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Wicked evolution: Can we address
the sociobiological dilemma
of pesticide resistance?

Fred Gould,">* Zachary S. Brown,® Jennifer Kuzma"*

Resistance to insecticides and herbicides has cost billions of U.S. dollars in the
agricultural sector and could result in millions of lives lost to insect-vectored diseases.
We mostly continue to use pesticides as if resistance is a temporary issue that will

be addressed by commercialization of new pesticides with novel modes of action.
However, current evidence suggests that insect and weed evolution may outstrip our
ability to replace outmoded chemicals and other control mechanisms. To avoid this
outcome, we must address the mix of ecological, genetic, economic, and sociopolitical
factors that prevent implementation of sustainable pest management practices.

We offer an ambitious proposition.

he first documentation of resistance evolv-

ing to an insecticide was published in 1914,

and the researcher who discovered the

problem emphasized that if we did not

develop approaches for more judicious
use of insecticides, the problem of resistant
pests would continue (7). Although agricultur-
alists have developed the field of “resistance
management,” with more than 3000 publica-
tions since 1980 (2), we mostly continue to use
insecticides and herbicides (hereafter collective-
ly called pesticides) as if resistance is a temporary
issue that will be solved by commercialization
of new products with novel modes of action
(3). Evolution of resistance by arthropods and
weeds to control measures costs billions of U.S.
dollars per year (4, 5) and may lead to loss of
millions of lives (6). Breakthroughs in chem-
istry and molecular biology may provide many
new pesticides and novel methods for pest con-
trol, but there is also a considerable chance that
the evolution of pest resistance will outpace hu-
man innovation.

Consider the case of malaria, where the use
of insecticide-treated bednets (ITNs) and in-
door residual sprays (IRS) is estimated to have
averted more than 0.5 billion cases of malaria
between 2000 and 2015 (7). Resistance is evolv-
ing to the insecticides used, and there is growing
concern over resurgence of the malaria-vector
mosquito populations (6). Although efforts are
being made to develop new insecticides aimed
at mosquitoes (8), it is not clear that the new
compounds will become available soon enough
and be as cost-effective as the current ones.
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In 1996, companies commercialized genet-
ically engineered crops that were not harmed
by glyphosate, an herbicide that has broad-
spectrum toxicity to weed species. The flexi-
bility and profits that these crops brought to
farmers resulted in over 90% of U.S. maize
(corn), soybean, and cotton hectares planted
to herbicide-tolerant varieties by 2014 (9).
The accompanying widespread use of glyph-
osate resulted in more than 40 weed species
evolving resistance and consequently diminished
the utility of the herbicide-tolerant crop vari-
eties (10) (Fig. 1, left). To address this prob-
lem, companies have reengineered crops to be
tolerant of the plant hormone (auxin)-mimicking
herbicides 2,4-D and Dicamba. These herbicides
were first commercialized in 1945 and 1967, re-
spectively. This reaching back to the past has
become necessary because no herbicides with
new modes of action have been commercialized
in more than 30 years (1I). Weed species have
evolved resistance to every herbicide class in
use (Fig. 1, right), and more than 550 arthropod
species have resistance to at least one insecti-
cide (Fig. 2). Cases have emerged where no pes-
ticide remains effective. In Australia, weeds in
wheat became resistant to all herbicides avail-
able and resulted in farmers designing machines
to harvest weed seeds for population suppres-
sion [e.g., 12].

If we are to address this recalcitrant issue of
pesticide resistance, we must treat it as a “wicked
problem,” in the sense that there are social, eco-
nomic, and biological uncertainties and complex-
ities interacting in ways that decrease incentives
for actions aimed at mitigation. Here, we sum-
marize the interacting factors and conclude
with a call for government support of ambitious
landscape-level experiments to assess which pes-
ticide use strategies decrease resistance risks.

Ecology and genetics

Insecticides and herbicides are typically designed
to disrupt or mimic a single biologically active

protein that is critical to survival of a pest or-
ganism. Protein targets in insects are typically
involved in function of the nervous system, but
some more recently developed insecticides af-
fect growth and development. Herbicides often
target enzymes involved in photosynthesis or
growth patterns.

Resistance can emerge from a single mu-
tation making a protein less susceptible to
action of the pesticide. Alternatively, a single
mutation can increase the amount or effici-
ency of an enzyme that degrades the insecticide
or herbicide. These two modes of resistance
are common (13, 14), but other forms of re-
sistance have been found that involve gene
duplication or multiple genes acting together,
each with a small but additive impact on re-
sistance (15).

One or two locus population genetic models
permit a general understanding of pesticide
resistance evolution. More realistic, predictive
models require combining population genet-
ics with empirical data on population biology
(e.g., life history, mating behavior, and gene
flow) of the pest species and the fitness of each
genotype in environments with and without
the pesticide (i.e., fitness cost). Accurate data
on these parameters are difficult to collect and
can vary among localities. Most insecticides are
sprayed at a specific concentration on a given
crop, but over time the insecticide decays, so
insects contacting a sprayed plant 1 day versus
10 days after the spraying encounter different
doses. The dose on day 1 might kill 90% of
insects homozygous for the susceptible allele
and only 10% of those homozygous for the
resistant allele, while on day 10, only 20% of
the susceptible homozygotes would die. If
most of the insects were encountering the
insecticide-treated plant on day 1, the rate of
resistance evolution would be predicted to be
faster than if most of the encounters were on
day 10. To further complicate matters with in-
secticides and herbicides, not every sprayed
plant or plant leaf receives the same amount
of pesticide. In sexually reproducing weeds
and insects, the rate of resistance evolution is
strongly influenced by the relative fitness (dom-
inant to recessive) of heterozygotes, and this
sometimes depends on the dose of pesticide
encountered in the field (Fig. 3). Thus, it is dif-
ficult (and controversial) to determine whether
resistance is expected to evolve more rapidly
to higher or lower application concentrations
of a pesticide [e.g., 16, 17].

Even more complexity arises in attempts to
predict resistance evolution when combinations
of pesticides are applied (18, 19). Although the
idea that such combinations will slow resistance
evolution is theoretically controversial and lacks
empirical support, mixtures are often recom-
mended at the field level (75).

Although there is high uncertainty regarding
many resistance management choices, under al-
most all circumstances entomologists agree that
using an integrated pest management (IPM) ap-
proach that results in fewer insecticide applications
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should decrease the rate of resistance evolu-
tion (I8).

Toxins derived from the bacterium Bacillus
thuringiensis (Bt) have been widely used in
engineered insecticidal crops. Here, varia-
tion in the dose of toxin received by insects
is less of a problem (20). Engineered plants
can produce season-long Bt-toxin concentra-
tions that, for some insect pests, Kill all sus-
ceptible individuals and almost all heterozygotes
(21). Season-long consistently high toxin doses,
when coupled with a percentage of the crop
planted to a nontoxic variety (i.e., that act as
refuges for susceptibility) is predicted to slow
resistance evolution by a factor of 10 to 100. This
strategy is known as the high-dose/refuge ap-
proach (17) and has been used for more than
20 years with some target pests. Tabashnik
and Carriére (22) have examined 30 cases of
long-term planting of Bt-toxin-producing crops:
In nine cases where a high dose of Bt was
achieved, neither economically important tar-
get pest resistance nor early warnings of re-
sistance were found, but in 17 of 21 cases in
which high doses were not achieved, resist-
ance had evolved or showed evidence of emer-
gence. Some of the cases of resistance occurred
in low- or middle-income nations where refuges
were not planted or where the crop varieties
were not engineered for the relative suscepti-
bility of the local pests and therefore did not
maintain a high enough toxin dose.

The focus in the resistance management lit-
erature is on resistance to chemical control,
but widespread use of other control tactics—
including biological control, crop rotation, and
hand weeding—also faces the challenges of re-
sistance evolution (23). For example, the north-
ern and western corn rootworms, which are

mostly restricted to feeding on maize (corn)

Increase in glyphosate-resistant
weeds worldwide

roots as larvae, have evolved resistance to the
rotation of maize and soybean. One species
has evolved to mostly overwinter as an egg
for 2 years instead of 1, so when there is a
typical 2-year rotation of maize and soybean,
the larvae emerge from the hatching eggs in
time for the next maize planting. The other

“..lve must treat it [resistance]
as a ‘wicked problem,’ in the
sense that there are social,
economic, and biological
uncertainties and complexities
interacting in ways that
decrease incentives for actions
aimed at mitigation.”

species evolved to lay some of its eggs in the
soil beneath soybean plants, “anticipating” maize
in the next season. Most amazingly, some weeds
have evolved to look like rice plants and thus
avoid hand hoeing, and others have evolved
seeds that mimic those of the crop they infest
and are replanted along with crop seeds (23).
Whenever humans act in any way to de-
crease the fitness of an insect or weed, natural
selection is likely to result in a response. Insect
growth regulators that mimic hormones were
at one time considered resistance-proof insec-
ticides, but in the end this tactic did not deter
evolution of resistance (23). Ultimately, even with
all of the biological uncertainties involved in

resistance management, it remains the only cur-
rent option for limiting the economic and social
impact of pest evolution.

Economic perspectives

Pesticide resistance has both economic causes
and economic consequences. Agricultural ben-
efits lost from resistance in the United States
have been estimated at about US$10 billion per
year (5). Globally, reliance on pesticides has been
increasing (24), exacerbating the impact of re-
sistance. Pesticides also bear costs for the envi-
ronment and public health (24). Some pesticides,
such as Bt toxins (used either in engineered crops
or in organic agriculture), have replaced broader-
spectrum pesticides that were more toxic to
nontarget organisms (24). Hence, a loss in the
effectiveness of Bt toxins owing to resistance
has environmental consequences if we revert
to a less target-specific replacement. This ra-
tionale has been used in the formulation of gov-
ernment regulations for managing resistance
to Bt crops (I7).

Insecticide resistance in public health is
also imposing substantial damages, although
fewer studies are available that quantify the
economic costs. Model-based analysis has shown
that if disease vector resistance to pyrethroids
becomes widespread, cases of malaria averted
with ITNs could decline by 40% (25). Coupled
with the estimate that bednets averted more
than 65 million clinical malaria cases in sub-
Saharan Africa in 2015 (7), and assuming that
this figure provides a lower bound for potential
cases averted in subsequent years, this would
imply around 26 million additional clinical cases
of malaria per year as a result of widespread
vector resistance. Assuming an approximate
lower bound cost of illness of at least $10 per
malaria episode (26), insecticide resistance could
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Fig. 1. Weed species with resistance to herbicides. (Left) Cumulative number of weed species with resistance to glyphosate. (Right) Cumulative
number of weed species with resistance to herbicides in the major mechanism of action groupings.
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conservatively cost sub-Saharan Africa at least
$260 million per year.

Although these numbers make clear that
the potential costs are large enough to warrant
stronger policies for managing pesticide re-
sistance, they do not tell us exactly what return
society might expect from different investments
in resistance management. The most basic insight
from economics is that efficient pesticide use
should weigh current net benefits of use against
the costs of lost future effectiveness (27). To
assess these future costs, economic discounting
and the uncertainty of developing replacement
pest control technologies must be factored in.
As yet, the user costs of resistance are not com-
puted in any systematic way, although recent
methods for computing prices for natural cap-
ital and ecosystem services could be applied (28).

Laxminarayan and Simpson (29) have ana-
lyzed the optimal refuge sizes for managing pest
resistance to Bt crops. They found that fitness
costs of resistance are critical for determining
whether refuges are economically efficient in
the long run. Fitness costs determine whether
susceptibility can be renewed after accumulat-
ing high levels of resistance in the pest popula-
tion. If this renewal rate is less than an expected
rate of return on financial assets, then it is op-
timal in the long run to deplete pesticide sus-
ceptibility. Likewise, the importance of fitness
costs has been shown for economic management
of resistance to pyrethroid insecticides in malaria
control (30) and agriculture (31).

Fitness costs, dominance, and initial frequen-
cies of resistance genes remain highly uncertain
in field settings for many pesticides. However,
reducing uncertainty is costly, and better infor-
mation may be more actionable for some of these
factors than others, as has been shown for ma-
laria vectors (32). For example, more certainty
about the efficacy of noninsecticidal alternatives
may be more valuable than better information
about the fitness costs of resistance.

Ultimately, the costs of pesticide resistance
to users depend on available control alterna-
tives. However, no herbicides with new modes
of action have been commercialized in more
than 30 years, and the estimated cost of dis-
covery of new insecticides has increased by a
factor of eight in the past 50 years (33). Other
tools with demonstrated effectiveness at man-
aging resistance within an IPM framework range
from biocontrol (34) to the sterile insect tech-
nique (35), but the implementation of these
approaches is costly and complicated.

Pesticide susceptibility shares properties of
a common pool resource (36). One party’s use
of a pesticide draws down the stock of sus-
ceptibility to that pesticide available not only
to that party but also to other users. Further-
more, one user cannot limit use of the stock
by others. The result is that users overexploit the
resource relative to what would be econom-
ically efficient. One solution is to tax pesticide
use to reflect the marginal user costs of resist-
ance and the negative environmental impacts
of pesticides. Four European countries have im-
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Fig. 2. Arthropods with resistance to
insecticides. Data from 1910 to 2010
showing total number of species (dark blue
dotted and dashed line), total number of
cases of resistance to any insecticidal
compound reported from a new location
(green dashed line), and total number

of compounds with resistance found in at
least one arthropod species (light blue
dashed line) (56).

plemented pesticide taxes based on these mo-
tivations, although practical challenges impede
their broader adoption (37).

One rationale supporting the laissez-faire
management of weed resistance to glyphosate
was the erroneous assumption that weeds were
relatively immobile (3). This contrasts with ex-
tensive regulation of Bt crops to manage in-
sect resistance, where the mobility of target

pests of Bt crops was explicitly used as one
rationale in refuge policies (17).

Because the use of Bt crops and other con-
trol tactics can result in suppression of the
target pest over wide areas, incentives for
overexploitation of susceptibility can be coun-
terbalanced by the public good of areawide pest
suppression. For example, areawide suppres-
sion of the European corn borer in the U.S.
Midwest from use of Bt maize reduced pest dam-
ages by $2.4 billion among growers of non-Bt
maize (38). Subsequent modeling shows that
this areawide protection incentivizes planting
of non-Bt varieties (39), which is predicted to
slow resistance evolution further.

Sociopolitical perspectives

Efforts to decrease the uncertainties of pest
resistance are critical to effective management,
but an understanding of how these aspects in-
tersect with social and political factors is also
needed. Currently, the emphasis is on educa-
tional and incentive programs. However, these
have not substantially improved resistance man-
agement and, as Ervin and Jussaume explain,
“often fail to take into account the fact that
farm-level decision-making takes place within
complex social-cultural settings” (40). Socio-
political research in this area applies at the
level of the individual (micro level), the com-
munity (meso level), and the federal government
or nation-state (macro level). Sociopolitical ap-
proaches have rarely been applied to resistance
management, so concepts and examples must
be drawn from other settings.

Individual level

The individual level of decision-making about
pesticide use and resistance management most-
ly resides with farmers. In public health, house-
holds are often the key micro-level decision-
makers, as in the case of whether or how to use
a bednet. Most research on individuals’ per-
ceptions and decisions about pesticide use is
framed around economic models of demand
for pest control and risk reduction (47, 42) and
does not specifically address resistance. Re-
sistance management could benefit from risk
perception studies that have been used to an-
alyze other technologies. Such studies would
shed light on how factors associated with (i)
technological options (e.g., controllability and
familiarity), (ii) individuals themselves (e.g.,
culture, demographics, and worldviews), or (iii)
risk managers and communicators (e.g., level
of trust and perceived fairness) influence peo-
ple’s perception of risk and motivate them to
take action for reducing resistance.

Community level

At the community level, social systems can sup-
port or interfere with resistance management
programs and compliance. Social capital has
been correlated with positive effects on IPM
and sustainability, especially in developing na-
tions (43). Research on network ties and social
capital among U.S. farmers, and their relationship
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to the successful implementation of resistance
management programs, could shed light on
how to enhance collective action.

Because pest susceptibility can often be con-
sidered a common pool resource, Ostrom’s work
on the governance of such resources suggests
that resistance may sometimes be better man-
aged by on-the-ground, networked communities
generating their own rules and norms for pes-
ticide use (44) than by more formal, top-down
governance. Regional programs, such as weed
management areas, in which local farmers vote
to implement different resistance management
strategies (40), fit this model. In another ex-
ample, pink bollworm resistance to Bt cotton in
the southwest United States has been effectively
delayed through voluntary cooperative initia-
tives and cost-sharing between regional grower
associations and the U.S. Department of Agricul-
ture (35). In terms of management tools, policy
process frameworks, such as institutional anal-
ysis and development, can inform the design,
implementation, and evaluation of common pool
resource governance systems (44, 45). Behavioral
tools, such as social marketing, to engender
norms for resistance management have also
shown recent promise (46), but further research
is needed.

Macro level

Systems theory and thinking at the macro
level can help to uncover the underlying fac-
tors contributing to policy problems, such as
resistance management, by taking complex-
ity and multiple types of competing and in-
tersecting forces into account (47). In complex
situations, quite often the most intuitive pol-
icies have immediate benefits but over time
exhibit counterintuitive behavior (i.e., policy
resistance) and fail owing to unanticipated
feedback (48). For example, the price of maize
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rose in the first decade of the 21st century in
large part due to ethanol mandates in mid-
western states, as well as subsidies and higher
oil prices. This led to a near-term economic ad-
vantage for farmers who stopped rotating maize
with soybeans and instead planted maize con-
tinuously (49). The continuous planting of Bt
maize could have led to higher pest resistance
to Bt in those areas, an issue that requires fur-
ther investigation.

Political economy studies at the macro lev-
el can also uncover underlying tensions and
barriers to effective solutions. For example,
chemical companies will desire to sell more

“Lacking data from bold
experiments, we will likely
Jjust learn that heavy use of
2,4-D and Dicamba results in
weed resistance and that we
have an even more critical
need for herbicides with new
modes of action.”

pesticides and increase short-term company
profits. Sales tactics will compete with gov-
ernment regulators’ desires to contain pesticide
use to mitigate health and environmental risk.
However, recognizing the need to protect the
efficacy of their products over the long term,
some biotechnology companies selling Bt crop
seed have partnered with federal agencies and
farmers to implement resistance management

programs. For instance, the selling of seed bags
with a mixture of Bt and non-Bt seeds allows
companies to maintain their level of product
sales while complying with regulatory guide-
lines. It also improves compliance by farmers,
although it decreases a farmer’s ability to con-
trol the situation and might therefore increase
their perception of risk and decrease trust at
the micro level.

National research policy affects how much
knowledge and data we have on all of the fac-
tors relating to pest resistance and manage-
ment. Gaps in biological and economic research
are affected by the national priorities of each
political administration but have traditionally
been underresourced, despite their importance
to the growing challenge of resistance manage-
ment (50).

A way forward?

We have seen how pesticide resistance is a
“wicked problem” arising from interacting un-
certainties and competing interests that decrease
incentives for action. A pessimistic conclusion
would be that the status quo of little action will
hold until a major crisis arises. A more proac-
tive stance is challenging but likely to be less
costly in the long run, so we conclude by sug-
gesting two optimistic ways forward.

First, in the case of engineered insecticidal
crops, a natural experiment has already been
performed, and we know with some certainty
what action needs to be taken to develop high-
dose/refuge approaches that when tailored to
specific systems will slow resistance evolution.
Still, we must overcome competing interests
that hinder our ability to build the political will
on the part of governments to work with com-
panies and farmers to ensure appropriate de-
velopment and use. As observed by Foley (51),
“GMOs [genetically modified organisms] have

Dose of pesticide

Fig. 3. Response to selection for resistance to toxins. (Left) The solid
dark blue lines show the generally expected relationship between the
dose of toxin and the mortality of pests that are homozygous for
susceptibility alleles (SS), heterozygous (RS), and homozygous for
resistance (RR). The vertical, dashed red lines (numbered 1, 2, and 3)
show the expected mortality of the three genotypes at different

toxin doses. At dose 1, the RS and RR individuals similarly have no
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mortality, whereas the SS individuals have 50% mortality, so the
resistance trait is dominant. At dose 2, the RS mortality is intermediate
between SS and RR, so resistance is additive. At dose 3, there is
100% mortality of SS and RS and only 30% mortality of RR, so
resistance is recessive. (Right) Trajectories of increase over time in
resistance allele frequency when resistance is dominant, additive,
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frequently failed to live up to their potential,
not because they are inherently flawed, but
because they have been deployed poorly into
the complex social and environmental con-
texts of the real world.” Governments should
insist on feasible plans for strict enforcement
of appropriate use as a condition for commer-
cialization. Knowledge from the social and
natural sciences will be needed to guide such
governance.

The second and more complex challenge to
tackle is for conventional pesticides where
there is still a high degree of uncertainty about
what the best approaches are to stymie re-
sistance. Although we have data from small-
scale experiments, these are not sufficient for
understanding resistance dynamics at a land-
scape level. For crop insects and weeds, large-
scale, experimental agriculture, coupled with
technical innovation, must go hand in hand.
New breakthroughs in genomics and bioin-
formatics are providing tools that enable de-
tection of genomic responses of insects and
weeds to selection with pesticides [e.g., (62)].
These tools will put us in a good position to
conduct landscape-level experiments on the
order of thousands of hectares to decrease un-
certainty about the effectiveness of various re-
sistance management practices. It should be
possible to detect early genomic and biolog-
ical signs of resistance and to change manage-
ment practices before resistance becomes an
economic problem. Although these measures
will be expensive, complex experiments even
with the most localized pests, similar, large-
scale endeavors have been tried for eradica-
tion of specific insects and weeds, so some of
the groundwork has been laid. In addition,
such studies will require input from the social
sciences to gain appropriate community in-
volvement. Although large-scale experimenta-
tion is a substantial investment, in the United
States the cost to the federal government (i.e.,
to taxpayers) for crop insurance to cover crop
failures in 2011 was estimated at more than
$11 billion, with 265 million acres enrolled (53).
Policies are being pursued to encourage other
agricultural practices, such as cover crops for
soil conservation, by tying cover-crop planting
to discounts on crop insurance premiums (54).
Similar approaches could be used for pesticide
resistance management. The United States is not
the only country with crop subsidies. Certainly,
there is a way to use these public investments for
the public good of avoiding the long-term costs
of resistance.

The United States is about to begin a huge
experiment with the commercialization of en-
gineered crops resistant to the action of 2,4-D
and Dicamba. These two herbicides will likely
be used alone and in combination with glyph-
osate, despite a lack of knowledge about what
usage pattern would be best for decreasing the
emergence of resistance in weed populations
while maintaining economic viability. This ig-
norance is reflected in the literature from the
EPA and companies that simply tells farmers
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that diversified approaches to weed manage-
ment are best for delaying resistance, but with
no supporting evidence or incentives (55).

Governments and universities could adopt
incentive systems to create landscape-level ex-
periments to test different spray combinations,
rotations, or combined cultural and chemical
controls on large acreages. Genomic responses
of weeds would be monitored carefully enough
to eliminate any failed strategy before trouble-
some resistance evolved. Setting up such ex-
periments would require large investments and
highly skilled management of people and tech-
nologies. This may seem radical, but govern-
ments do make similar investments to decrease
erosion, maintain conservation reserve programs,
and subsidize crop-loss insurance. Lacking data
from bold experiments, we will likely just learn
that heavy use of 2,4-D and Dicamba results
in weed resistance and that we have an even
more critical need for herbicides with new modes
of action.

REFERENCES AND NOTES

1. A. L. Melander, J. Econ. Entomol. 15, 400-404 (1914).

2. Web of Science, 25 February 2018; https.//webofknowledge.
com/).

3. A. S. Davis, G. B. Frisvold, Pest Manag. Sci. 73, 2209-2220
(2017).

4. G. B. Frisvold, M. V. Bagavathiannan, J. K. Norsworthy,

Pest Manag. Sci. 73, 1110-1120 (2017).

5. S. R. Palumbi, Science 293, 1786-1790 (2001).

6. H. Ranson, N. Lissenden, Trends Parasitol. 32, 187-196
(2016).

7. S. Bhatt, D. J. Weiss, E. Cameron, D. Bisanzio, B. Mappin,
U. Dalrymple, K. Battle, C. L. Moyes, A. Henry, P. A. Eckhoff,
E. A. Wenger, O. Briét, M. A. Penny, T. A. Smith, A. Bennett,
J. Yukich, T. P. Eisele, J. T. Griffin, C. A. Fergus, M. Lynch,

F. Lindgren, J. M. Cohen, C. L. J. Murray, D. L. Smith,
S. |. Hay, R. E. Cibulskis, P. W. Gething, Nature 526, 207-211
(2015).

8. J. Hemingway, B. J. Beaty, M. Rowland, T. W. Scott,

B. L. Sharp, The Innovative Vector Control Consortium,
Trends Parasitol. 22, 308-312 (2006).

9. United States Department of Agriculture (USDA), Recent
trends in GE adoption in “Adoption of Genetically Engineered
Crops in the U.S." (USDA, 2017; https://www.ers.usda.gov/
data-products/adoption-of-genetically-engineered-crops-in-
the-us/recent-trends-in-ge-adoption/).

10. I. Heap, “The International Survey of Herbicide Resistant
Weeds" (Weed Science, 2017; www.weedscience.org).

11. S. 0. Duke, Pest Manag. Sci. 68, 505-512 (2012).

12. M. J. Walsh, S. B. Powles, Pest Manag. Sci. 70, 1324-1328
(2014).

13. S. B. Powles, Q. Yu, Annu. Rev. Plant Biol. 61, 317-347
(2010).

14. R. Feyereisen, W. Dermauw, T. Van Leeuwen, Pestic. Biochem.
Physiol. 121, 61-77 (2015).

15. C. Délye, M. Jasieniuk, V. Le Corre, Trends Genet. 29, 649-658
(2013).

16. J. Gressel, Pest Manag. Sci. 67, 253-257 (2011).

17. F. Gould, Annu. Rev. Entomol. 43, 701-726 (1998).

18. R. T. Roush, Parasitol. Today 9, 174-179 (1993).

19. R. Slater, P. Stratonovitch, J. Elias, M. A. Semenov, |. Denholm,
Pest Manag. Sci. 73, 1364-1372 (2017).

20. H. Z. Dong, W. J. Li, J. Agron. Crop Sci. 193, 21-29

(2007).
. B. E. Tabashnik, F. Gould, Y. Carriere, J. Evol. Biol. 17, 904-912
(2004).

22. B. E. Tabashnik, Y. Carriere, Nat. Biotechnol. 35, 926-935
(2017).

23. F. Gould, Am. Sci. 79, 496-507 (1991).

24. L. Epstein, Annu. Rev. Phytopathol. 52, 377-402 (2014).

25. 0. J. T. Briét, M. A. Penny, D. Hardy, T. S. Awolola, W. Van Bortel,
V. Corbel, R. K. Dabiré, J. Etang, B. G. Koudou, P. K. Tungu,
N. Chitnis, Malar. J. 12, 77 (2013).

6. M. Basili, F. Belloc, J. Econ. Surv. 29, 896-916 (2015).

N
~

N

27. D. Hueth, D. U. Regev, Am. J. Agric. Econ. 56, 543-552
(1974).

. E. P. Fenichel, J. K. Abbott, J. Assoc. Environ. Resour. Econ. 1,

1-27 (2014).

R. Laxminarayan, R. D. Simpson, Environ. Resour. Econ. 22,

521-536 (2002).

30. Z. S. Brown, K. L. Dickinson, R. A. Kramer, J. Econ. Entomol.

106, 366-374 (2013).

M. J. Livingston, G. A. Carlson, P. L. Fackler, Am. J. Agric. Econ.

86, 1-13 (2004).

32. D. Kim, Z. Brown, R. Anderson, C. Mutero, M. L. Miranda,

J. Wiener, R. Kramer, Risk Anal. 37, 231-244 (2017).

33. T. C. Sparks, Pestic. Biochem. Physiol. 107, 8-17 (2013).

34. S. E. Naranjo, P. C. Ellsworth, G. B. Frisvold, Annu. Rev.

Entomol. 60, 621-645 (2015).

B. E. Tabashnik, M. S. Sisterson, P. C. Ellsworth, T. J. Dennehy,

L. Antilla, L. Liesner, M. Whitlow, R. T. Staten, J. A. Fabrick,

G. C. Unnithan, A. J. Yelich, C. Ellers-Kirk, V. S. Harpold,

X. Li, Y. Carriere, Nat. Biotechnol. 28, 1304-1307

(2010).

36. J. A. Miranowski, G. A. Carlson, in Pesticide Resistance:
Strategies and Tactics for Management (National Research
Council, National Academy Press Washington, DC, 1986),
pp. 436-448.

37. M. Lefebvre, S. R. H. Langrell, S. Gomez-y-Paloma, Agron.
Sustain. Dev. 35, 27-45 (2015).

38. W. D. Hutchison, E. C. Burkness, P. D. Mitchell, R. D. Moon,

T. W. Leslie, S. J. Fleischer, M. Abrahamson, K. L. Hamilton,

K. L. Steffey, M. E. Gray, R. L. Hellmich, L. V. Kaster, T. E. Hunt,

R. J. Wright, K. Pecinovsky, T. L. Rabaey, B. R. Flood,

E. S. Raun, Science 330, 222-225 (2010).

A E

P.

2

0o

29.

©

3L

=

35.

[

39. Milne, J. R. Bell, W. D. Hutchison, F. van den Bosch,
D. Mitchell, D. Crowder, S. Parnell, A. P. Whitmore,

PLOS Comput. Biol. 11, 1004483 (2015).

40. D. Ervin, R. Jussaume, Weed Sci. 62, 403-414 (2014).

41. E. M. Liu, J. Huang, J. Dev. Econ. 103, 202-215 (2013).

42. V. T. Covello, in Risk Communication in Occupational
Health Practice (Oxford Univ. Press, New York, 2005),
pp. 82-100.

43. J. Pretty, Science 302, 1912-1914 (2003).

44. E. Ostrom, Policy Stud. J. 39, 7-27 (2011).

45. J. Kuzma, F. Gould, Z. Brown, J. Collins, J. Delborne, E. Frow,
K. Esvelt, D. Guston, C. Leitschuh, K. Oye, S. Stauffer,

J. Responsib. Innov. 5 (suppl. 1), S13-S39 (2017).
46. Z. S. Brown, Am. J. Agric. Econ. 100, 844-867 (2018).
47. K. Cockerill, L. Daniel, L. Malczynski, V. Tidwell, Policy Sci. 42,
211-225 (2009).
. N. Ghaffarzadegan, J. Lyneis, G. P. Richardson, Syst. Dyn. Rev.
27, 22-24 (2011).

49. S. W. Fausti, Environ. Sci. Policy 52, 41-50 (2015).

50. J. Kuzma, J. Responsib. Innov. 2, 109-112 (2015).

51. J. Foley, GMOs, Silver Bullets and the Trap of Reductionist
Thinking. Ensia. Retrieved from http://ensia.com/voices/
gmos-silver-bullets-and-the-trap-of-reductionist-thinking/
(2014).

52. M. L. Fritz et al., Mol. Ecol. 27, 167-181 (2018).

53. J. W. Glauber, Am. J. Agric. Econ. 95, 482-488 (2013).

54. C. 0'Connor, “Soil Matters: How the Federal Crop Insurance
Program should be reformed to encourage low-risk farming
methods with high-reward environmental outcomes,”

2013 AAEA: Crop Insurance and the Farm Bill Symposium,
October 8-9, Louisville, KY, no. 156789, Agricultural and
Applied Economics Association (2013).

55. https://monsanto.com/app/uploads/2017/05/2017_tug.
010617final.pdf.

56. M. E. Whalon, D. Mota-Sanchez, R. M. Hollingworth, in
M. E. Whalon, D. Mota-Sanchez, R. M. Hollingworth, Eds.,
Global Pesticide Resistance in Arthropods (CABI
International, Wallingford, UK, 2008), pp. 5-31.

=

~

4

oc}

ACKNOWLEDGMENTS

We thank two anonymous reviewers and B. Tabashnik for helping
us improve the manuscript. Funding: All authors acknowledge
support from the North Carolina State University Genetic
Engineering and Society Center. F.G. acknowledges support from
USDA National Institute of Food and Agriculture grants 2012-
33522-19793 and 2016-33522-25640. Z.S.B. acknowledges
support from USDA National Institute of Food and Agriculture
HATCH project NC02520. Competing interests: The authors
declare no competing interests.

10.1126/science.aar3780

50f5

8T0Z ‘.T AeN uo /Blo Bewasualds aoualds//:dny woly papeojumod


https://webofknowledge.com/
https://webofknowledge.com/
https://www.ers.usda.gov/data-products/adoption-of-genetically-engineered-crops-in-the-us/recent-trends-in-ge-adoption/
https://www.ers.usda.gov/data-products/adoption-of-genetically-engineered-crops-in-the-us/recent-trends-in-ge-adoption/
https://www.ers.usda.gov/data-products/adoption-of-genetically-engineered-crops-in-the-us/recent-trends-in-ge-adoption/
http://www.weedscience.org
http://ensia.com/voices/gmos-silver-bullets-and-the-trap-of-reductionist-thinking/
http://ensia.com/voices/gmos-silver-bullets-and-the-trap-of-reductionist-thinking/
https://monsanto.com/app/uploads/2017/05/2017_tug.010617final.pdf
https://monsanto.com/app/uploads/2017/05/2017_tug.010617final.pdf
http://science.sciencemag.org/

Science

Wicked evolution: Can we address the sociobiological dilemma of pesticide resistance?
Fred Gould, Zachary S. Brown and Jennifer Kuzma

Science 360 (6390), 728-732.
DOI: 10.1126/science.aar3780

ARTICLE TOOLS http://science.sciencemag.org/content/360/6390/728
RELATED JISCi i i
SONTENT http://science.sciencemag.org/content/sci/360/6390/726.full

http://science.sciencemag.org/content/sci/360/6390/733.full
http://science.sciencemag.org/content/sci/360/6390/739.full
http://science.sciencemag.org/content/sci/360/6390/743.full

REFERENCES This article cites 47 articles, 3 of which you can access for free
http://science.sciencemag.org/content/360/6390/728#BIBL

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service

8T0Z ‘2T AeN uo /610 Bewasusios aoualos//:diny wolj papeojumoq

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published by the American Association for the Advancement of
Science, 1200 New York Avenue NW, Washington, DC 20005. 2017 © The Authors, some rights reserved; exclusive
licensee American Association for the Advancement of Science. No claim to original U.S. Government Works. The title
Science is a registered trademark of AAAS.


http://science.sciencemag.org/content/360/6390/728
http://science.sciencemag.org/content/sci/360/6390/726.full
http://science.sciencemag.org/content/sci/360/6390/733.full
http://science.sciencemag.org/content/sci/360/6390/739.full
http://science.sciencemag.org/content/sci/360/6390/743.full
http://science.sciencemag.org/content/360/6390/728#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://science.sciencemag.org/

