, but it was clear, because of how genetic-engineering 
technology was linked to issues related to corporate versus local control 
of agriculture, that the technology was viewed by many of those sup-
porting the measure as a social problem (Walsh-Dilley, 2009). Similarly, 

� A group of growers concerned about the organic purity of an open-pollinated field 
crop may come together to form a “landscape club,” a fee-based organization designed to 
increase their economic welfare by providing protection against contamination through gene 
flow from related GE crops. A zone free from genetically modified organisms (GMO-free) 
would provide similar protection (Jank et al., 2006).
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some genetic-engineering proponents argue for including GE products 
in organic standards and labels at the same time that they argue against 
the labeling of foods with GE content because they consider GE and non-
GE foods to be substantially equivalent products (Klintman, 2002). That 
position can be understood, in part, as a desire to obtain the economic 
benefit of some labels while avoiding the cost of being associated with 
other labels. Those examples underscore the important socioeconomic 
and sociopolitical dimensions in public debates about genetic-engineering 
technology. To reconcile those debates over the potential use of genetic 
engineering in sustainable and developing-country agriculture, it may 
be wise to heed the suggestion of Ronald and Adamchak (2008) and 
use various social, environmental, and economic criteria in making deci-
sions on when to use and not to use genetic-engineering technology in 
agriculture.

CONCLUSIONS

Social dynamics and networks between farmers and within local com-
munities play a substantial role in the decisions that farmers make with 
respect to the use of GE crops and likely are impacted by the use of and 
conflicts over those crops. Research on the adoption of other agricultural 
technologies has demonstrated substantial social impacts on a farm level 
and a community level. Those impacts include but are not limited to: 
decreases to and change of composition in the agricultural labor force; 
better on-farm working conditions; changes in farm and agricultural-
industry structure; increases in capital requirements for farmers; and a 
decline in the socioeconomic viability of some rural communities. Compa-
rable research on the effects of GE crops is lacking, and although it is rea-
sonable to hypothesize that the social impacts of the spread of GE crops 
have been low due to the assumed scale neutrality of this technology, it is 
equally reasonable to assume that the social impacts have been numerous 
and profound. Those questions cannot be answered without short- and 
long-term empirical research on the social processes surrounding, and the 
social impacts associated with, the adoption of genetic-engineering tech-
nologies at the farm level. Such research must take into account the vari-
ous contextual factors that are influencing social changes on U.S. farms 
and rural communities.

Research has demonstrated that farmers’ interest in genetic-engineering 
technology and patterns of adoption are influenced by farmers’ social 
networks and by farmers’ associations, private firms, and public actors, 
including universities. Research also has identified the continuing con-
solidation of the seed industry and its integration with the chemical 
industry. The market power of firms that supply seed has not adversely 
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affected farmers’ economic welfare so far, but research is needed on how 
market structure may affect ongoing access to non-GE or single-trait seeds 
and future seed prices. Furthermore, there has been comparatively little 
research on how changes in farmer social networks and seed-industry 
concentration might be affecting farmers’ planting decisions and options, 
overall yield benefits, crop genetic diversity, and economic returns.

A final set of social issues has to do with complex legal issues, includ-
ing the adoption of and the use of genetic-engineering technology. U.S. 
and Canadian courts have upheld the legal rights of seed companies to 
prohibit seed-saving practices through the use of contracts. The issue of 
gene flow is complicated. One important question being raised is whether 
adventitious presence of genetic material from GE crops into non-GE 
crops impinges on the rights of producers, including organic producers, 
who do not wish to use specific GE traits. The legal debates may mask 
deeper social and ideological divisions over the use of GE plants and how 
to define and implement sustainable agricultural practices.
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5

Key Findings, Remaining Challenges, 
and Future Opportunities

The first generation of genetically engineered (GE) crops has mostly 
delivered effective pest control for a few major crops because 
farmers producing these crops spend a lot of time and money on 

the task, because the firms developing the new seed technologies saw 
considerable profit potential in doing so, and because adding the traits 
was relatively straightforward, requiring transformation of a genome at 
only a single location. The first generation of GE crops continues a reliance 
on pesticide technology—in-plant toxins or resistance to herbicides—to 
mitigate pest problems primarily in corn, cotton, and soybean. Thus, the 
application of genetic-engineering technology to crops has not developed 
novel means of pest control, such as developing plant mechanisms to 
resist pest damage, nor has it reached most minor crops. 

The next set of challenges for the application of GE-crop technology 
is to expand to additional crops and to address additional desirable traits, 
such as drought tolerance, enhanced fertilizer utilization to reduce nutri-
ent runoff, nutritional benefits, renewable energy production, and carbon 
sequestration. A number of those applications are under development by 
the private sector, some by the public sector. Clearly, the future agenda 
for genetic-engineering technology is extensive and of great importance for 
improvements in agricultural productivity and sustainability in a rapidly 
changing world.

This chapter opens by summarizing the major findings of our assess-
ment of the farm-level environmental, economic, and social impacts of GE 
crops. We then identify key remaining challenges that will frame future 
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development and commercialization of genetic-engineering technology in 
crops. The discussion turns next to the future agenda of GE-crop applica-
tions, including general patterns of crop-trait development, implications 
for future weed-resistance management, and the potential role of GE 
crops for biofuels. The penultimate section highlights two subjects of 
research that the committee believes deserve more resources and effort: 
water quality and social impacts of GE crops. In closing, we discuss 
options for strengthening public and private research and development to 
exploit the potential of genetic-engineering technology to contribute more 
fully to environmental, economic, and social objectives.

KEY FINDINGS

The evidence shows that the planting of GE crops has largely resulted 
in less adverse or equivalent effects on the farm environment compared 
with the conventional non-GE systems that GE crops replaced. A key 
improvement has been the change to pesticide regimens that apply less 
pesticide or that use pesticides with lower toxicity to the environment but 
that have more consistent efficacy than conventional pesticide regimens 
used on non-GE versions of the crops. In the first phase of use, herbicide-
resistant (HR) crops have been associated with an increased use of con-
servation tillage, in particular no-till methods, that can improve water 
quality and enhance some soil-quality characteristics. That farmers who 
practice conservation tillage are more likely to adopt GE crops suggests 
the two technologies are complementary.

At least one potential environmental risk associated with the first 
phase of GE crops has surfaced: Some adopters of GE crops rely heavily 
on a single pesticide to control targeted pests, and this leads to a buildup 
of pest resistance regardless of whether GE crops or non-GE crops are 
involved. The governmental regulation of GE Bt crops through refuge 
requirements seems to have proved effective in delaying buildup of insect 
resistance with two reported exceptions, which have not had major con-
sequences in the United States. Grower decisions to use repeated applica-
tions of particular herbicides to some HR crops have led, in some docu-
mented cases, to evolved herbicide-resistance problems and shifts in the 
weed community. In contrast with Bt-crop refuge requirements, no public 
or private mechanisms for delaying weed resistance have been exten-
sively implemented. If the herbicide-resistance problem is not addressed 
soon, farmers may increasingly return to herbicides that were used before 
the adoption of HR crops. Tillage could increase as a pest-management 
tactic as well. Such actions could limit some of the environmental and 
personal safety gains associated with the use of HR crops. The newest 
HR varieties likely will have tolerance to more than one herbicide, and 
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this would allow easier herbicide rotation or mixing, and, in theory, help 
to improve the durability of herbicide effectiveness. These new stacked 
varieties will be one more tool to help manage the evolution of weed as 
well as insect resistance.

The potential for gene flow via cross-pollination between current 
major GE crops and wild or weedy relatives is limited to cotton in small 
spatial scales in the United States because the other major GE crops have 
no native relatives. How this changes in the future will depend on what 
GE crops are commercialized, whether related species with which they 
are capable of interbreeding are present, and the consequences of such 
interbreeding for weed management. Gene flow (i.e., the adventitious 
presence) of legal GE traits in non-GE crops and derived products remains 
a serious concern for farmers whose market access depends on adhering 
to strict non-GE standards. It would appear that the resolution of the issue 
may require the establishment of enforceable thresholds for the presence 
of GE material in non-GE crops that do not impose excessive costs on 
growers and the marketing system.

The literature reviewed in this report indicates that a majority of U.S. 
farmers who grow soybean, corn, or cotton have generally found GE 
varieties with herbicide-resistance and insect-resistance traits advanta-
geous because of their superior efficacy in pest control; their concomitant 
economic, environmental, and presumed personal health advantages; 
or their convenience. The extent of the benefits varies among locations, 
crops, and specific genetic-engineering technologies.

After some early evidence of yield disadvantages for some GE vari-
eties in the United States, studies have now shown either a moderate 
boost in yields of some crops or a neutral yield effect. Some emerging 
evidence suggests that the attractiveness of genetic-engineering tech-
nology for soybean, cotton, and corn has increased the global acreage 
planted to these crops over what would have been planted otherwise and 
thereby increased global commodity supplies (World Bank, 2007; Brookes 
and Barfoot, 2009). Consequently, the adoption of some of the GE crops 
around the world has put downward pressure on the prices received by 
U.S. farmers who are growing these crops, holding other factors constant. 
At the same time, livestock producers and consumers who purchase GE 
feed and food products may have benefited from the downward price 
pressure. However, the U.S. and world agricultural economies have been 
influenced by other factors that tend to increase commodity prices, mak-
ing empirical verification of the effects difficult.

The economic effects of GE-crop adoption on nonadopters are mixed. 
To the extent that the use of genetic-engineering technology changes the 
types and amounts of inputs used, adopters of GE crops can influence 
the pesticide market. Changes in the price and availability of pesticides 
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affect nonadopters as well. Farmers of non-GE crops in the vicinity of GE-
crop farms may experience landscape-level effects from reduced pressure 
from pests targeted by GE traits. Marketing of non-GE crops may also be 
affected by GE crops, favorably or unfavorably. For example, products 
derived from GE and non-GE crops can mix through gene flow or supply 
contamination. On the other hand, GE crops may create a market pre-
mium for non-GE products.

The historic social repercussions of introducing new technologies in 
agriculture, such as mechanization and the widespread planting of hybrid 
corn, have been studied extensively, and the results of the studies provide 
a basis for understanding the general effects of introducing GE varieties of 
crops. Despite the salience of those effects, however, there has been little 
investigation of farm-level and community-level social impacts of GE 
crops. The new seed technologies raise important potential social issues 
about farm structure, the input and seed choices available to farmers, and 
the genetic diversity of seeds. Among the known social facts associated 
with the dissemination of GE crops are the continued consolidation of 
the seed industry and its integration with the chemical industry. Another 
is the change in relationships between farmers and their seed suppliers. 
Testimony to the committee suggested that farmers of major crops have 
fewer opportunities to purchase non-GE seed of the best-yielding culti-
vars even when a GE trait is not perceived to be required in a particu-
lar cropping situation. As genetic-engineering technology matures and 
moves into its next phase, it is imperative that the full array of social 
issues involved be identified and investigated in depth.

REMAINING CHALLENGES FACING 
GENETICALLY ENGINEERED CROPS

Potential crop-biotechnology developments stir discussion around 
five issues. The treatment and resolution of those issues hold implications 
for long-term sustainability for farmers, including both adopters and 
nonadopters of GE crops.

First, the success of genetic-engineering technology in the United 
States has altered the seed industry by spurring consolidation of firms and 
integration with the chemical industry. Those developments continue to 
alter seed and pest-control options in the market, expanding pest-control 
options for some farmers and possibly limiting them for others, including 
those who do not grow GE crops. The resulting concentrated and legally 
enforceable private control of plant genetic material contrasts sharply 
with public plant-breeding programs that traditionally have fostered pub-
lic access to discoveries, especially if GE varieties are developed for crops 
from which farmers have traditionally saved seed for the next year’s crop 
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(such as wheat, barley, and oat). Although corporate consolidation may 
offer greater economies of scale, it also is accompanied by the possibility 
of less competition and higher seed expenses, which may lower farmer 
returns, reduce pest-control options, and limit the benefits of commercial-
ization of genetic-engineering technology to a few widely grown crops. 
There is not yet clear evidence of a lack of competition among the large 
companies that produce GE-crop technologies, but these trends should 
be monitored, and their effects ameliorated to remedy social losses that 
result.

Second, how the intensive use of current and prospective GE organ-
isms will directly affect the natural environment differently from other 
agricultural production systems is incompletely understood (Ervin et al., 
2003). Relatively few studies have provided integrated assessments of 
the indirect effects of GE crops on pest damage to non-GE crops and on 
the full suite of ecosystem services on the landscape scale. For example, 
the concurrent effects on regional water quality of shifting tillage and 
pesticide regimens with the introduction of GE crops on regional water 
quality conditions remain poorly documented and understood. Knowl-
edge of the spatial and temporal effects on ecological health—favorable 
or unfavorable—assumes greater importance as the evolution of herbicide 
resistance in weeds alters patterns of herbicide use to make up for the loss 
of glyphosate’s efficacy on some species, and as novel GE plants, such as 
those for energy and nonfood uses, approach commercialization. Evalu-
ation and monitoring of the ecological health of soils, water quality and 
quantity, and air quality will provide the information needed for develop-
ing the most productive yet sustainable agricultural systems for the future 
(Ervin et al., 2003).

Third, progress in developing GE varieties for most “minor” crops 
(e.g., fruits and vegetables) and for other “public goods” purposes not 
served well by private markets has been slow. Minor crops play important 
roles in the agricultural sectors of many states. Some minor crops, such 
as sunflowers and grain sorghum, have been considered to be poor can-
didates for the HR traits because of the existence of near-relative weeds 
(grain sorghum) or native ancestral populations (sunflowers). However, 
that risk does not explain the relative dearth of research and development 
(R&D) on GE varieties of minor crops as a whole, especially fruits and 
vegetables. The high fixed investment, patent protection involving GE 
traits, and the regulatory expense of commercializing GE seeds have less-
ened the ability of small companies and public-sector crop-breeding pro-
grams to develop commercially viable GE varieties of most minor crops. 
It seems clear that more effort should be devoted to the enhancement of 
minor crops with the best available genetic-engineering techniques even 
though the commercial rewards per crop may be small. Private and public 
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R&D programs for GE crops have not yet led to the commercialization of 
many additional plant traits, such as improved tolerance to drought and 
increased fertilizer-use efficiency that decreases nutrient runoff, a con-
tributor to nonpoint-source water pollution. This is not to suggest that GE 
seeds represent a “silver bullet” technology to solve all of these problems. 
Such GE trait developments may or may not turn out to be the most cost-
effective approach to solving these issues, but exploration is necessary 
to evaluate their relative efficacy. Even though the basic technology is 
over 20 years old, agricultural biotechnology in some regards is still in its 
infancy. The rate of progress of genetic-engineering technology for some 
purposes suggests that more time and resources and new institutional 
relationships, such as public–private R&D collaborations, are desirable 
for the technology to reach its potential. Traits that have not yet received 
much attention, such as improved nutrient absorption and enhanced food 
value of crops, should be emphasized in the future so that we can gain the 
knowledge needed for weighing how the advances of genetic-engineering 
technology could present options for addressing all aspects of food sup-
ply, energy security, and environmental challenges.

 Fourth, the presence of transgenic material in non-GE products 
should be addressed. The current definition of organic food in the United 
States excludes the use of GE materials in production and handling pro-
cesses, so organic farmers must take steps to ensure that their production 
methods do not expose their crops to GE traits. To avail themselves of 
market premiums for certified organic crops, they must incur costs for 
keeping their products separate from GE crops. Food producers who 
market products as non-GE face similar challenges to prevent co-mingling 
of GE and non-GE crops during storage and distribution. In those ways, 
the introduction of GE crops influences the decisions and operations of 
farmers and food producers who do not use the technology.

Fifth, U.S. farmers who grow GE crops may face market restrictions 
from some countries or retail firms on the importation or sale of the crops 
or products made from the crops. Under some international agreements, 
some countries impose these restrictions because of perceived food safety 
or environmental risks or for other reasons. Assuming that those actions 
satisfy international treaty rules, such market-access restrictions to some 
extent slow the development of a global market for GE crops. One effect of 
the trade restrictions has been to limit the market demand for GE crops.

The potential of GE-crop varieties to address the world’s emerging 
food-supply, energy, and environmental problems hinges on how those 
challenges are resolved. Success in resolving them may allow genetic-
engineering technology to become even more transformational in foster-
ing sustainable agricultural systems for farmers. This important agenda 
frames the discussion of future GE-crop applications.
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FUTURE APPLICATIONS OF GENETICALLY ENGINEERED CROPS

In addition to expanding existing GE traits into other crops, the reach 
of genetic-engineering technology could be extended through the develop-
ment and commercialization of new traits. Traits beyond those designed to 
control pests could have substantial benefits in fields other than agricul-
ture, such as food and energy security. This section summarizes the present 
pattern of R&D of novel GE traits in the private and public sectors and 
highlights areas in which new traits could be especially useful to improv-
ing agricultural sustainability.

Patterns of Genetically Engineered Products in Development

The GE crops now being planted by U.S. farmers were developed 
over long gestation periods. Given that fact, the current portfolio of GE 
crops does not wholly capture the range of new crops being readied for 
commercialization that could cover the U.S. farm and global landscape in 
the future. For instance, companies are developing crops with more intri-
cate pest-control mechanisms (see Box 5-1), but they are also engineering 

BOX 5-1 
New Traits Reduce Refuge Requirement and 

Introduce Second Mode of Herbicide Resistance

	 On July 20, 2009, the Environmental Protection Agency (EPA) 
announced final approval for commercialization of SmartStax™ corn 
hybrids. These hybrids produce multiple proteins for the control of lepi-
dopteran pests and for the control of corn rootworm (two of these proteins 
must be used together to induce significant rootworm mortality). The 
hybrids also have transgenes conferring resistance to glyphosate and 
glufosinate. Because of the multiple toxins affecting single pests, this 
group of hybrids was approved by EPA with a refuge requirement of 5 per-
cent in the Corn Belt and 20 percent in the Cotton Belt (US-EPA, 2009). 
Those refuge requirements are reduced from the original requirements of 
20 percent in the Corn Belt and 50 percent in the Cotton Belt for previous 
transgenic Bt corn hybrids. Resistance to the different broad-spectrum 
herbicides may help in delaying the evolution of resistance in weeds in 
areas where glyphosate-resistant populations have not been identified. 
However, growers must assume appropriate stewardship for these herbi-
cides in order to manage the future evolution of herbicide-resistant weed 
populations.
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traits that improve crop tolerance to stress or that provide benefits directly 
to consumers. Recent research also indicates that novel forms of pest 
control may be part of the next generation of GE crops. As an example, 
Baum et al. (2007) report positive laboratory findings that ribonucleic-
acid (RNA) interference technology, a plant-based method for pest man-
agement, results in larval stunting and mortality in several coleopteran 
species controlled by Bt crops. Predicting future crop biotechnologies 
is somewhat difficult because companies, for reasons of competitive-
ness and patent protection, may not fully share the specifics of planned 
releases. However, three recent global surveys of product-quality innova-
tions in the development phase of genetic-engineering technology help in 
discerning general trends in GE-crop development and, in particular, why 
quality-improving innovations from genetic-engineering technology have 
not yet been more numerous (Graff et al., 2009).

The combined findings of the surveys show that less than 5 percent 
of the innovations reach the regulatory and commercialization phases. 
As might be expected, R&D activity has been uneven among different 
trait categories because of variation in the difficulty of achieving selected 
transformations and in the economic value of the traits. For example, 
traits governing content and composition of macronutrients—proteins, 
oils, and carbohydrates—and traits that control fruit ripening have more 
readily reached later stages of R&D, and few products with enhanced 
micronutrients, functional food components, or novel esthetics have 
approached commercialization (Graff et al., 2009). The analysts concluded 
that product-quality innovation appears more responsive to demand in 
intermediate markets for processing and feed attributes than to demand 
in retail markets for improved or novel products. They also noted that 
many of the observed traits offer potential efficiency gains in agriculture 
and improvements in natural-resource systems and a potential to reduce 
environmental impacts both because they will decrease input require-
ments and because they will reduce adverse externalities of crop produc-
tion, processing, or consumption. For example, new traits may increase 
the efficiency of livestock-feed digestibility and by so doing increase the 
value of the feed to farmers. Traits that improve nitrogen-use efficiency 
that are on the horizon will bring value to farmers and could contribute 
to reducing agriculture’s effects on water quality. The potential for envi-
ronmental improvement from such traits depends on the degree to which 
they improve input-use efficiency and the extent to which farmers expand 
production because of lower unit costs. 

The rate of product-quality innovations in genetic-engineering tech-
nology identified in the surveys decreased considerably after 1998. The 
authors noted that the cause of the decline remains conjectural. It coin-
cided with the decrease in the number of transgenic field trials conducted 
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in the United States and Europe, with the exit from the market of a num-
ber of small biotechnology companies that were not deeply involved in 
the first generation of GE pest-control crops, and with changes in the 
regulatory environment in Europe that restricted the introduction of GE 
varieties there.

Data on field tests of genetic-engineering innovations corroborate 
the slowdown. A critical part of new variety development is field testing 
to ensure that the desired traits will perform under commercial produc-
tion conditions and that no important environmental risks are associated 
with release of a GE organism. The release of new GE varieties or organ-
isms into the environment is regulated, in part, through field-release 
permits monitored by the U.S. Department of Agriculture (USDA) Animal 
and Plant Health Inspection Service (APHIS) (Fernandez-Cornejo and 
Caswell, 2006).� The overall number of field releases of plant varieties 
for testing purposes is a useful indicator of R&D efforts in GE crops. By 
the end of 2008, about 15,000 applications had been received by APHIS 
since 1987, and nearly 14,000 (93 percent) had been approved (ISB and 
USDA-APHIS, 2009). Annual applications peaked in 1998 with 1,206, 
and annual approvals peaked in 2002 with 1,141 (Figure 5-1). Most appli-
cations approved for field testing in 1987–2008 involved major crops, 
particularly corn with 6,648 applications approved, followed by soy-
bean (1,554), cotton (912), potato (817), tomato (637), wheat (413), alfalfa 
(385), and tobacco (363). Applications approved during this time included 
GE varieties with herbicide resistance (25.1 percent), insect resistance 
(20.1 percent), improved product quality (flavor, appearance, or nutri-
tion) (18.2 percent), and agronomic properties, such as drought resistance 
(13.4 percent) (Figure 5-2).

After sufficient field testing, an applicant may petition APHIS for a 
determination of “nonregulated” status to facilitate commercialization of 
a product. If, after extensive review, APHIS determines that unconfined 
release does not pose a substantial risk to agriculture or the environment, 
the organism is “deregulated” and can be moved and planted without 
APHIS authorization (Fernandez-Cornejo and Caswell, 2006). Petitions 
for deregulated varieties peaked in 1995–1997 with 14-15 petitions per 
year and have been below 10 petitions every year thereafter (ISB and 
USDA-APHIS, 2009). As of June 5, 2009, APHIS had received 119 petitions 
for deregulation and had approved 76. The deregulated varieties had HR 
traits (38 percent), IR traits (28 percent), product-quality traits (15 per-

� If a plant is engineered to produce a substance that “prevents, destroys, repels, or miti-
gates a pest”, it is considered to be a pesticide and is subject to regulation by the Environ-
mental Protection Agency (Fernandez-Cornejo and Caswell, 2006). Thus, all Bt crops are 
included.
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FIGURE 5-1  Number of permits for release of genetically engineered varieties 
approved by APHIS.
SOURCE: ISB and USDA-APHIS, 2009.

cent), virus-resistance traits (11 percent), and agronomic traits (6 percent) 
(ISB and USDA-APHIS, 2009).

Another study of the APHIS GE-crop release data investigated the 
private or commercial and public-goods aspects of traits being tested 
(Welsh and Glenna, 2006). The authors analyzed releases in 1993–2002 to 
answer two research questions:
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•	 “To what extent have universities mimicked the for-profit sector 
in agricultural biotechnology by focusing their transgenic research on a 
relatively few proven genotypes (traits)?”

•	 “To what extent have universities mimicked the for-profit sector 
in agricultural biotechnology by focusing their transgenic research on the 
relatively few major (commercially dominant) agronomic crops?”

They categorized the crop releases into major traits—herbicide resis-
tance, insect resistance, and product quality—and “other” GE traits. Prod-
uct quality includes the alteration of a particular crop’s characteristics to 
make it more valuable to food, feed, or energy manufacturing firms, such 
as a higher lysine concentration in corn that would be useful to livestock 
producers. Other GE traits were nematode resistance, fungus resistance, 
bacterium resistance, virus resistance, and agronomic properties (such 
as yield). They also categorized the releases by whether they were major 
crops (soybean, corn, wheat, alfalfa, and cotton) or minor crops (such as 
other field crops, vegetables, and fruits planted on smaller acreages).

The results indicated that the research profiles of universities in 
1993–2002 were less dominated by the major traits than were the profiles 
of for-profit firms. A similar pattern emerged for major crops: About 
71 percent of notices filed with APHIS by for-profit firms entailed research 
on major crops compared with 32.6 percent filed by universities. More-
over, work on minor crops differed among universities depending on 
their region (for example, apples in the Northeast and citrus in the South-
east). The authors examined whether the relationships changed during 
three periods: 1993–1995, 1996–1998, and 1999–2002. The research profiles 
of the for-profit firms remained fairly uniform, but universities looked 
more like for-profit firms in the later periods. That trend was especially 
pronounced for major traits: Almost 73 percent of notices filed by univer-
sities entailed at least one major trait in 1999–2002 compared with around 
35 percent in earlier periods. The proportion of research on major crops 
by universities also increased.

To probe those relationships in more depth, Welsh and Glenna con-
structed a commercial index for each release. The index was computed 
by assigning scores of 1 for research on a major crop and 1 for research 
on a major trait. Research on a minor crop was scored as –1 and research 
on a minor trait was scored as –1. Possible index values were therefore 2, 
1, 0, –1, and –2. A higher index value indicated greater research emphasis 
on more commercially relevant crops and traits, and a lower value indi-
cated more emphasis on crops and traits with smaller markets. Plotting 
the value of the index for universities and private-sector firms over time 
revealed that universities and private-sector firms showed increasingly 
similar research trajectories, which emphasized major crops and major 
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traits in genetic-engineering technology. The time-series relationship was 
also found to be statistically significant (Welsh and Glenna, 2006).

Results of those three studies of GE-trait developments indicated 
that some GE products in various phases of development serve purposes 
other than pest-control traits dominant today, but they have not been 
commercialized. The reasons for this vary with the crop and the trait, but 
include a small anticipated market, lack of access to technology, uncer-
tainty about consumer acceptance, potential spillover to weedy relatives 
or gene transfer to non-GE cultivars, and high regulatory costs. During 
the process of innovation, commercialization, and adoption, all organi-
zations weigh the costs and benefits of their decisions (Bradford et al., 
2006). It is not surprising that the GE crops that were commercialized first 
provided substantial net benefits to the innovators, the seed companies, 
and adopting farmers. 

Implications of Genetically Engineered Crops for Weed Management

An unmet challenge for GE crops documented in Chapter 2 revolves 
around sustaining the efficacy of particular herbicides. Maintaining their 
efficacy holds important implications for future farm economics and 
environmental sustainability. A key concept in understanding herbicide-
resistance effects in weeds is the open, unregulated access of all farmers 
to the common pool of pest susceptibility. The presence of this condition 
leads to individual decisions that may impose user costs on the whole 
population of farmers, to suboptimal overall management, and to increas-
ing total social costs (Hardin, 1968).

The data show that GE-crop cultivars resistant to glyphosate domi-
nate in the corn, soybean, and cotton production regions across the United 
States. Results of a six-state survey to assess crop rotations by growers 
of GE crops showed that rotation of a GE crop with a non-GE crop was 
most commonly followed by rotation of a GE crop with a GE crop (Shaw 
et al., 2009). Rotation of a GE with a non-GE crop was more common 
in the Midwest than in the South. With the high acreage of glyphosate-
resistant crops being planted, substantial changes in herbicide use 
occurred; notably, fewer herbicides were used (Young, 2006); the most 
common current herbicide tactic reported is one to three applications of 
glyphosate (Givens et al., 2009). A related change in production practice 
attributable to the adoption of HR crops that has implications for weed 
management was the increased adoption of conservation tillage (Givens 
et al., 2009). The overall grower assessment of the effect of HR crops on 
weed population densities was that there were fewer weeds because of 
the use of glyphosate on HR crops (Kruger et al., 2009). Few growers 
felt that weed populations would shift to species that had evolved resis-
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tance to glyphosate, understood the importance of alternative tactics to 
control weeds, or perceived the role of selection pressure caused by the 
use of glyphosate on HR crops (Johnson et al., 2009). Given that changes 
in weed communities in response to production practices have been a 
consistent problem in agriculture, future weed challenges are likely to 
increase quickly (Baker, 1991; Owen, 2001; Heard et al., 2003a, 2003b). 
To summarize, growers valued the immediate benefits of weed control 
without appreciating the long-term risks attributable to the tactics they 
used. That behavioral response might be expected given many farmers’ 
desire to meet short-run financial needs and the fact that other growers 
may not take similar control actions.

Recent survey data show that growers emphasize the convenience and 
simplicity of the glyphosate-based cropping systems while discounting 
the importance of diversification of weed-management practices (Owen, 
2008b). That prevailing attitude has several likely results: Given growers’ 
apparent unfamiliarity with or lack of concern about the implications of 
selection pressure for weed communities, weed shifts are inevitable; and 
growers’ short-term interest in killing weeds rather than managing them 
will result in the loss of crop yield and farm profits in the long run unless 
innovation in weed-control technology occurs. The efficacy of glyphosate 
on a broad spectrum of weeds, its ability to kill larger weeds, and the 
fact that glyphosate can be applied to HR crops almost regardless of crop 
stage of growth all reinforce growers’ perception of the simplicity and 
convenience of glyphosate-based programs.

Weed management implies that there is a critical period of weed con-
trol (CPWC) when weed interference must be eliminated to protect crop-
yield potential (Nieto et al., 1968; Kasasian and Seeyave, 1969; Swanton 
and Weise, 1991; Knežević et al., 2002, 2003). The CPWC is the same 
whether the crop is GE or non-GE. There is considerable information 
about the proper timing of glyphosate applications that will provide pro-
tection of yield potential and the related economic loss of crop yield in 
response to untimely glyphosate application (Gower et al., 2003; Dalley et 
al., 2004; Cox et al., 2005, 2006; Stahl, 2007). Many growers may recognize 
the relationship between early weed interference with HR crops and the 
resulting economic loss to profitability or may face high individual cost or 
risk in changing their behavior. The perception of success with glyphosate 
results in the repeated use of this herbicide without consideration of alter-
native strategies. Recurrent application of any herbicide will cause shifts 
in the weed community that support the evolving dominance of weeds 
that are not susceptible. Growers must use diversified weed-management 
practices, recognize the importance of understanding the biology of the 
cropping system, and give appropriate consideration to more sustainable 
weed-management programs (Knežević et al., 2003; Owen and Zelaya, 
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2005; Owen, 2008a). Furthermore, unless growers collectively adopt more 
diverse weed-management practices, individual farmer’s actions will fail 
to delay herbicide resistance to glyphosate because the resistant genes 
in weeds easily cross farm boundaries. Some form of private or public 
collective action may avert this classic management of the commons 
problem in which individual actions to apply glyphosate have adverse 
spillover effects on the entire community of farmers (Hardin, 1968). Fur-
ther research that results in new HR traits and other efficient means of 
weed control likely will lessen this problem.

Potential for Biofuels

Amid diminishing reserves of fossil fuels, heightened concern about 
climate change, and growing demand for domestic energy production, 
biofuels have emerged as an important supplementary fuel that may 
have considerable potential in supplying future energy needs. First-
generation biofuels are serving as fuel extenders, displacing only a small 
percentage of gasoline consumption in the United States (Energy Infor-
mation Administration, 2007). Nevertheless, because some existing bio-
fuel crops can be produced in a manner that reduces greenhouse-gas 
emissions relative to fossil fuels and because they reduce dependence 
on volatile oil import markets, governments around the world have 
supported production of biofuel crops with subsidies and mandates 
(Koplow, 2007). However, although, as noted, some biofuel technologies 
can reduce greenhouse-gas emissions (Farrell et al., 2006), that might 
not always be the case, depending on production practices (Fargione 
et al., 2008; Searchinger et al., 2008). Furthermore, when they increase 
the demand for food crops, biofuel production can contribute to higher 
prices and shortages of food like those witnessed in 2008 (Tyner and 
Taheripour, 2008; Sexton et al., 2009).

In the United States, ethanol is produced principally from corn, 
approximately 80 percent of which is grown with GE varieties. Similarly, 
biodiesel in the United States is produced almost entirely from soybean; 
about 92 percent U.S. acres in soybean produce GE varieties. If those GE 
crops have increased yields, they may reduce biofuel costs.

If developed appropriately, new GE-crop technologies could play an 
important role in ameliorating further the adverse economic and envi-
ronmental impacts of biofuels (Sexton et al., 2009). Indeed, some govern-
ments, like that of the United States, have tailored their biofuels policy 
to include, among other instruments, some support for next-generation 
technologies to overcome existing limitations (e.g., Rajagopal et al., 2007; 
Rajagopal and Zilberman, 2008). For example, genetic-engineering tech-
nology may help to improve the agronomic characteristics of plants used 
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for cellulosic ethanol, which are not yet widely commercialized. Whereas 
ethanol is produced today only from the starch in plants, developments 
in microbiology allow the cellulosic material to be converted to biofuel. 
Genetic-engineering technology holds the potential to generate higher 
yields of these crops and to improve the amount of liquid fuel obtain-
able per plant by altering plants’ genetic code in beneficial ways. It may 
provide these benefits without environmental damage. Because many of 
the plants that may provide fuel in the future have not been commercially 
farmed, it may be possible to improve plant genetics to maximize their 
energy-yield potential, minimize the costs of converting cellulosic plant 
material to liquid fuel, and devise best-management practices or mitiga-
tion for the environment.

RESEARCH PRIORITIES RELATED TO 
GENETICALLY ENGINEERED CROPS

Water-Quality Monitoring and Evaluation 

Nonpoint pollution is the leading cause of water-quality impairments 
across the United States, extending into ocean estuaries, bays, and gulfs 
(US-EPA, 2007). Agriculture remains the largest source of these nonpoint 
pollution flows by volume, and much of the pollution stems from cropland 
operations. The predominant contaminants include sediment from land 
erosion and nutrient and pesticide residues not used or retained for grow-
ing crops. For example, a recent analysis estimated that agriculture con-
tributes 70 percent of the nitrogen and phosphorus that enters the Gulf of 
Mexico and that corn production accounts for the majority of the nitrogen 
and corn and soybean production account for one-fourth of the phosphorus 
(Alexander et al., 2008). Particularly in view of the huge dead zone that has 
formed in the Gulf of Mexico, lessening such pollution has high national 
priority.

As explained in Chapter 2, evidence has begun to emerge that GE 
crops are often associated with changes in cropping practices that should 
lead to an improvement in the nation’s water quality. The changes include 
shifts to conservation tillage or no-till techniques that leave more residues 
on the cropland surface and thereby reduce water runoff that contains 
sediment, nutrient, and pesticide contaminants. They also include the 
use of pesticides, such as glyphosate, that are less toxic and more quickly 
degrading than conventional crop herbicides and insecticides. The latter 
effects could also reduce contamination of groundwater and wells on 
farms from spills and mixing operations.

Because monitoring and research resources have been inadequate, 
those potential water-quality impacts of GE crops have not been doc-
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umented. The committee received testimony from the U.S. Geological 
Survey that explained the lack of comprehensive data and analysis that 
could identify and estimate the magnitude of the potential improvements 
in water quality (Gilliom and Meyer, personal communication). Those 
effects are among the largest environmental effects of agriculture, and 
we recommend that more resources be devoted to the important tasks of 
spatial and temporal monitoring of how agricultural practices influence 
water quality. Monitoring changes associated with the adoption of GE 
cultivars is important given that the rapid, widespread adoption of those 
cultivars may have large impacts on water quality by changing agricul-
tural practices. The resulting information could influence the design of 
future environmental policies and agriculture programs. Such critical 
intelligence would help to improve the efficacy and cost-effectiveness 
of achieving regional and national water-quality standards, and thereby 
improve farm sustainability.

Social Issues in the Use of Genetically Engineered Crops

Accumulated research in the social sciences has verified that the pro-
cesses of technological development and diffusion do not take place in a 
social vacuum. Choices made by those who create new technologies and 
decisions made by others regarding whether to use the technologies are 
influenced by political, economic, and sociocultural factors. The social 
impacts of the use of the technologies are influenced by the same factors. 
A particular technology can have dissimilar social impacts depending on 
the context within which it is adopted. It is reasonable to hypothesize, 
on the basis of the existing body of knowledge, that the adoption of par-
ticular genetic-engineering technologies has a variety of social, economic, 
and political impacts, and that these impacts would not be the same at all 
times and in all regions and cultures.

As noted in Chapter 4, the amount of research on the social processes 
and effects associated with the development and use of GE crops has been 
inadequate and has not matched what took place previously in the cases 
of agricultural mechanization or even the use of bovine somatotropin in 
dairy production. Thus, there is little empirical evidence to which the 
present committee can point to that delineates the full array of social 
impacts of the adoption of GE-crop technology. That includes a lack of 
research on the social impact on farmers of companies legally enforcing 
their intellectual-property rights in GE seeds. Research that has been 
conducted on the role of industry–farmer social networks in influencing 
the development of new seed technologies, legal issues related to GE-crop 
technology, resistance to the use of the technology in organic production 
systems, and the development of the open-source breeding movement 
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does suggest, however, that genetic-engineering technology is socially 
contested by some groups. Those findings and trends reinforce the need 
for research on the social processes associated with genetic-engineering 
technology, including its social impacts, to inform the decision-making 
processes of technology developers, farmers, and policy makers. The 
committee recommends the development of this research agenda, which 
should lead to findings important for addressing the sociocultural issues 
that will arise in connection with broader adoption of GE crops in the 
future.

ADVANCING POTENTIAL BENEFITS OF GENETICALLY 
ENGINEERED CROPS BY STRENGTHENING 

COOPERATION BETWEEN PUBLIC AND PRIVATE 
RESEARCH AND DEVELOPMENT 

The rapid adoption by U.S. farmers of the first generation of GE 
soybean, cotton, and corn varieties illustrates the speed and scope with 
which agricultural systems can be improved if appropriate products and 
systems are available. This report documents how GE varieties contribute 
to the sustainability of agriculture related to the production of those major 
crops. Expanding the effects to additional crops and further improving the 
technology will require an expansive program of R&D. Private companies 
are already working to develop additional traits that will improve the pro-
ductivity and sustainability of agriculture in the United States and world-
wide. However, both the private and public sectors must play vigorous, if 
often times different, roles if the full potential of genetic-engineering tech-
nology to foster a more sustainable agriculture is to be realized. In devel-
oping analogous traits for other crops, such as GE varieties of “minor” 
crops and additional GE traits to meet broader public environmental and 
social objectives (e.g., improved water quality and carbon sequestration), 
the active involvement of universities and nongovernment institutions 
will be crucial given the flexibility of such institutions in selecting research 
objectives when funding is available. Developing the most appropriate 
agenda for such research will require extensive stakeholder involvement, 
including input from adopters and nonadopters of GE crops, environmen-
tal and social interest groups, and industry representatives.

Public investment and innovation in genetic-engineering technol-
ogy includes several phases, such as discovery, scaling up of innova-
tions, regulatory research, commercialization, production, and marketing. 
Life-science innovations increasingly take place within the educational–
industrial complex, where research universities and public research insti-
tutions are engaged mainly in the early stages of innovation, and startup 
and major corporations are engaged more in product development (Graff 
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et al., 2009). Much of the academic research addresses basic problems 
with uncertain outcomes that may result in new commercial innovations 
or in knowledge that has either pure public-good properties in the eco-
nomic sense, such as basic-research discoveries that are nonrival and non
exclusive (Just et al., 2008), or properties that are not easy to appropriate, 
so revenues cannot be collected. Thus, such academic research will receive 
underinvestment by the private sector and warrants public-sector support 
(Dasgupta and David, 1994; Dasgupta, 1999).

Not all discoveries from academic research in genetic-engineering 
technology result in nonrival and nonexcludable products. For example, 
some scientists patent their innovations; these are then excludable prod-
ucts that can be licensed to other scientists, nonprofit organizations, or 
industry. A national survey in 2004 revealed that about 25 percent of 
responding scientists had filed for a patent since 2000. About 15 percent 
of the scientists had been issued a patent, and just under 8 percent had 
licensed their invention for use by private or public parties (Buccola et 
al., 2009). The responding scientists expressed slight support for patenting 
compared to the belief that publicly supported scientists should focus on 
knowledge with nonexcludable benefits (a mean of 2 versus a mean of 5 
on a 6-point scale) (Buccola et al., 2009). Some scientists may be inclined 
to patent their discoveries in case they contribute to future, commercially 
developed technology.

In those cases where university discoveries and innovations are basic 
proofs of concepts, the private sector often undertakes the development 
effort, upscaling manufacturing capacity and commercializing the tech-
nology. Companies that invest in development of university innovations 
frequently buy rights to university patents to secure intellectual-property 
protection and monopoly power once the products are developed. With-
out that protection, the firms may be unwilling to invest the capital neces-
sary to move the technology to the commercialization stage.

There is likely to be underinvestment in commercialization of biotech-
nology innovation by the private sector because companies with implicit 
monopoly rights associated with patents aim to maximize their own profit 
without taking full account of consumers’ welfare gains that result from 
the lower prices associated with an innovation. Firms cannot capture the 
potential benefits external to farmers and consumers, such as reduction 
in downstream pollution. The underinvestment in research makes a case 
for public-sector development of GE varieties as long as social benefits 
exceed social costs or social-equity objectives defined by elected repre-
sentatives are achieved (de Gorter and Zilberman, 1990; Just et al., 2008). 
The situation suggests that public-sector research should emphasize the 
development of genetic-engineering technologies in specialty crops and 
innovation of other kinds, such as traits that may lead to a reduction in 
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greenhouse-gas emissions from crop or livestock production or novel 
varieties that conserve water resources. The ability of the public and pri-
vate sectors to develop new gene technologies depends on the costs of 
innovation, which may include access to intellectual-property rights and 
regulatory requirements. A tailored and targeted regulatory approach to 
GE-crop trait development and commercialization that meets human and 
environmental safety standards while minimizing unnecessary expenses 
could enhance progress on this front (Ervin and Welsh, 2006).

In reinforcement of those conceptual points, recent studies of genetic-
engineering R&D have concluded that publicly funded research programs 
can complement private-sector R&D efforts in developing the full poten-
tial of agricultural biotechnology (Graff and Zilberman, 2001; Glenna et 
al., 2007; Buccola et al., 2009). There are several reasons for that conclusion. 
First, federal and state support encourages more basic research, whereas 
industry and foundations support more applied research in U.S. universi-
ties (Buccola et al., 2009). Downstream (i.e., more applied) research tends 
to be legally and economically more excludable than upstream (i.e., more 
basic) research. Publicly funded research offers the highest potential for 
achieving public goods, such as the basic science of genetic mechanisms, 
broadly accessible platform technologies, and nonmarket environmen-
tal services (Buccola et al., 2009). Second, industry collaborations with 
academic scientists have affirmed the necessity of a strong independent 
university research sector in helping to provide credible evaluations of 
new technology (Glenna et al., 2007). Third, both publicly and privately 
supported research assist in the transfer of basic discoveries in genetic-
engineering technology, such as plant-genome characterizations, into use-
ful crop-plant applications (Graff and Zilberman, 2001). For example, 
publicly supported basic research on Arabidopsis thaliana has provided 
an enormous store of information on basic plant biology, which in turn 
has enhanced our ability to produce commercially important advances in 
crops of all kinds. New institutional mechanisms are needed to provide an 
uninterrupted “pipeline” from basic research to field application (Graff et 
al., 2003). Fourth, commercialization of orphan and minor crops requires a 
special role for public R&D because the improvement of such crops often 
will not lead to sufficient profit to attract private-sector investment, even 
though the crops are important to many farmers and consumers. Fifth, 
public funding of academic research and government research fosters 
investigation that is too risky, or not sufficiently profitable, to be attractive 
to the private sector.

The evidence assembled in this report makes clear that the first gen-
eration of GE soybean, cotton, and corn varieties has generally been eco-
nomically and environmentally advantageous for U.S. farmers who have 
adopted the technologies. The next generation of genetic-engineering tech-
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nologies being reported by industry suggests that it is intent on enhancing 
those benefits and going beyond to new traits, such as drought and heat 
tolerance and enhanced fertilizer utilization that may indirectly reduce 
nutrient runoff, and new applicability to minor crops, renewable energy, 
climate change, and nutritional qualities. The public sector must comple-
ment industry by developing genetic-engineering technologies for crops 
that have insufficient markets to justify R&D and regulatory expense and 
to develop socially valuable public-goods applications. We envision the 
research and technology agenda to include individual private and pub-
lic activities as well as private–public collaborations and to encompass 
work on the three essential components of sustainable development: envi-
ronmental, social, and economic. Furthermore, we recommend that this 
agenda be undertaken in a program of research, technology development, 
and education that maximizes the potential synergies between the two 
sectors and their strengths and that limits redundancies and tradeoffs. 
Such an integrated approach would have universities, government, and 
nonprofit organizations leading in the development of traits that deliver 
public goods, including basic discoveries and such environmental issues 
as improved regional water quality. The private sector would continue to 
lead in the commercialization of GE crops for which there are adequate 
market incentives.
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Herbicidea Classificationb Mode of Actionc Relative Toxicity

Haloxyfop (aryloxyphenoxypropionates) 
Clethodim (cyclohexanediones)  
Pinoxaden (phenylpyrazolines)

ACCase inhibitors (A(1)) Inhibitor of acetyl coenzyme-A 
carboxylase (ACCase), a pivotal enzyme 
in plant fatty acid biosynthesis.

Varies based on specific chemical 
compound; likely to be carcinogenic to 
humans according to EPA Proposed EPA 
Weight-of-the-Evidence Categories (US-EPA, 
2009a).

Alachlor (chloroacetanilides) 
Diphenamid (acetamides) 
Flufenacet (oxyacetamides) 
Fentrazamide (tetrazolinones)

Mitosis inhibitors (K3
(15)) Inhibition of cell division (long-chain 

fatty acid inhibitor).
Slightly toxic; oral RfD* of 
1 × 10–2 mg/kg-day. Critical effects: 
hemosiderosis, hemolytic anemia 
(US-EPA, 2009b).

Bensulfuron-methyl (sulfonylureas)  
Imazethapyr (imidazolinones)  
Cloransulam-methyl (triazolopyrimidines)

ALS inhibitors (B(2)) Inhibition of the acetolactate synthase 
(ALS) enzyme resulting in cessation of 
the biosynthesis of essential branched 
chain amino acids (leucine, valine, and 
isoleucine).

Varied; generally low acute and chronic 
toxicity to humans and not likely to be 
carcinogenic. 

Atrazine (symmetrical triazines) Photosynthesis II inhibitors (C1
(5)) Inhibit photosynthesis by binding with 

a specific protein in the photosystem II 
complex.

Slightly to moderately toxic; oral RfD 
of 3.5 × 10–2 mg/kg-day. Critical effects: 
decreased body weight gain (other effect: 
cardiac toxicity and moderate-to-severe 
dilation of the right atrium (EXTOXNET, 
2009a; US-EPA, 2009c)).

Dicamba (benzoic acids) Synthetic auxins (O(4)) The specific mode of action is not well 
defined, however these herbicides 
mimic the endogenous auxin 
indoleacetic acid, a plant hormone 
that stimulates growth and appears to 
negatively affect cell wall plasticity and 
nucleic acid metabolism.

Relatively nontoxic. Acute oral LD50
† 

in rats is 1707 mg/kg, dermal LC50
§ in 

rabbits is >2000 mg/kg. However, eye 
irritation in rabbit is extreme.

Glufosinate (organophosphorus) Glutamine synthetase inhibitor (H(10)) Inhibits the activity of glutamine 
synthetase, which causes ammonia 
buildup in the cell. The ammonia 
destroys cell membranes.

Practically nontoxic by ingestion; 
some increase in absolute and 
relative kidney weights in males. No 
observed carcinogenesis. Oral RfD of 
4 × 10–4 mg/kg-day (NPIC, 2009; US-EPA, 
2009d).

Glyphosate (organophosphorus) Enolpyruvyl shikimate-3-phosphate 
(EPSP) synthase inhibitor (G(9))

Inhibits the EPSP synthase, which 
leads to depletion of essential aromatic 
amino acids (tryptophan, tyrosine, and 
phenylalanine). 

Generally nontoxic. Increased incidence 
of renal tubular dilation in third 
generation weanlings. Oral RfD of 
1 × 10–1 mg/kg-day (US-EPA, 2009e).

*Reference dose.
†Lethal dose.
§Lethal concentration.
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Herbicidea Classificationb Mode of Actionc Relative Toxicity

Haloxyfop (aryloxyphenoxypropionates) 
Clethodim (cyclohexanediones)  
Pinoxaden (phenylpyrazolines)

ACCase inhibitors (A(1)) Inhibitor of acetyl coenzyme-A 
carboxylase (ACCase), a pivotal enzyme 
in plant fatty acid biosynthesis.

Varies based on specific chemical 
compound; likely to be carcinogenic to 
humans according to EPA Proposed EPA 
Weight-of-the-Evidence Categories (US-EPA, 
2009a).

Alachlor (chloroacetanilides) 
Diphenamid (acetamides) 
Flufenacet (oxyacetamides) 
Fentrazamide (tetrazolinones)

Mitosis inhibitors (K3
(15)) Inhibition of cell division (long-chain 

fatty acid inhibitor).
Slightly toxic; oral RfD* of 
1 × 10–2 mg/kg-day. Critical effects: 
hemosiderosis, hemolytic anemia 
(US-EPA, 2009b).

Bensulfuron-methyl (sulfonylureas)  
Imazethapyr (imidazolinones)  
Cloransulam-methyl (triazolopyrimidines)

ALS inhibitors (B(2)) Inhibition of the acetolactate synthase 
(ALS) enzyme resulting in cessation of 
the biosynthesis of essential branched 
chain amino acids (leucine, valine, and 
isoleucine).

Varied; generally low acute and chronic 
toxicity to humans and not likely to be 
carcinogenic. 

Atrazine (symmetrical triazines) Photosynthesis II inhibitors (C1
(5)) Inhibit photosynthesis by binding with 

a specific protein in the photosystem II 
complex.

Slightly to moderately toxic; oral RfD 
of 3.5 × 10–2 mg/kg-day. Critical effects: 
decreased body weight gain (other effect: 
cardiac toxicity and moderate-to-severe 
dilation of the right atrium (EXTOXNET, 
2009a; US-EPA, 2009c)).

Dicamba (benzoic acids) Synthetic auxins (O(4)) The specific mode of action is not well 
defined, however these herbicides 
mimic the endogenous auxin 
indoleacetic acid, a plant hormone 
that stimulates growth and appears to 
negatively affect cell wall plasticity and 
nucleic acid metabolism.

Relatively nontoxic. Acute oral LD50
† 

in rats is 1707 mg/kg, dermal LC50
§ in 

rabbits is >2000 mg/kg. However, eye 
irritation in rabbit is extreme.

Glufosinate (organophosphorus) Glutamine synthetase inhibitor (H(10)) Inhibits the activity of glutamine 
synthetase, which causes ammonia 
buildup in the cell. The ammonia 
destroys cell membranes.

Practically nontoxic by ingestion; 
some increase in absolute and 
relative kidney weights in males. No 
observed carcinogenesis. Oral RfD of 
4 × 10–4 mg/kg-day (NPIC, 2009; US-EPA, 
2009d).

Glyphosate (organophosphorus) Enolpyruvyl shikimate-3-phosphate 
(EPSP) synthase inhibitor (G(9))

Inhibits the EPSP synthase, which 
leads to depletion of essential aromatic 
amino acids (tryptophan, tyrosine, and 
phenylalanine). 

Generally nontoxic. Increased incidence 
of renal tubular dilation in third 
generation weanlings. Oral RfD of 
1 × 10–1 mg/kg-day (US-EPA, 2009e).
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Herbicidea Classificationb Mode of Actionc Relative Toxicity

Amides, pyridiazinones, pyridines, 
isoxazoles, pyrazoles, triazoles, triketones, 
and others

Carotenoid biosynthesis inhibitors Inhibit the catabolic degradation of 
tyrosine to plastoquinones (important 
for photosynthesis and carotenoid 
biosynthesis) and tocopherol (vitamin 
E, which protects biological membranes 
against oxidative stress and the 
photosynthetic apparatus against 
photo-inactivation).

Varied; developmental toxicity, probable 
human carcinogen, phytotoxic (US-EPA, 
2004, 2006, 2009f, 2009g).

Fluridone (unclassified) (F1
(12)) Inhibition of phytoene desaturase, 

an enzyme essential for carotenoid 
biosynthesis.

Mesotrione (triketones) (F2
(28)) Inhibition of hydroxyphenylpyruvate 

dioxygenase (HPPD), an enzyme 
involved in the synthesis of 
plastoquinone (PQ) and tocopherol 
(vitamin E).

Amitrole (triazoles) (F3
(11)) Target site is generally considered 

unknown with the exception of 
amitrole, which inhibits lycopene 
cyclase and clomazone that is 
reported to inhibit an early step in the 
nonmevalonic acid isoprenoid pathway 
ultimately leading to carotenoid 
synthesis.

Metribuzin (triazinones, asymmetrical 
triazines)

Photosynthesis II inhibitors (C1
(5)) Inhibit photosynthesis by binding with 

a specific protein in the photosystem II 
complex.

A slightly toxic compound in EPA 
toxicity class III. Liver and kidney effects, 
decreased body weight, mortality; no 
indications of carcinogenic effects. RfD of 
2.5 × 10–2 mg/kg-day (EXTOXNET, 2009b; 
US-EPA, 2009h).

Dicarboximide herbicides, triazolone 
herbicides, diphenylethers, 
N-phenylphthalimides, oxadiazoles, 
thiadiazoles, triazolinones, and others

Protoporphyrinogen Oxidase (PPO) 
inhibitors (E(14)) 

Inhibits the protoporphyrinogen 
oxidase (PPO) which is in the 
chlorophyll synthesis pathway. The 
PPO inhibition starts a reaction in 
the cell that ultimately causes the 
destruction of cell membranes. The 
leaking cell membranes rapidly dry and 
disintegrate. 

Varied; including compounds having: 
slight toxicity (EPA category III); classified 
as a “not likely” human carcinogen 
to “likely to be a human carcinogen” 
(US-EPA, 2001).
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Herbicidea Classificationb Mode of Actionc Relative Toxicity

Amides, pyridiazinones, pyridines, 
isoxazoles, pyrazoles, triazoles, triketones, 
and others

Carotenoid biosynthesis inhibitors Inhibit the catabolic degradation of 
tyrosine to plastoquinones (important 
for photosynthesis and carotenoid 
biosynthesis) and tocopherol (vitamin 
E, which protects biological membranes 
against oxidative stress and the 
photosynthetic apparatus against 
photo-inactivation).

Varied; developmental toxicity, probable 
human carcinogen, phytotoxic (US-EPA, 
2004, 2006, 2009f, 2009g).

Fluridone (unclassified) (F1
(12)) Inhibition of phytoene desaturase, 

an enzyme essential for carotenoid 
biosynthesis.

Mesotrione (triketones) (F2
(28)) Inhibition of hydroxyphenylpyruvate 

dioxygenase (HPPD), an enzyme 
involved in the synthesis of 
plastoquinone (PQ) and tocopherol 
(vitamin E).

Amitrole (triazoles) (F3
(11)) Target site is generally considered 

unknown with the exception of 
amitrole, which inhibits lycopene 
cyclase and clomazone that is 
reported to inhibit an early step in the 
nonmevalonic acid isoprenoid pathway 
ultimately leading to carotenoid 
synthesis.

Metribuzin (triazinones, asymmetrical 
triazines)

Photosynthesis II inhibitors (C1
(5)) Inhibit photosynthesis by binding with 

a specific protein in the photosystem II 
complex.

A slightly toxic compound in EPA 
toxicity class III. Liver and kidney effects, 
decreased body weight, mortality; no 
indications of carcinogenic effects. RfD of 
2.5 × 10–2 mg/kg-day (EXTOXNET, 2009b; 
US-EPA, 2009h).

Dicarboximide herbicides, triazolone 
herbicides, diphenylethers, 
N-phenylphthalimides, oxadiazoles, 
thiadiazoles, triazolinones, and others

Protoporphyrinogen Oxidase (PPO) 
inhibitors (E(14)) 

Inhibits the protoporphyrinogen 
oxidase (PPO) which is in the 
chlorophyll synthesis pathway. The 
PPO inhibition starts a reaction in 
the cell that ultimately causes the 
destruction of cell membranes. The 
leaking cell membranes rapidly dry and 
disintegrate. 

Varied; including compounds having: 
slight toxicity (EPA category III); classified 
as a “not likely” human carcinogen 
to “likely to be a human carcinogen” 
(US-EPA, 2001).
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Herbicidea Classificationb Mode of Actionc Relative Toxicity

2,4-D (phenoxyacetic herbicide) Synthetic auxins (O(4)) Mimics a plant growth regulator. The 
specific mode of action is not well 
defined, however these herbicides 
mimic the endogenous auxin 
indoleacetic acid, a plant hormone 
that stimulates growth and appears to 
negatively affect cell wall plasticity and 
nucleic acid metabolism.

Critical effects include: hematologic, 
hepatic, and renal toxicity. RfD of 
1 × 10–2 mg/kg-day.

aHerbicide listed is one example of the herbicide family.
bHerbicide mode of action code according to the Herbicide Resistance Action Committee 
(HRAC, 2010) and the Weed Science Society of America (WSSA) classification (Senseman 
and Armbrust, 2007). The capitalized letter is the HRAC classification and the superscript 
number is the WSSA classification.
cThe indicated herbicide mode of action is from the HRAC and WSSA descriptions as well 
as other citations.
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Herbicidea Classificationb Mode of Actionc Relative Toxicity

2,4-D (phenoxyacetic herbicide) Synthetic auxins (O(4)) Mimics a plant growth regulator. The 
specific mode of action is not well 
defined, however these herbicides 
mimic the endogenous auxin 
indoleacetic acid, a plant hormone 
that stimulates growth and appears to 
negatively affect cell wall plasticity and 
nucleic acid metabolism.

Critical effects include: hematologic, 
hepatic, and renal toxicity. RfD of 
1 × 10–2 mg/kg-day.

aHerbicide listed is one example of the herbicide family.
bHerbicide mode of action code according to the Herbicide Resistance Action Committee 
(HRAC, 2010) and the Weed Science Society of America (WSSA) classification (Senseman 
and Armbrust, 2007). The capitalized letter is the HRAC classification and the superscript 
number is the WSSA classification.
cThe indicated herbicide mode of action is from the HRAC and WSSA descriptions as well 
as other citations.
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Appendix B

Tillage Systems

Below is an outline of general tillage and weed-management 
practices for corn, soybean, and cotton. Tillage and weed-control 
practices, however, vary greatly across regions of the United States 

and within a region based upon grower preference, soil texture, struc-
ture, and erosion potential for each individual farm.

Conventional or Conservation Tillage

Pretillage – may include shredding of cornstalks, usually in the fall, 
shortly after harvest.

Primary Tillage – types of equipment include moldboard plow, chisel 
plow, field cultivator, and tandem disk depending upon preference by 
the grower and soil erosion potential. For example, moldboard plow 
would be avoided if the fields are designated as Highly Erodible Land. 
Consequently, the chisel plow, field cultivator, or tandem disk are primary 
tillage implements in conservation tillage systems. Primary tillage can 
occur in the fall or the spring, depending on soil conditions and erosion 
potential of the soil. Furthermore, primary tillage may be done as a zone 
over the row where crops will ultimately be planted (strip tillage).

Secondary Tillage – types of equipment include tandem disk, field cul-
tivator, chisel disk, disk harrow, harrow, and other implements. The type of 
equipment used depends on grower preferences, machinery complement, 
the region of the country, soil structure and texture, soil erosion potential, 
and environmental conditions during the season. Secondary tillage opera-
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tions typically occur in the spring. Secondary tillage can involve multiple 
passes but quite often a series of implements are pulled in tandem, making 
it a one-pass operation. If growers are practicing conservation tillage, more 
than 30 percent of residue is present on the soil surface after planting.

Weed management – may or may not include a half rate or full rate 
of soil-applied herbicides with residual activity before or after planting 
(preemergence or early postemergence to the crop). Modern sprayers 
are typically 90 feet in width or more, and this step requires very little 
time and fuel use. Some growers, however, have tanks mounted on their 
planters and spray the residual herbicides at planting, thus saving an 
operation. Herbicide-resistant crops are typically treated with glyphosate 
postemergence to the crop and weeds and may include other herbicides 
with different mechanisms of action. A second (and possibly a third) 
application of glyphosate is typically applied, especially in cotton and 
soybean. If one or more weeds have become resistant to glyphosate or 
the farmer’s herbicide of choice, then the grower may apply a substitute 
herbicide or use a tillage operation to control the weed.

Organic growers substitute tillage (cultivation) operations, typically 
three or more, for herbicides for weed control. The first operation is usu-
ally performed just after corn or soybean has emerged, using a rotary hoe. 
This step is usually followed by two cultivations, the first occurring when 
corn or soybean is quite small.

No-Till

Pretillage – some growers may shred cornstalks.
Weed management – some growers will use a nonselective ”burn-

down” herbicide, such as glyphosate, to kill existing weeds if they are 
present before planting. Farmers may also wait until after planting for 
the initial herbicide application. This treatment may include a combina-
tion of herbicides that provide residual control of weeds that emerge 
later in the season. Postemergence applications of herbicides may be 
used later in the season depending on the weed infestation.

Planting – involves more sophisticated versions of the planters used 
for conventional tillage. Typically, the planters have heavy coulters and 
other attachments to clear the residue from the previous crop in the plant-
ing row. Not all soils are suitable for no-till, especially wet and heavy 
soils in northern latitudes, and no-till may lead to increased pest occur-
rence because conventional tillage may reduce insect, pathogen, and weed 
occurrence. On the other hand, no-till is well adapted to well-drained 
soils in warm regions because no-till improves soil-water infiltration and 
reduces soil evaporation, thereby providing more soil water to the crop.
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