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When potential risks to the environment
from new genetically modified (GM)
crops are discussed, the focus is gen-

erally on risks of genes escaping to wild relatives
that become “superweeds,” risks of crops them-
selves becoming weeds, and the potential that
toxins produced by the GM crops (or toxins used
to kill pests of engineered crops) will harm non-
target organisms (for example, Johnson, This vol-
ume; Rissler and Mellon 1996; Snow and Moran
Palma 1997) . These are all tangible risks, that can
be diminished if taken seriously. Their worst-case
negative impacts on the overall environment in
developing countries are relatively small com-
pared to the impact on the environment of rural
populations without food security and living in
poverty.

Because poverty can lead to environmental
degradation, we will examine a potential chain
of interactions between genetic modification, in-
creased yield, variation in yield, food security, and
environmental degradation. We believe that new
genetic modification has great potential for in-
creasing yield and decreasing yield variation, but
that such accomplishments will require vigilance
by scientists and society.

Giving farmers the right kind of seeds can
never ensure food security, but giving them the
wrong kind of seeds always can make things
worse. Social scientists know that you cannot al-
leviate poverty just by growing more food, but
agricultural scientists are always being pushed
by philanthropic and development organizations
to produce more food because food production

is a necessary but not sufficient condition for food
security (Serageldin 1999). This has led to in-
creased yield becoming a focus of international
attention.

About 50 years ago agricultural scientists were
told that the growing world population would
demand that we substantially increase crop
yields. Amazingly, agricultural scientists, with the
financial aid of many government and private
organizations, did a reasonable job of meeting this
demand (Conway 1998). Today agricultural sci-
entists are being told to do this again because
world population growth by the year 2025 or so
will demand that we increase production by 30-
50 percent (see Pinstrup-Andersen and Cohen,
This volume). A special report in Science (Mann
1999) reviewed recent debates about whether,
with or without biotechnology, plants could be
pushed to become that much more productive.
Even if agricultural science can push plants and
soils to meet this demand, what happens in 2025
if the optimistic forecasts of no population growth
after that date are incorrect? Do we once again
ask agriculturalists to raise yields?

Importance of Yield Stability

One thing that crop and animal breeders have
learned over the years is that when you select
strongly for improvement in one trait of an or-
ganism, be it speed in a race horse, appearance
in a dog, or yield in a crop, there are tradeoffs
(Falconer and Mackay 1996; Mann 1999). The race
horse may be frail, the dog less intelligent, and
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the crop less capable of dealing with stress. In
our efforts to keep increasing maximal or aver-
age yield, we must be vigilant not to produce
crops that have high variation in yield because
they are less capable of withstanding stresses as-
sociated with unusual weather or pest outbreaks.
There has always been support given to programs
that breed for stress resistance, but these pro-
grams are often funded with the goal of increas-
ing yield rather than decreasing variation in yield.
A number of recent reviews have attempted to
determine if the variation in crop yields (statisti-
cally adjusted for change in the mean) have
changed during the 20th century. The conclusions
of these assessments indicate that on a global and
continental level overall adjusted variation in
yield has not generally increased (Naylor, Falcon,
and Zavaleta 1997; Calderini and Slafer 1998), but
that the component associated with genetic crop
improvement has increased (Calderini and Slafer
1999). This means that the variation in yield is
being pushed upward by the varieties of crops
grown, but that other factors such as improved
irrigation may be balancing out this increase
caused by breeding.

Unpredicted spatial and temporal variation in
yield has a different relative importance depend-
ing on your perspective. Local variation in yield
gets partially averaged out at the world market
scale, and it can be dealt with reasonably well by
individual farmers if they have the resources to
farm on a three or four year time horizon. But for
the subsistence farmer, variation in yield can be
critical. If you were a subsistence farmer who
could not save harvested corn for more than 12
months, would you rather have a corn cultivar
that in five successive years produced 48, 72, 12,
24, and 84 bushels per hectare or a second culti-
var that produced 46, 36, 41, 43, and 38 bushels
per hectare? Your choice would probably depend
greatly on the details of your social and economic
situation (for example, whether you had alterna-
tive crops or alternative sources of income, and
whether you had cash crops; Walker 1989), but
in many cases your concern over the 15percent
lower average yield of the second cultivar would
not outweigh concern over the year when the first
cultivar yields 12 bushels per hectare, especially
if you could not predict when that year would
come. Having the right seed cannot ensure that
you will not have variation in yield, but having

the wrong seed can guarantee that you will have
high variation. The “race horse” seeds we pro-
duce for resource-rich farmers may not always
be the best seeds for subsistence farmers. Our
contention is that there is a need to pay substan-
tially more attention to yield stability as we strive
for higher average yields. A more radical stance
is that increasing yield stability rather than in-
creasing average yield should be the primary
goal.

Because at the local level, drought, flooding,
and pests vary significantly from year to year,
cultivars bred with resistance or tolerance to any
of these disruptive factors would decrease yield
variation and could also result in increased aver-
age yield. Genetic engineering has improved and
should continue to improve, these traits, but care
must be taken in how this is done if a major goal
is decreased variability in yield.

Pest Resistance Management
and Yield Variation

Crop breeders have long known that some
conventionally bred cultivars with resistance
to insect and microbial pests may perform won-
derfully for the first few years after they are de-
ployed commercially, but then fail miserably in
controlling the targeted pests in later years be-
cause the pest has evolved a way to cope with
the resistance mechanism in the cultivar. Some-
times there is a slow decline in effectiveness of
the cultivar, but in other cases the onset of con-
trol failure is rapid and unpredictable. If you are
a subsistence farmer, the failed performance of
such cultivars can mean hardship, especially if
the cultivar had previously performed well and
long enough for you to gain confidence in it. In-
deed some of the criticisms of the Green Revolu-
tion of the 1960s and 1970s centered on rice
cultivars that were rapidly adapted to by insect
and microbial pests. For example, brown plant-
hopper populations adapted to the single-gene
resistance in the first Green Revolution rices
within 2-3 years of their widespread cultivation
(Gallagher, Kenmore, and Sogawa 1994), and
single-gene resistance to the rice blast fungus has
been notoriously unstable (Ou 1985). The longev-
ity of cultivars with single blast resistance genes
in Japan has been less than 3 years (Kiyosawa
1982).
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In industrial countries, breeders and seed pro-
ducers sometimes try to deal with pest adapta-
tion to widely used crops that have one resistance
mechanism by maintaining, in reserve, replace-
ment cultivars with different resistance mecha-
nisms, for example wheat rust (McIntosh and
Brown 1997). These systems are sometimes able
to replace cultivars in a single season as was the
case with the southern corn blight epidemic in
the USA. In developing countries, instituting such
a system for subsistence crops is difficult or im-
possible because of limited infrastructure and
resources.

Not all pest-resistant cultivars are rapidly
adapted to by their target pests. Entomologists
and plant pathologists have worked hard to pre-
dict whether a specific resistant cultivar is likely
to work well for a long time under field condi-
tions. This characteristic called “durable resis-
tance” has proven to be partially predictable, but
many plant pathologists are only willing to judge
the durability of a specific type of pest resistance
in retrospect.

The general problem of pests adapting to any
approach used to control them has been the bane
of agriculturalists for centuries. Weeds, patho-
gens, and insects have all overcome various cul-
tural, chemical, and biological approaches used
for their control (Gould 1991). Over 500 insect
species are known to have adapted to at least one
insecticide (Georghiou and Lagunes 1988), and
it often takes less than three years for this adap-
tation to evolve (Forgash 1984). In many devel-
oping countries this can severely disrupt food
production because replacement insecticides
are often not available, and the beneficial in-
sect populations have been decimated by insec-
ticide use.

In 1997 and 1998, there was a tragic series of
over 400 suicides among cotton farmers in Andra
Pradesh, India in response to crop failures that
were in part the result of pest adaptation to in-
secticides (Verma 1998; McGirk 1998). The farm-
ers were heavily in debt because of several
seasons of crop failures, caused by irregular rain-
fall and heavy infestations of the insect pests
Spodoptera litura and Helicoverpa armigera. Appli-
cation of large doses of highly toxic insecticides
such as monocrotophos and methomyl were not
effective because of pest resistance to these com-
pounds, and their toxicity to predatory and para-

sitic arthropods which otherwise could have pro-
vided some level of natural biological control.

In the 1970s entomologists, plant pathologists,
and weed scientists began a concerted effort to
use knowledge of evolutionary biology and
population genetics to develop strategies for
slowing the rate at which pest populations
evolved adaptations to control tactics such as
pesticides and pest-resistant crops. This approach
called “pest resistance management” now seems
highly appropriate for crops developed using
genetic engineering, because there is good rea-
son to predict that some approaches to the
development and deployment of engineered
pest-resistant crops will last much longer than
others.

Bt Crops as a Case History

When new genetically improved crops that ex-
pressed insecticidal proteins from Bacillus
thuringiensis (Bt) were first developed, there was
much concern in the United States about insects
adapting to these toxins. Unlike conventionally
bred resistant crops, where a resistance mecha-
nism can only be moved within a single crop spe-
cies, the Bt toxins were being moved into multiple
crops, so insects that fed on more than one crop
would get multiple exposures. Unlike insecticides
that are sprayed only during some time periods
in the season when pest pressure is high, the
newly developed crops produce the toxin all sea-
son long, so all insects in a population can be ex-
posed to the toxin. Everything known about pest
adaptation indicated that overuse of such crops
could give great control for a limited number of
years followed by failure (Tabashnik 1994).

In the United States there was one other perti-
nent fact about Bt crops. B. thuringiensis, the bac-
terium that was the source of the toxin genes in
the crops, has long been sprayed on crops by or-
ganic farmers and others as an alternative to
chemical insecticides. Organic farmer groups and
their supporters protested that the overuse of Bt
toxins in genetically engineered crops, and the
subsequent development of adapted pests, would
leave them without an effective pest control tool.
This highlighted two issues: one was the plight
of the organic farmer and the other was the
unique, environmentally benign nature of Bt tox-
ins compared to conventional pesticides. A set of
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Bt toxins, sometimes referred to as Bt endotox-
ins, were known from previous uses to be effec-
tive at killing either some caterpillars or some
beetle species, but they had no effect on almost
all other species. From an environmental perspec-
tive these are wonderful toxins, and unless other
toxins with this high target specificity can be
quickly found, the overuse and loss of Bt toxin
efficacy in transgenic crops could send cotton and
potato farmers back to spraying environmentally
disruptive chemicals.

All of the above issues led the United States
Environmental Protection Agency (US-EPA) to
finally require that Bt crops be developed and
deployed in a manner that would decrease the
risk of rapid pest adaptation. EPA staff have
worked hard in pushing companies to develop
workable resistance management plans (Matten
1998), but to date this has only been partially suc-
cessful. It is worth examining some of the pro-
cesses that led to the current situation in the
United States to understand better some of the
issues that will face developing countries if they
attempt a similar approach. We are not privy to
all of the workings of the US-EPA so we can only
provide an observer’s perspective.

Bt-Resistance Management

Prior to the commercialization of any genetically
improved crops, the US-EPA held meetings of Sci-
entific Advisory Panels to get advice from experts
outside EPA regarding risks of genetically im-
proved crops. One of the recommendations of
these panels was to institute resistance manage-
ment programs. When EPA granted conditional
registrations for the first Bt corn cultivars in 1996,
one of the conditions was the development of re-
sistance management plans by the year 2000. The
EPA felt that such plans were not immediately
needed because they expected adoption of these
Bt cultivars to proceed more slowly than it actu-
ally did. The conditional registration for Bt cot-
ton included a resistance management plan, but
this plan is now being reexamined because it lacks
rigor. More recent conditional registrations of
newer corn cultivars have included more strin-
gent resistance management plans. The imposi-
tion of resistance management plans is something
new for the US-EPA and the agency has been gain-
ing sophistication in this area over time.

In 1998 the EPA convened a Scientific Advi-
sory Panel to reassess the issue of Bt resistance
management. The report of this panel (EPA 1998)
laid out some clear recommendations to the EPA.
After considering a number of potential resistance
management strategies, the panel recommended
that “a refuge/high dose strategy must be em-
ployed for target pests within the current under-
standing of the technology.” They added that
“regulatory strategies should serve to provide
growers with a sustainable approach that encour-
ages compliance.” These were important recom-
mendations worthy of careful examination.

We would like to discuss the refuge/high dose
strategy in some detail because it is often misun-
derstood. The high dose portion of this strategy
is most easily understood by analogy to the use
of antibiotics. When doctors prescribe antibiotics
they often give their patients the admonition that
even if they feel completely cured after three days,
they should continue to take the antibiotic for the
full time prescribed. The reason for this is to pro-
duce a high dose of antibiotic for an extended
time period that will kill even those rare bacte-
rial cells that have a mutant gene conferring par-
tial tolerance of the antibiotic. After three days
you may have killed 99 percent of the targeted
bacteria, but if the 1 percent that survive have a
gene that confers partial tolerance and are trans-
mitted to another individual, his or her infection
will be more difficult to treat. More importantly,
when that next individual takes the antibiotic, the
partially tolerant bacteria may evolve even higher
tolerance if among the millions of bacteria in-
volved in the infection there are a few bacteria
with other mutations that add to the tolerance
conferred by the initial mutation. When a patient
takes an antibiotic for the full period prescribed,
the expectation is that even the partially tolerant
bacteria will be killed. As long as it takes more
than one evolutionary step to result in complete
tolerance of the antibiotic, the prolonged use of
the antibiotic should derail the adaptive process
by inhibiting the first step.

The use of a high dose of Bt toxin in crops
serves a similar (though not identical) purpose.
In all cases studied to date it takes more than one
gene, or at least more than a single copy of a gene
(heterozygous condition) to confer high tolerance
of Bt toxins (Tabashnik 1994; Shelton and Roush
1999). When Bt crops are first commercialized it
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is estimated that about 1 in 1000 individuals may
carry one copy of a gene for tolerance of Bt, and
only 1 in 1 million would carry the two copies
needed to achieve a high level of tolerance (Gould
and others 1997). The high dose approach is set
up to ensure that each plant that produces Bt toxin
produces enough to kill most of the partially tol-
erant individuals.

But if the high dose is used by itself, some in-
sects out of the billions that can infest a local area
may have two copies of the gene. If they survive
and mate, the Bt crops could rapidly lose effec-
tiveness. This is where the refuge part of the “ref-
uge/high dose” approach comes in. All of the
current target insects for Bt crops are obligately
sexual. That means that they must mate to repro-
duce, and that their offspring obtain half of their
genes from each parent. If a small portion of a
farm is planted to a cultivar that does not pro-
duce Bt toxin this area serves as a refuge for
Bt-susceptible insects. Because the highly toler-
ant insects are expected to be so rare, they are
likely to mate with susceptible insects produced
in the refuge. The offspring of these matings will
have only one gene for tolerance, and so will be
killed if they feed on a Bt-producing plant. By
combining the refuge and the high dose, this strat-
egy derails the evolutionary process as long as
more than one gene copy is required to survive
the high dose. Pests can eventually adapt to such
a strategy but the time period required can be 10
to 100 times longer than expected if this strategy
is not implemented.

The 1998 EPA Scientific Advisory Panel was
clear about what constitutes a high dose and what
constitutes an effective refuge. They defined a
high dose as 25 times the amount of toxin needed
to kill susceptible target insects. They concluded
that an effective refuge existed when for every
insect with a resistance gene produced in the Bt
crop there would be 500 susceptible insects pro-
duced that could mate with the resistant insects.
These are stringent requirements and they work
in concert. If a crop does not quite produce a high
dose, the expected number of insects with at
least one resistance gene increases. This results
in the need for a larger refuge to produce the
1:500 ratio.

How do these recommendations line up with
Bt crops that are now on the market in the United
States? With Bt potato the data indicate that there

is a high dose for the target pest, Colorado po-
tato beetle (Perlak and others 1993). However, it
is not confirmed that farmers are planting effec-
tive refuges. With corn, most cultivars produce a
high dose for the European corn borer, but not
for the corn earworm (Andow and Hutchison
1998). Refuges currently appear large enough for
the European corn borer, in part because of lack
of full adoption of Bt corn, but the refuges may
sometimes be too far from the Bt corn to allow
insects from the refuge to cross-mate with insects
from the Bt crops. In cotton there is a high dose
for the tobacco budworm (a major cotton pest)
but not for the corn earworm (also called the cot-
ton bollworm in cotton) (Gould and Tabashnik
1998). Proposed refuges of about 10 percent are
expected to be sufficient for the tobacco bud-
worm, but may not be sufficient for the cotton
bollworm. There appears to be a high dose in
cotton for the pink bollworm, but this has not
been completely confirmed. There is certainly
room for improvements when the producers of
Bt crops present their new resistance management
plans to the US-EPA in 2000.

Implications for Developing Countries

If the United States is struggling to meet the re-
quirements for resistance management plans,
what does this mean for developing countries?
Monsanto has already entered joint ventures in
China to produce Bt cotton. At a recent USDA/
EPA workshop (August 1999, Memphis, TN),
there was debate as to whether similar resistance
management strategies would be required in
China. The expert statement was conditioned on
the assumption that no Bt corn was grown in
China. If that assumption held then the targeted
Chinese pest on Bt cotton, Helicoverpa armigera,
could utilize non-Bt corn to produce the Bt-sus-
ceptible insects. It appears that there now will be
Bt corn grown in China, and the Bt cotton that is
being planted in China does not have a high dose
for the target insect. This is not the kind of sce-
nario that is likely to retard the evolution of
adapted pests. If Chinese farmers and adminis-
trators come to rely on Bt corn and cotton in the
next few years using the current technologies and
risk management, there is a clear risk that yields
will show variation over time. (It is important to
note that one reason that Chinese farmers need
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Bt cotton is the fact that the target insect pest,
Helicoverpa armigera, has adapted to conventional
insecticides and can not be effectively controlled.)

There is economic pressure in many develop-
ing countries to adopt Bt crops that were devel-
oped to control U.S. pests. If these crops are sold
as “second hand” cultivars to these countries, it
is hard to imagine that they will usually be effec-
tive at thwarting pest adaptation. Unless there
are careful contingency plans to deal with the
eventual failure of these cultivars, their adoption
by developing countries could lead to higher than
necessary yield variation. For example, it has been
argued that situations such as that in Andra
Pradesh demonstrate the urgent need for the re-
lease of Bt cotton in India. Two kinds of Bt cotton
have been field-tested in India: one from the
Monsanto Company and one produced by an
Indian research institute. Many farmers will be
eager to adopt Bt cotton, which can help to con-
trol S. litura and H. armigera. The availability of
Bt cotton may also attract many new farmers to
invest in growing cotton. However, if a carefully
designed resistance management plan is not
implemented, the farmers may suffer another
severe setback in a few years should the pests
adapt to the Bt cotton. In desperation, these farm-
ers may again turn to highly toxic insecticides,
repeating a tragic cycle.

It is often said that by the time insect pests
adapt to Bt crops, biotechnology will develop re-
placements. If it was easy to develop replace-
ments, competitive market pressures in the U.S.
cotton and corn seed trade would have already
resulted in alternative toxins being produced. The
only even marginally novel toxin in corn is the
Cry9C Bt toxin that AgrEvo has marketed, but
because of health concerns, the US-EPA has ap-
proved its use only in corn grown for livestock
feed. It has been said that the people with the most
to lose from pest adaptation to Bt toxins are those
who own the companies that own the genetically
engineered seeds, but the aggressive stances of
some companies against implementation of re-
sistance management plans recommended by US
crop scientists does not, however, indicate sin-
cere concern. An explanation for this discrepancy
could be that as with the pesticide market, most
of the important profits from Bt crops are ex-
pected to come in the first years of widespread

use, and resistance management could interfere
with these early profits. Public and commercial
interests are therefore expected to classh.

Bt Resistance Management in Rice

International agricultural research centers such
as IRRI (International Rice Research Institute)
have devoted significant resources into develop-
ment of resistance management strategies. At
IRRI, research has led to a much better under-
standing of the type of Bt rices and cultivar de-
ployment strategies that will be needed to arrest
adaptation to Bt rices by two major stem- boring
pests (Cohen and others 1997). It is clear from this
research that even if high dose plants can be de-
veloped, it will be difficult to institute effective
refuge systems in subsistence, rice growing sys-
tems. Seed mixtures of a Bt and non-Bt varieties
will be easier for farmers to establish, but studies
of the biology of the target pests indicate that
field-to-field refuges will be more effective
(Cohen et al. 1997; A. Dirie, N.L. Cuong, M.B.
Cohen, and F. Gould, unpublished data). In some
industrial countries, it has been possible to legis-
late and enforce the use of refuge fields by farm-
ers growing Bt corn and Bt cotton (Andow and
Hutchinson 1998, Gould and Tabashnik 1998). It
will presumably be quite difficult to implement
the use of refuges by farmers in developing coun-
tries, where farm sizes are small, the numbers of
farmers is very large, and there is limited com-
munication with farmers through extension
agents or other means.

The best way to get around the problem of less
than optimal refuges is to build reinforced high-
dose cultivars. So far, the best way to do this
seems to be by producing cultivars with high
doses of two types of toxins that each require a
different adaptive mechanism in the insect pest
(Gould 1991; Roush 1997). For an insect to sur-
vive on such a plant, it would need to carry mu-
tations at two genetic loci, one conferring
resistance to each toxin. Insects with two copies
(homozygous) of the mutations at both loci will
be rare in pest populations that have had limited
or no previous exposure to the toxins. Thus
smaller refuges would suffice to prevent mating
between two resistant individuals. For example,
with a variety that produces two toxins it might
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be sufficient for a village to have 5 percent of its
fields planted to non-Bt varieties, compared to
the 25 percent refuge that might be necessary to
provide good resistance management for a Bt
variety that produced only one toxin.

For varieties genetically engineered with two
toxins, it would be ideal if one toxin was a Bt
delta-endotoxin (the class of toxin used in all Bt
crops produced so far), and the second was from
an unrelated class of toxins. Unfortunately, as
noted above, additional classes of toxins that have
all of the advantages of delta-endotoxins have
been difficult to find. The best that can be done
at present is to select pairs of delta-endotoxins
that are highly dissimilar in amino acid sequence
(some pairs of toxins sharing as little as 20%
amino acid similarity, Feitelson, Payne, and Kim
1992) and that have been shown to bind to differ-
ent target proteins in the midgut of the insect pest
(Van Rie 1991; Gould 1991). Such combinations
of toxins have been identified for several impor-
tant pests (Gould 1998). Unfortunately, in at least
two pest species, strains have been identified that
have broad-spectrum resistance to widely diver-
gent delta-endotoxins (Gould and others 1992;
Moar and others 1995). In addition, given that
industrial countries are having difficulty in de-
veloping alternative toxins, this will certainly be
a high hurdle for international research centers
and national agricultural research systems, un-
less assistance is received from industrial coun-
tries in the form of substantially increased
research funding or donation of patented tech-
nology

Regulatory Requirements

The development and implementation of any re-
sistance management plan in developing coun-
tries will require action by national biosafety
committees, departments of agriculture, or other
regulatory bodies. National biosafety committees
in developing countries have made impressive
progress in drafting and implementing biosafety
regulations for the importation and testing of
transgenic crops. For example, within the past 10
years regulations for field testing have been es-
tablished by China, India, Thailand, and the Phil-
ippines. Regulators in developing countries have
shown an awareness of the importance of resis-

tance management, but have not yet faced the
challenge of producing a specific plan for a spe-
cific Bt crop. As Bt crops begin to approach com-
mercialization in developing countries, it is
important that international organizations such
as ISNAR (International Service for National Ag-
ricultural Research) and others, which have
helped to train national biosafety committee
members, expand coverage of the resistance prob-
lem in their training courses and workshops.

Conclusion

In the above discussion we have only touched
on some of the problems inherent in developing
pest-resistant cultivars that can be expected to
sustainably decrease yield variation. While it
will not be difficult to spread pest resistant cul-
tivars around the world in the next few years,
it will be difficult to do this in a way that increases
long-term food security and thereby decreases en-
vironmental risks. We must soon decide if sus-
tainable pest-protected crops will be a priority in
international agricultural research.
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