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Since the mid-1990s, genetically engineered (G&)shave swept across the nation’s
landscape to now cover approximately half of adjpptand. While the United States is the
undisputed leader in GE crops adoption and usedia in many other countries also are
adopting them at increasing rates. Despite rapighoh rates, GE crops have not been without
controversy. Depending on the groups to which yster, GE crops are either the boon or the
bane of a more sustainable agriculture. Howevesdlpro and con arguments are often couched
in ideological positions and do not reflect theetdtnatural and social science research findings.
This Choicestheme aims to clarify the complex, also calledked; issues surrounding the role

of GE crops in fostering a more sustainable aguceland to hopefully elevate the dialogue to a
more constructive plane.

A recent National Academy of Sciences meta study aur task (NRC 2010). The
National Research Council convened a multidiscgsircommittee in 2008 to assess the impacts
of GE crops on farm sustainability in the Unitedt8s. The members combed the scientific
literature to interpret the latest findings andniify the state of peer-reviewed evidence.
Importantly, this comprehensive assessment ad@ptegartite sustainability framework of
environmental, social and economic effects, whimhstitute the essential pillars of modern

sustainability science. Frequently, arguments anadlyaes of the role of GE crops in promoting



sustainable agriculture neglect the social dimerssiVe believe this serious oversight has
exacerbated tensions between GE crop proponentspgrahents.

The NRC study represents the most thorough lodkisfast moving agricultural
technology and three articles in this theme sunueand extend the key environmental,
economic and social findings. In the end, the NBR§easment could not draw firm conclusions
about the sustainability of commercialized GE crdps to critical knowledge gaps. For
example, the impacts of the evolving and concentyateed and chemical industry structure on
non-GE seed availability remain largely unexploaad undocumented. Also, large-scale
ecological-system analyses of GE-crop plantingehmeen rare. Many individual studies have
been completed, but a cohesive spatial and temfrarakwork is needed to put the
environmental impacts of GE crops, both favorabié anfavorable, into a broader context to
evaluate their long-term effects. Finally, researshave neglected the complex social impacts
on adopters and on those who, for whatever rea$mse not to use the technology. Two articles
in this issue supplement the NRC assessment tdiitag key knowledge gaps. The first by
Nag, et al. discusses the driving motivations @ifdaenic bioscientists whose discoveries will
shape future GE crops. The second by Greene anith $rpulores potential ways to manage the
coexistence of GE with non-GE crops, a contentissige in organic circles.

For a variety of technological and economic reastiresfirst generation of GE crops has
focused mostly on new cost-effective ways to delesasting pesticides. This accomplishment is
not trivial or inconsequential. As the NRC repartdments, the available evidence indicates
that current GE soybean, cotton, and corn variétze® generally improved the economic and
environmental conditions on farms that adopted thempared with using conventional non-GE

cropping methods. The substantial but not univdyeakfits stem mainly from using lower cost,



more flexible and more environmentally benign prdés that complement either no tillage or
conservation tillage practices.

Yet, the early favorable effects may not portendugimg improvements, as three articles
in this volume explore. Wolfenbarger, Owen and {@agrdiscuss rapidly spreading weed
resistance problems and uncertainties in maintgitiia efficacy of the insecticides engineered
into insect resistant (IR) crops. If such problegnsw, farmers likely will return to more toxic
pesticides and more tillage, both of which will jelty erode the economic and environmental
gains of the GE crops. As Zilberman, Sexton, Marrd Fernandez-Cornejo discuss in their
article, GE crops have provided multiple econona@ndfits to farmers adopting the crops to date,
but larger economic questions spawned by globgbtamioloom. Salient social issues also
accompany GE crops, such as reforming R&D instingito deliver GE crop technologies for
minor crops and varieties particularly suited toaloneeds of producers and consumers, topics
explored by Glenna and Jussaume in their article.

Some background may assist readers as they readtities in this theme. We try to

anticipate and answer some questions related tmfhes covered.

What are GE Crops?

The most common genetically engineered (GE) teagsof two types. The first produces their
own insecticide, reducing crop losses to insectatggnand are termed insect resistant (IR)
crops. Most commercial IR crops contain toxins frasoil-dwelling bacteriunBacillus
thuringiensig(Bt) thatare lethal to the larvae of particular species ofhmg, butterflies, flies, and
beetles (Lepidoptera and Diptera), but are harmtelssimans, animals, or types of insects not
susceptible to the toxin. The toxins are effectmey when a susceptible insect feeds on the

plant. The second type is engineered to resisicpéat herbicides that can be used to kill many



types of weeds without harming the crops and armedé herbicide resistant (HR) crops. Most

HR seed varieties have been engineered to beamssistthe herbicide glyphosate; the most
common herbicide brand utilizing glyphosate is Riwm Relative to the herbicides it replaced,
glyphosate kills most plants without substantialeade effects on animals or soil and water
quality according to the NRC review. Glyphosate barapplied before or after the plant
emerges giving the farmer more flexibility in wesmhtrol operations. Since 1996, the HR and

IR traits have been incorporated into most soybeam, and cotton varieties grown in the

United States, and accounted for at least 80% oe wiosoybean, corn, and cotton acreage in the
United States in 2009. A few other GE crops withclmamaller acreages have been
commercialized, including HR versions of canola andar beets, IR sweet corn, and virus
resistant (VR) varieties of papaya and squash. aNa@bmmercialized GE crops have succeeded,

most notably GE tomatoes and potatoes.

What is Sustainable Agriculture?

It is an understatement to say sustainable agum®uls a contested concept. Since discussions
about it began in earnest in the 1980s, a pletbbdafinitions have been proposed. Perhaps the
most cited is the U.S. Department of Agriculturérdgon, codified into law in the 1990 Food,
Agriculture, Conservation and Trade Act and reaféd in subsequent farm bills. That law
defines “sustainable agriculture” as an integratgstem of plant and animal production practices
having a site-specific application that will, oxke long term:

» satisfy human food and fiber needs

* enhance environmental quality and the natural megdoase upon which the agricultural

economy depends



* make the most efficient use of nonrenewable regsuaod on-farm resources and
integrate, where appropriate, natural biologicaley and controls

» sustain the economic viability of farm operations

* enhance the quality of life for farmers and socaya whole.

Salient aspects include the integrated systemlanatlusion of elements addressing
environmental, natural resource, economic and kquality of life dimensions.

Some scientists characterize the concept as engefirgim the ‘scientific agriculturalist’
movement that emphasized diversification, recyclangiding chemicals, and decentralized
production and distribution. This stands in stasktcast to the ‘industrialized agriculture’ model
of predominant monocropping, heavy use of extethamicals, pesticides and nutrients, and
concentration in supply and output markets. Harw@®®0) distills three basic principles that
underpin sustainable agriculture:

1. “The interrelatedness of all parts of a farmingteys including the farmer and his (sic)
family.

2. The importance of the many biological balancehedystem.

3. The need to maximize desired biological relatiopshin the system and to minimize use

of material and practices that disrupt those retestnips (p.12).”

He explains how these principles can be converttxda plan for action:
» “Agriculture must be increasingly productive anflaént in resource use.
» Biological processes within agricultural systemsstrie much more controlled from
within (rather than by external inputs of pestisie

* Nutrient cycles within the farm must be much mdosed (p.15).”



Note the emphases on developing integrated farsyatems, including the farmers, the

reliance on localized biological processes, andis@pof nutrient cycles.

Are GE crops and sustainable agriculture compatible?

These definitions and frameworks can be used tluatethe propensity of the current portfolio
of GE crops to promote sustainable agriculture.béliland Welsh (1998) developed three
scenarios to describe increasing levels of comgiatibf GE crops with sustainable agriculture.
The first and lowest level is for GE crops thatueel use of the most harmful agricultural
chemicals within an agricultural system characestiy monocropping and socio-economic
concentration. A prime example would be currentdféps, such as glyphosate resistant. These
crops enable the use of a more environmentallygmeciiemical to control weeds. However,
they are external inputs with little farmer contover the development of the technology, are
self-limiting because of developing weed resistaanog may lead to the loss of efficacy of a
relatively benign herbicide in glyphosate. Thisgpect of resistance development is not unlike
that faced by every herbicide and insecticide nesly adopted for widespread agricultural use.
However, the sheer size of glyphosate-tolerant ptaptings likely has exacerbated the rate of
development of weeds resistant to that single ctalmi

The second level is comprised of GE crops that faglpers transition away from a
chemical-intensive agriculture. IR crops that praglbiological insecticides can replace the
application of harmful chemicals. The current paitf of Bt crops exemplifies this second
scenario. However, these crops are not fully snatde because gene flow and pest resistance
buildup remain persistent challenges. In some ¢aéisese crops have become parts of integrated
pest management approaches, suggesting that théyeassed to transition to and even support

more biologically complex farming systems (Carrje3esterson and Tabashnik, 2004). Yet for



the most part, applications of IR crop technolodiage promoted a business-as-usual reliance
on monocropping or bi-cropping farms and have sulstl for some but not all insecticide
applications. Therefore IR crops, despite theiepbtéal to do so, have not contributed generally
to biological complexity or integration of farmirsystems.

GE crops in the third level would be designed twnpote an integrated pattern of
sustainable agricultural development. As such, theyld maximize the use of natural biological
cycles in the farming system, close nutrient cyelgkin the farm, and reduce the need for
external inputs such as fossil-fuel based energyfentilizers. Potential examples include crops
that reduce water requirements, fix part or atheiir own nutrients, and stimulate natural plant
defenses to pests. To our knowledge, very few @GR developments fit this description. Ervin,
Glenna and Jussaume (2010) add another requiregontms third level, that of addressing socio-
economic equity criteria. Such social issues miigtide making such GE crop innovations
accessible to all types of farmers, high resouncelaw resource, and opening the control of the
technology development process to farmer partimpat

Populating the third level with seeds that addtkedull suite of sustainability criteria
will require a reframing of the development of Gems. Such innovative products might be
described as meeting the following conditions:

» Engineer traits that mimic ecological processesratdral defenses that confuse, avoid
or deter pests or delay or tolerate damage antehobn the killing of pests through the
engineering of toxins into the plant or making phent able to withstand the application
of herbicides.

» Transform the crop to minimize or eliminate transsion of engineered traits through

pollen dispersal and other mechanisms.



» Develop GE crops in ways that farmers and othacaldural stakeholders can convey
their preferences and knowledge about crop perfocenand its effects in the supply
chain and beyond the farm boundaries.

» Construct intellectual property (IP) arrangemenishsthat farmers can save and
replant—but not reselthe seeds to tailor the technologies to their lgoalditions and
shift the locus-of-control of seed production toavéite farmer. This approach balances
the protection of seed firms’ investments with émhancement of farmer seed
acquisition options and increased crop biodiversity

* Use public support mechanisms to stimulate theldpugent of GE crops that deliver
valuable public goods, such as reduced nutrienicgtions and runoff and renewable
energy feedstocks, for which private firms havealaguate incentives to commercialize.

* To reduce regulatory costs, create a differentiasddassessment and management
system that fast tracks GE crop innovations thheeglclosely to these sustainability

criteria (Ervin and Welsh 2006).

Getting Therefrom Here

Achieving the first two outcomes listed above meguire something as concrete as
intragenomic changes to the plant, such as swigobifhicertain genes that result in less pest
susceptibility, rather than importing genetic metiirom other species—transgenic
transformations. But overall, realizing such aasof GE crops that support the goals of
sustainable agriculture will require major reforimghe private and public R&D institutions
guiding GE crops. Let there be no illusion thatrso@ssive changes will take time and must
proceed incrementally. However, this is a pivothpin the development and use of GE crops;

the first generation of innovations faces someoserchallenges, such as weed resistance, which



will require diverse approaches to sustain thdicaty. The rising momentum to use GE crops
for renewable energy and environmental purposes pabsure to the R&D agenda. If industry
tries to meet the response alone, we can exped aidhe same type of GE crop technologies
already commercialized. An example is the recdetises of ‘stacked’ varieties with multiple

HR or IR traits. These developments may delay odugion of resistance, but do not address
the inherent problems of the pesticide paradigmigWeet al. 2002). Based on sound economics,
we should also expect an insufficient responsééqublic goods issues from industry as they
cannot capture enough revenue to provide incetiwevest adequate amounts of R&D.

The NRC report recommends a boost in public rebefarding to develop GE crops that
support more sustainable agricultural systemsplésafs:

Recommendation 4. Public and private researchtutsdins should be eligible for

government support to develop GE crops that caivelelaluable public goods

but have insufficient market potential to justifjvpte investment. Intellectual

property patented in the course of developing mejops should continue to be

made available for such public goods purposes ¢cetktent possible.

Furthermore, support should be focused on expanttiagurview of genetic-

engineering technology in both the private and judéctors to address public

goods issues.

Implementing this recommendation will require aeepf steps following the principles
of adaptive management. Adaptive management mietisted repeated process of decision
making in the face of uncertainty, with an aim afeting program objectives via active or
passive monitoring of outcomes to identify potdrii@blems, and then redirecting resources as

necessary. GE crop development, especially a neergton of technologies that follow the



vision offered, will be pervaded by uncertaintynodny different forms. For example, the best
allocation of research support along the basicdnmehtal to applied continuum to stimulate the
development and commercialization of GE crop tetdgies that respond to public goods
challenges is unknown. This means that the newrpnogjto deliver such innovations will need
to follow a "learning by doing" process.

Despite the pervasive uncertainty, several poteptiicy options can be envisioned that
would provide a foundation for such discoverieselrmost may be the reform of IP mechanisms
such that basic and public good science can beystiared among researchers while applied
proprietary discoveries can be protected by patntgher means to give firms incentives to
make sufficient investment for commercializatiorviever, there needs to be strong
government oversight of the degree of effective getimion in the GE seed industry to foster the
breadth of innovation needed. Research has shaankhat increased concentration in the
seed industry stifles such innovation Schimmelpigniaray and Brennan (2004). A final
example of needed policy reform is innovative mecras to allow farmers to save and replant
seeds from GE crops to tailor the crops to the aelmaf their local ecosystems and crop
consumers.

In closing, we should stress that the developme@Eocrops to sustain and support the
whole range of agricultural systems has just beggrthe NRC report documents, GE crops
have had substantial impacts on only three cropat®. Yet, U.S. agriculture is a mosaic of
several hundred commercial crops, many of which bexefit from the application of GE
technology. For a host of reasons, the technolegybleen applied sparingly to crops that have
smaller markets, particularly most specialty crdpgthermore, the technology has not yet

addressed the many potential public goods purdoseghich they appeared to hold so much



promise a decade ago. Without an infusion of gawemt support and new institutions to

increase stakeholder participation in the R&D pssceéhe promise will likely not be fulfilled.
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Agricultural production of food, feed and fiber sausignificant changes to the environment.
Tillage, crop monocultures, fertilizer and pestecigse may adversely affect soil quality, water
quality and biodiversity on and off farms. An onggichallenge for agriculture is the need for
sustainable systems while maximizing productiorviEemmentally sound and sustainable
agricultural management practices available to peeds include soil conservation, crop rotation,
and integrated pest and resistance management.

Genetically-engineered (GE) crops were commercalbilable starting in 1995 in the
United States. Because GE crops in the United Stateplanted on a large percentage of acres
in production agriculture, any impacts on the emwinent could have a large cumulative effect.
In 2009 the percent of acreage planted to GE cuttpvars was 85% for corn, 88% for cotton,
and 91% for soybeans, and GE cultivars also reptede high proportion of canola and sugar
beet acres (National Research Council, 2010). dtmsunts to more than 150 million acres, or
about half of all land where crops are grown (NaidResearch Council, 2010). Evaluating the
relationship between GE crops and agriculturalesnability requires a baseline or reference
point for comparison. Here we focus on what GE sriophe United States have replaced—non-

GE corn, cotton and soybeans grown conventionally-a-geference for understanding the



contribution of GE crops towards sustainable adfice. Currently other alternative production

practices like organic farming for corn, soy antt@o are rare.

Opportunitiesfor Environmental Sustainability in Agriculture

Current GE crops are used to help farmers managdsaand pests. The most commonly used
GE crops have been engineered for two main tiagicide resistance (HR) and insect
resistance (IR). HR cultivars allow farmers to asspecific herbicide to control weeds without
harming crops. Currently most of the HR crops mdrdre resistant to glyphosate. IR cultivars
currently available in the market are engineereprtauce toxin(sjrom a ubiquitous soil
bacteriumBacillus thuringiensig¢Bt). Bt proteins in IR crops kill specific insgoésts when they
eat the plant. Some GE crops incorporate both HRIRrraits.

HR and IR crops have changed what herbicides aetirides are used as well as the
guantities applied. Not surprisingly, since theaduction of GE varieties of corn, cotton and
soybeans resistant to glyphosate, the amount phgbkate used has increased substantially while
the quantity of other herbicides used has decre&tmaever, because glyphosate is applied at
higher rate than other herbicides and sometimelegijpmore than once per season, the total
guantity of active ingredients for all herbicidggphled has increased in soybeans and cotton but
has decreased in corn. The quantity of insectiaidesl on corn and cotton has decreased as
more acres have been planted with IR cultivarBpalgh not all decreases in insecticide use are
attributable to the use of IR crops (National Resde&ouncil, 2010).

Relative to the herbicides it has replaced, glyptmgresents fewer adverse effects on
the environment. Glyphosate binds tightly to doiyering the potential for movement off-site
and into water. It persists a relatively short peérof time, on the order of a few months, so that

accumulation over seasons is unlikely. It has loxidity compared to its alternatives although



some formulations of glyphosate can be toxic tolabipns and aquatic organisms (National
Research Council, 2010).

The use of HR soybeans and cotton is complementiginysoil conservation tillage
practices of not tilling fields (no-till) and leang a high percentage of crop residue on the soil
surface rather than plowing it into the soil (NaabResearch Council, 2010). These soill
conservation practices increase soil quality anldstention on farm fields and also reduce the
movement of soil sediment, nutrients and chemicHiisite and into surface water. Thus,
conservation tillage will improve soil quality oveeme compared to fields under aggressive
tillage practices. Given the environmental chamsties of glyphosate and the increased
adoption of soil conservation practices accompantfie adoption of HR crops, one would
predict improvements in surface water quality ieear of high GE crop adoption. However, data
and analyses to track the actual impacts of thespead adoption of GE crops on water quality
are not available with our current investment inevguality monitoring. Therefore, we are
missing key information for assessing the impadsBfcrops on sustainability.

The effect of current GE crops on biodiversity, amgarticular, on species like
beneficial insect predators, pollinators, and pras—organisms such as wasps and flies that
develop on a single insect host—has been the sulfjeonsiderable discussion and research.
Although IR crops typically target specific ins@ests, other species, especially close relatives,
could be affected by the Bt toxin if they eat ttenp, the pollen, or the decaying IR crop residue.
Predators and parasitoids could also suffer whedifg on prey negatively affected by the Bt
toxins. In field experiments, the net effects ofdi®ps on other insect species depend on the
extent of insecticide use reduction. When IR cromspletely replace insecticide treatments,

higher numbers of predators occur in fields wh&erops are used in place of conventional



insecticides. When IR crops replace conventiongpsmnot treated with insecticides, slightly
fewer predators occur in IR cotton and no deteetdifferences are found in IR corn
(Wolfenbarger et al., 2008). Extrapolation of thessults to all cotton grown in the United
States is difficult because most cotton is sprayithl insecticides and total replacement of
insecticides by IR cotton has generally not ocalrén the other hand, IR corn would be
expected to have a neutral effect on beneficiadgas and parasitoids because field corn is
treated with little or no foliar insecticides in sta@orn production areas (National Research
Council, 2010).

Biological control, or the use of predators andag#oids to control insect pest
populations, is a key component of integrated ingest management. No general pattern of
how IR crops affect biological control has yet egeel from field studies conducted so far; in
some cases, biological control has been enhanonddnathers, control is equivalent or reduced.
With respect to pollinators, honey-bee adults amdde were not harmed by Bt pollen or Bt
proteins in IR crops, but too few pollinators héeen studied to fully evaluate the impacts of IR
crops on pollinators as a whole.

Effects on the abundance of arthropods, such astmand spiders, in HR crop fields
depend on whether weeds are controlled more oelésstively than in crops grown
conventionally. When HR technology provides betteed control, arthropods richness tends to
diminish, and the reverse is true when conventiaredd control is superior. However, weed
management is not the largest influence on theddmaoe of beneficial organisms, as three to
more than a tenfold difference occurred in abundamong different crops and within a given
production season, compared with a twofold diffeeeassociated with weed management

(National Research Council, 2010).



Soil organisms decompose plant residue, cycleenttriand improve soil structure. Soil
organisms tend to have greater abundance or biomasstillage crop production systems than
in conventional tillage systems because soil isidied less. While glyphosate can alter the
microbial composition of the soil surrounding plaobts, the impacts of such changes cannot be
interpreted from the scientific studies conductagstfar. Studies of the interaction of tillage and
glyphosate use in HR crops have suggested trarseamn effects of glyphosate and neutral, or
in one case favorable, effects of conservatioagélon the soil microorganism communities.
Most assessments of effects of Bt proteins fronsrifps on soil microorganisms and other
organisms also found that these proteins do nattanbally alter populations and measured
functions (National Research Council, 2010).

Deployment of IR crops can have desirable or les#rable regional effects on insect
pest population dynamics. Evidence indicates thght Adoption rates of IR corn and IR cotton
can decrease populations of some target insed peatregional level, suggesting that the effect
of IR crops on pests can extend outside the fidldresthe crop is planted (Carriére, Crowder,
and Tabashnik, 2010). Such regional changes couldrlinsecticide use in fields of non-IR
crops. On the other hand, lower use of insecticidéR cotton has sometimes increased
outbreaks of insect pests affected by insectidmgsmmune to the Bt toxin(s). Furthermore,
control of certain insect pests by corn produchyBt toxin CrylAb may have conferred a
competitive advantage to the western corn earw@tniaCosta albicosta a pest that is not
affected by this Bt toxin (Dorhout and Rice 2018)ch competitive advantage may explain the
recent spread of the western corn earworm to teeagéahe U.S. Corn Belt, where it has caused

significant damage to corn and triggered inseati@gplications.

Challengesfor Sustainability



A single insect pest or weed may produce sevelibnms eggs or seeds in a single GE crop
field. Given the astonishing number of pest indiMl$ exposed to Bt toxins or glyphosate and
the large area of agricultural land that utilizesse pesticides, the likelihood of finding rare
individuals with the genetic mutation that confegsistance to these pesticides is high. As
individuals resistant to a specific pesticide ialle better and increase in numbers compared to
the susceptible individuals and if this pesticisié&equently used, resistance management
strategies that aim at reducing the selective adganof resistant individuals are required to
thwart resistance evolution and preserve the lengrwiability of these widely-used pesticides
(Tabashnik, Van Rensburg, and Carriere, 2009).

The use of HR technology simplified weed managertaatics to one of applying
predominantly glyphosate. The recurrent use oftibibicide over large areas has predictably
resulted in a rapid rise in the evolution of glypate resistant weeds (Figure 1). At least eight
weed species have evolved resistance to glyphoséedds using glyphosate-resistant crops,
and the number is growing (Heap, 2010). For sorpehgisate-resistant weeds like Palmer
amaranth Amaranthus palmeyiand horseweedCpnyza canadengisestimates indicate that
these weeds are present in upwards of 2 millioesaand locations where glyphosate-resistant
weeds occur are also growing at an increasing(atonal Research Council, 2010). Other
weeds that are difficult to manage with glyphosatee also increased in fields of HR crops.
This type of weed shift occurs when weeds areaaleto the conditions found in HR crops—
tillage regime, applications of glyphosate—and timesease in population density and replace
less-adapted weeds (Owen, 2008). So far, thirteelm weed species have become more

prevalent in weed communities associated with HfR,ocootton and soybeans (Heap, 2010).
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Figure 1. Number of Weed Species That Have Evétesistance to Glyphosate. Adapted from
http://www.weedscience.arg

Traditional weed management tactics have not bgeodlly used as frequently in HR
crops because applying glyphosate is presumeddyyeags to be simpler, more convenient and
faster. Traditional weed management tactics inglbdeare not limited to: herbicide rotations,
sequential herbicide applications, and use of tanes of more than one herbicide. For
effective long-term weed management, growers shasiddherbicides that have different
physiological effects, or modes of action, rathernt herbicides that kill weeds using the same
mechanism. Cultural and mechanical control prastiedile effective, are not typically
considered in most crop systems due to logisticirenmental and economic concerns. Other
effective weed management tactics include sannaifequipment such as tillage implements
and harvesters. While these tactics are effectidecan minimize dispersal of HR weeds,
growers do not commonly use them.

Commercialization of HR cultivars resistant to mthran one herbicide, which will

increase in the near future, could facilitate impéatation of some of the herbicide-based



tactics. Interestingly, greater reliance on gly@hedor weed control has reduced the price of
other herbicides and limited efforts to develop resbicide products. Delaying the evolution of
weed resistance to herbicides that are used witleridps is particularly important in this context
because new herbicides are not likely to be readifiilable in the foreseeable future to replace
ones that become ineffective when resistant weedlptions evolve. It has been approximately
two decades since a new herbicide mechanism araatas discovered and commercialized.

Insect resistance to IR crops has emerged in taectpest species in the United States.
Resistance to Bt toxins linked with increased dagrtagR crops in the field has now been
documented in four target lepidopteran pests waddwwhile the emergence of insect
resistance to IR crops has not been as rapid anbkegence of weeds resistant to glyphosate, a
lag time longer than their 15 years of use mayXpeeted before seeing a faster rise in the
number of insect species evolving resistance (NatiResearch Council, 2010). The United
States Environmental Protection Agency (USEPA) rateslan Insect Resistance Management
strategy for some key pests of corn and cottonyeldherefuges—areas where the crop is not
IR—are planted to delay the evolution of resistaiocBt toxins. Available data indicate that an
abundance of refuges of non-IR host plants is drileeokey factors that delay the evolution of
resistance. However, levels of compliance to thege strategy are declining in some areas of
the country, negating the potential for the stratiegdelay resistance. At the same time, IR crops
with multiple Bt toxins are being introduced andeofan additional strategy of using redundant-
killing and decreasing the chances that a pestewdlve resistance to and survive multiple
toxins (National Research Council, 2010).

Interbreeding between a crop and close relativeslezal to the movement of GE traits

into wild populations and reduce genetic diverangilable for future crop improvement or



create weed management issues if the close relaiv@eedy characteristics. In the United
States the most widely planted GE crops, corn agblesans, have no genetically compatible
relatives or weedy strains. Other GE crops, inclgdiotton, canola, sugar beets and squash do
co-occur on local limited spatial areas with wigdatives, either due to where the crops are
planted—canola, squash—or where wild relatives nasun cotton and sugar beet (National
Research Council, 2010).

Some gene flow between sexually-compatible GE amd®E crops cannot be avoided
so that GE and non-GE plants from different fietltsy cross-pollinate. Because the presence of
adventitious GE traits in the non-GE seed supplgamiola, cotton, corn, and soybeans is
widespread, gene flow also occurs within the saslds when comingling of GE and non-GE
seed occurs. Comingling may happen before the ptmfuyear if adventitious GE traits occur
in seed bags due to the seed production procebsiog the production year if seeds are mixed
at planting or if there is germination of seeds befhind from the previous year. High rates of
gene flow between GE and non-GE crops could acteléne evolution of insect pest resistance
to IR crops, if many IR plants are routinely preserrefuges of non-IR crops. Gene flow
between HR and non-HR crops could also increasguptmn costs if gene flow promotes
weediness and management problems with volunteecrbifs. Adventitious presence of GE
traits in non-GE products can lower the economloevaf these products, and thresholds
describing acceptable limits for the presence oftaEs in non-GE products have been

established in various markets.

The Future Trajectory

HR technology, through the substitution of glyphedar other herbicides and the

complementary adoption of soil conservation prastit©vas had fewer adverse effects on the



environment than the conventional crops replaceavéver, the current implementation and use
of HR crops has led to the predictable evolutioglgphosate-resistant weeds and other weed
shifts, which increasingly have negative econommpacts on farming. Solving this problem will
likely include the increased use of herbicides \ettivironmentally undesirable properties and/or
more aggressive tillage, which represent shifagnculture toward less sustainable practices. IR
technology has reduced external applications @&adtsides. While insect resistance to Bt toxins
has evolved, remedial actions of voluntarily susibeg sales of IR seed, commercialization of

IR cultivars with new Bt toxins, and targeted ussymthetic insecticides have prevented
significant economic consequences attributabladedt resistance.

So far, HR and IR crops that were mainly resistarglyphosate or produced a single Bt
toxin have had neutral or minor—positive or negatdimpacts on nontarget organisms. With
increasing numbers of HR and IR cultivars comméegd and continued global adoption of GE
crops, life science companies can now cross diffezeltivars to rapidly produce novel GE crop
cultivars. It is anticipated that future GE cultisavill be resistant to several herbicides or
produce many Bt toxins, which may provide advantédgam the perspective of pest resistance
management and pest control. The environmentalkeptiep of the herbicides and how the use of
multiple Bt toxins affect pest and nonpest popaolaiwill dictate whether these future GE crops
contribute to more environmentally sustainable@gtural practices or not.

Systematic analyses of field-evolved resistancel@amger-term research are needed to
provide the knowledge required to enhance the dltyabf current and future generations of GE
crops. Because the USEPA has regulatory oversigtI® crops, it actively interacts with
relevant stakeholders to develop and mandate aesistmanagement strategies to delay the

evolution of insect resistance to Bt. Refuge stiaare tailored to the ecology and genetics of



specific pests, so EPA specifies the area, cordigur, and types of refuges to be used with
particular IR crops. With additional data providadresearchers, farmers and industry, such
refuge strategies can evolve. For example, for sootten pests that feed on many host types,
refuges of non-IR cotton are no longer plantecoima areas of the country to delay insect
resistance to cotton producing two Bt toxins, beedtiis believed that sufficient other refuges
are available.

In contrast to IR crops, HR crops are not regulaegesticides by EPA. Thus, the
management of herbicide resistance is done onumtaoly basis. Given the serious threat for
agriculture and the environment posed by glyphessgistant weeds and other weed shifts, there
is an urgent need for a better dialogue betweewensy consultants, researchers, seed
companies, and the chemical industry to oversedekelopment and implementation of weed
resistance management strategies for glyphosatethrdherbicides, and minimize weeds shifts
resulting from use of HR crops in the United States

At least 15 crop species in the United States baes documented to interbreed with
weedy near-relatives (National Research Councilp20As more crops on this list are
genetically engineered, the potential for negatimesequences on weed management may
increase, especially for crops like wheat that codo with weedy near-relatives over large
geographic regions. Similarly, issues about coerist between GE and non-GE crops will
likely increase as more GE crop species are comatizer] and additional markets for non-GE
products develop.

Fifteen years after commercialization of GE crapthe United States, we still do not
completely understand how the intensive use of (Bsccan affect the environment compared

to other non-GE agricultural production systemsv Baudies have provided integrated



assessments of the effects of GE crops on ecolaggoaces at the landscape scale. HR crops
have facilitated and, in the future, will likelymiinue to influence changes in herbicide use;
however, we lack the infrastructure and investnmeetded to monitor concomitant impacts on
the environment such as surface water quality. &g GE crops become available, such as those
grown for energy, water or fertilizer conservationgsalt tolerance, the complexity of assessing
environmental impacts of these GE crops will undedly increase. Evaluation and monitoring

of plant and animal communities, soils, and watef,increase in importance to provide the
information needed for developing the most prodweciind sustainable agricultural systems for

the future.
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Since the 1990s, genetic plant engineering hadgde variety of applications for agricultural
production, including traits intended to improve ghelf-life of produce, improve crop nitrogen
fixation, and bolster control of agricultural pedt®wever, only two traits achieved commercial
success. One trait confers insect resistance glR)aps by programming the crop plant to
produce a naturally occurring chemical that isd¢dgi common insects. The other trait confers
herbicide-tolerance (HT) and permits farmers t@agfroad-spectrum chemicals to kill weeds
without killing the crop plant. These traits hawseh widely adopted in production of corn,
canola, cotton, and soybean.

The adoption of genetically engineered (GE) crags significantly affected the
economics of these crops and the welfare of farmedsconsumers. It has also had spillover
effects on other crops and markets. In this papemresent findings of economic research on
the impacts of GE crops at the farm level, factbed explain their adoption, impacts on prices,
and effects on welfare of various segments in tomemy. We rely on the findings of a new and
thorough report by the National Research Cound®@) (2010), a recent survey of agricultural

biotechnology by Qaim (2009), and a new study xt&@eand Zilberman (2010).

The Impact of GE Cropsat the Farm L evel



A starting point for analyzing the impact of IRitsais the damage control function approach of
Lichtenberg and Zilberman (1986). Actual crop otiislwgiven to be equal to potential output
minus pest damage. Damage can be controlled byietywaf pest control techniques, including
pesticides, cultural practices, and GE traits. Bytmlling pest damage, IR traits boost actual
crop output and improve crop yields. The increasg@elds due to the adoption of IR traits is
expected to be small on farms that use the GEtaraitibstitute for chemical pest control
applications. The effects will be larger where cleaits and other damage control approaches
did not effectively control pest damage. Thus, dtgsieg countries, in which chemicals are not
widely used, should benefit the most from IR tedbg®s. Even in developed countries,
however, where IR traits largely substitute foresthffective control approaches, the costs
associated with damage control, including pecuntasts, environmental costs, and effort,
decline.

The magnitude of yield gains associated with IRd@doption also depends on the
guality of the seed germplasm into which the IR isinserted. Since the Green Revolution,
seed companies have bred high-yield seed varitizare tailored to the specific agronomic
conditions of heterogeneous farming regions. IRsti@re not inserted into the best germplasm in
all locations. If farmers must abandon a local sadtivar in order to adopt an IR trait that is
only available in a generic seed, then some yedd may mitigate the yield gains associated
with the damage control capabilities of the IRttr&his yield loss is called yield drag.

The NRC (2010) reported that adoption of IR crdpsughout the United States resulted
mostly in modest increases in yield and significgmtings in pesticide costs. Yield drag was not
evident. As Table 1 from Qaim (2009) showed, IRdsdabat produce the naturally occurring

toxin Bacillus thuringiensigBt), generally have much larger yield effectsl@veloping



countries than in developed countries. Bt cottolopsed extensively in developing countries,
has exhibited particularly large yield gains. luotries where the yield effects of Bt cotton

adoption were modest, like China, Bt crop adophias caused dramatic declines in pesticide
use. Qaim (2009) also reports significant reductionpesticide-related accidents and deaths

associated with IR crop adoption.

Tablel. Average Farm Level Agronomic and Econorffiecks of Bt Crops

Country I nsecticide reduction Increasein effective Increasein gross margin
(%) yield (%) (US$/ha)

Bt cotton
Argentina a7 33 23
Australia 48 0 66
China 65 24 470
India 41 37 135
Mexico 77 9 295
South Africa 33 22 91
USA 36 10 58

Bt corn

Argentina 0 9 20
Philippines 5 34 53
South Africa 10 11 42
Spain 63 6 70
USA 8 5 12

Source: Qaim, M., 2009.

While Qaim (2009) and NRC (2010) mostly presene=iits of studies that were done in
the period between 2000 and 2006, the study byoSextd Zilberman (2010) covers the period
between 1996 and 2008. Based on a global surv&fEadifrop use, it shows that IR traits have
had a much bigger yield effect than HT traits, esdly in developing countries. The study
suggests that in some countries soybean yieldgrermaight have been declining because of
soybean expansion made possible by the eliminafitate season weeds. But some of this
expansion was not associated with increasing dgsraliacreage per se. For example, much of
the massive expansion in soybean acreage in Argenis due to adding soybean as a second

crop in a multiple cropping system. This adoptidrl@uble-cropping is possible with HT



soybean because fallow periods between crops dueed with use of less toxic chemicals and
improved control of late season weeds.

While there is ample evidence that IR crops gehel@hd to higher yields, it is less clear
that HR traits boost yields. Table 2 summarizesteng literature on HT yield effects. A number
of studies find that there are no yield gains @ulT adoption, while others find that small yield
gains accompany HT crop adoption. Fernandez-Coriégdz-Ingram, and Jans (2002), for
instance, found on the basis of a national farnellsurvey that HR soybean had a small

advantage in yield over conventional soybean, yikelcause of better weed control.

Table 2. Summary of Primary Studies on the Effefckéerbicide Resistant (HR)
Crops on Yields

Crop/Resear cher s/ Date of Publication | Data Sour ce ‘ Effect on Yields
Her bicide-tolerant soybeans

Delannay et al., 1995 Experiments Same
Roberts et al., 1998 Experiments Increase
Arnold et al., 1998 Experiments Increase
Marra et al., 1998 Survey Increase
Fernandez-Cornejo et al., 2602 Survey Small increase
Duffy, 2001 Survey Small decrease
Marra et al., 2004 Survey Same
Bernard et al., 2004 Survey Increase
Qaim and Traxler, 2005 Survey Same
Herbicide-tolerant cotton

Vencil, 1996 Experiments Same
Keeling et al., 1996 Experiments Same
Goldman et al., 1998 Experimentg Same
Culpepper and York, 1998 Experiments Same
Fernandez-Cornejo et al., 2600 Survey Increase

Sources: Fernandez-Cornejo and Caswell, 2006; Beln@esek, and Fan, 2004;
and Qaim and Traxler, 2005.

In contrast, a national survey of soybean produice2§02 found that there was no statistical
difference in yield between conventional soybea ldR soybean (Marra, Piggott, and Carlson,

2004). Yet another study based on a mail survdyetdware farmers in 2001 found that HR



soybean had a three-bushel-per-acre yield advaotageconventional soybean (Bernard, Pesek,
and Fan, 2004).

Whereas theory predicts IR traits will boost yielthe nature of HT traits suggests they
will make damage control cheaper and easier, bunexessarily boost yields. HT traits permit
the substitution of broad-spectrum glyphosatesMikmsanto’s Round-Up for more targeted,
toxic and expensive chemicals that can kill specifeed species and leave crop plants intact.
HT traits, therefore, do not constitute a new me@m for damage control the way IR traits do.
To make use of HT traits, farms must employ mucthefsame capital in weed control as is
used with conventional seed. IR traits, on the otiaad, require little capital and can substitute
for chemical applications all together. To the extdT traits reduce the costs of chemical
applications, they may cause an increase in thefusleemical control, which can lead to yield
gains as damage declines.

The NRC (2010) suggested that the adoption of RHih crops has a wide variety of
benefits in addition to the immediate yield andtesg/ing effects. Both traits can improve
harvesting efficiency. IR crop reduces demandrputs used in pestide applications, including
machinery, fuel and water. The use of HT traitslkdgo increased adoption of no-tillage
systems, which requires some modifications of egeipt, but tends to significantly reduce fuel
expenditures and effort, as well as reducing sosien. There are several studies that identify
improved product quality and reduced damage irmg®{NRC, 2010). Reduced yield risk
associated with GE crops has affected farmers’ fmedsurance, and there is evidence that
adopting farmers are receiving insurance premiwuoalints and gaining access to improved

options for managing risks.



The benefits of GE crop adoption come at a prieedSrices have increased with the
introduction of GE technologies, and the shareeefisprices in overall production costs has
increased. Relative to 1994, seed prices have bgdd0% while the index of other input prices
has increased by 80%. The highest price increafeilnited States has been in cotton.

Many of the commercially available GE products hpk@ven profitable to U.S. farmers,
accounting for yield, cost, and other monetaryaffieFurthermore, several studies document
that nonpecuniary benefits to farmers were importanses for adoption of GE varieties (NRC,
2010). They include reduced management effort amrdt time, equipment savings, improved
operator and worker safety, improved environmesatty, and total convenience (Marra and
Piggott, 2006). These effects were not consistedtvaried by location, but overall they are
confirmed with evidence that GE crops save manabeme because of the associated
simplicity and flexibility of pest control that tiggrovide (Fernandez-Cornejo, Hendricks, and
Mishra, 2005). As the NRC report recognized, steshdaeasures of farm profits, such as net
returns to management, give an incomplete picttisE=@nomic returns because they usually
exclude the value of management time itself. Howeneeent studies show that adoption of
management-saving technologies such as HR soylresssoperators’ time for off-farm
employment, which leads to higher off-farm incorkerhandez-Cornejo, Hendricks, and

Mishra, 2005; Gardner, Nehring, and Nelson, 2009).

M ar ket Effects

Theory suggests that GE crops boost agriculturgblsito the extent they boost farm yields. But
by reducing damage and damage control costs, GE ¢en also make it profitable to farm
marginal land that cannot be profitably farmed vatimventional seeds. Changes in supply

affected commodity prices and, indirectly, the wading of farmers and other sectors in the



economy. There is a large body of literature tiséiteated the impact of GE varieties on
commodity prices. Most of the studies reviewedh®s/NRC (2010) considered the early years of
agricultural biotechnology adoption, when adoptiates were low. They found modest
reductions in commodity prices of less than 2%.rQwee, the effect of GE traits on crop prices
may be higher—as much as 4%. The study by SextdZ#merman (2010), which considers
global effects of GE traits, suggested price efféicat are more substantial—greater than 10% in
the case of cotton. Their analysis provides othi&tesce supporting the substantial effect of GE
crops on commodity prices. The demand for soybeares during the last 10 years with a
growing demand for meat in Asian countries, espigaizhina. The twofold expansion of
soybean acreage around the world, largely due tedybean adoption, contributed to a large
expansion of supply that was capable of meetirggglowing demand with modest impact on
prices. Similarly, cotton was a crop with the higheate of overall adoption globally—90%
adoption of Bt cotton in India—and the highest ¢ieffect. Cotton was the only major crop that
did not experience the agricultural commodity pridéation of 2007/2008, whereas staple crops
for which GE traits were not available, like wheat rice, experienced the highest price
increases.

Several studies have investigated the distributionpact of the adoption of GE crops.
These results appear in Table 3. Most of the ssusliggested an overall gain from the adoption
of these crops, but the distribution of benefitsas(NRC, 2010). The gain to farmers varies
from 5% to 40%, depending on the price and yietdat$, as well as the cost of the seed. The
innovators captured between 10% and 70% of thefitendost studies found that they captured
around 40%. The share of benefits to U.S. consuwsgias from 6% to 60%, and the share of

benefits captured by consumers in the rest of waldd varies from 6% to more than 30%. The



differences in outcomes reflect the heterogenetiasts of different types of seed innovations.

The share of benefits accruing to consumers iylilcebe greater for GE crops that benefit from

larger yield gains characterized by very ineladémand—that is, a small increase in supply

reduces prices substantially. On the other hanénwhe adoption of GE varieties mostly leads

to substitution from chemical pesticides to GE etes without significant changes in supply,

much of the benefit will be captured by the farmeand the seed companies.

Most of the studies that analyzed the distributi@fi@cts of GE crops were undertaken

early in the life of GE varieties. The result oétstudy by Sexton and Zilberman (2010) suggests

that as the price effect of GE varieties incredmenuse of increased adoption, the gain to

consumers from their introduction becomes much mmabsstantial.

Table 3. Benefits of the Adoption of GeneticallgiBaered Crops and Their Distribution

Total benefits

Share of total benefits (%)

Study Y ear ($ million) U.S. farmers | Innovators | U.S. Net ROW
consumers
Bt cotton
Falck-Zepeda et al. (1999) 1996 134 43 47 6
Falck-Zepeda et al. (2000a) 1996 240 59 26 9 6
Falck-Zepeda et al. (2000b) 1997 190 43 44 7 6
Falck-Zepeda et al. (1999) 1998 213 46 43 7 4
Frisvold et al. (2000) 1996-1998 131-164 5-6 46 3 3 18
US-EPA (2001) 1996-1999 16-46 NA NA NA NA
Price et al. (2003) 1997 210 29 35 14 22
Herbicide-resistant cotton
Price et al. (2003) | 1997 | 232 | 4 | 6 | 57 33
Herbicide-resistant soybean
Falck-Zepeda et al. (2000b) 19974 E | 1,100 77 10 4 9
1997-HE 437 29 18 17 28
Moschini et al. (2000) 1999 804 20 45 10 26
Price et al. (2003) 1997 310 20 68 5 6
Qaim and Traxler (2005) 1997 206 16 49 35 NA
Qaim and Traxler (2005) 2001 1230 913 34 53 NA

NA = not applicable; ROW = rest of the world (indies consumers and producers).

&Limited to U.S. farmers.

PLE = low elasticity; assumes a U.S. soybean suglaigticity of 0.22.
°HE = high elasticity; assumes a U.S. soybean suelalsticity of 0.92.
Yncludes all soybean producers.
“Included in consumers and producers.

Source: NRC, 2010.




The Sexton and Zilberman study actually suggesitisthie price increases that would have
occurred without the introduction of GE crops ar¢éhe same magnitude as the price effect
associated with the diversion of corn, soybean,ahdr crops to produce biofuel between 2006
and 2008.

The NRC (2010) study found that producers of fxlojps gained overall from the
introduction of GE varieties, but these gains heertet effect of higher yield, lower cost, and
lower commodity prices. On the other hand, livektoimducers in the United States and around
the world have significantly benefited from the ption of GM varieties. There is evidence that
the nutritional characteristics of GE and convemdiaultivars of soybean and corn are similar,
and since feed consists of 50% of the cost of fo@sproduction, livestock operators benefited
from the reduction of commodity prices associatéti the introduction of GE crops. They also
benefited from increased feed safety with the redoof mycotoxins in GE varieties.

The adoption of GE crops affected non-GE farmemselb The introduction of Bt traits
reduced the demand for and thus the price of iisées that Bt replaced. The introduction of
HT traits, on the other hand, increased the deraaddhus the price of the herbicides that are
used with these cultivars. There is some evidemaemore effective control of pest damage
associated with adoption of IR cultivars may redpest damage to neighboring crops that share
the same pest population.

GE adoption also presents risk of gene transfaetghboring non-GE crops and
comingling of output, which imposes risk on nonatigpfarmers. The regulatory constraints on
use of GE traits may result in substantial econampact when the traits are not used
appropriately. One example is the case of Staran®E corn hybrid that was approved for

animal consumption but was mistakenly comingledhwitrn used for human consumption. This



mistake resulted in significant penalties to tmfand fueled doubts about traceability and food
safety. There is evidence that gene flow from GEwaus resulted in mixing of some GE
cultivars with non-GE cultivars (NRC, 2010).

To the extent that buyers establish strict staredardpurity in purchasing non-GE crops,
there can be substantial costs to non-adoptersrad fiow from GE to non-GE varieties. Costs
of preventing comingling and gene flow can alssblestantial, and include the costs of extra
screening and segregation of output throughoustip@ly chain, which can require redundant
operations. Organic farmers may be especially valrie to such gene flow in cases where they
operate under conditions of zero tolerance. Moseaech is needed to understand some of the
side effects of GE varieties on non-GE farmers.rbwpments in technologies for tracing and
separating commodities can enhance food safetynamebve performance of supply chains,

enabling more beneficial coexistence between GEhandGE producers.

Future Prospects

GE crops are still in their infancy. Thus far, thés evidence that U.S. farmers who adopted
these crops experienced lower costs of productioiioa obtained higher yields. They also
gained from substantial nonmonetary benefits. Q€& crops seem to improve farm
profitability while also reducing commodity pricesthe benefit of consumers. However, while
rates of adoption of GE varieties in corn, soybeaudl cotton have been dramatic in some
countries, regulatory constraints have limitedgpeead of the technologies across the globe and
thus diminished their benefits. The commodity pridéation of 2007/2008, the increased
investment in biofuels, growing populations arodmel world, and the concern about greenhouse
gas emissions suggest that an increase in agmaugitoductivity is essential. GE crops are one

technology that can contribute to productivity gain



The adoption of GE traits to control pests has lwegsiderable in a small number of
critical crops over the last 15 years. It has alygaade a major difference in increasing
productivity, reducing food prices, and improvingvgonmental quality. Yet, while the
investment in new varieties grew steadily in th&a9g it contracted significantly in 1999, the
year the European Union instituted a de facto ba®B technologies (Graff, Zilberman, and
Bennett, 2009). In the last decade, we have seelat@ve slowdown in the introduction of new
GE varieties in spite of the dramatic expansiolandl planted to the initial GE varieties. As the
NRC (2010) suggested, there are hundreds of néw inahe pipeline, at various stages of
development. These traits may contribute to imprg¥ood quality, especially feed quality,
enhancing shelf life, and increasing drought taleea

The capacity to expand the utilization of GE tedbgies and fully take advantage of the
potential of GE traits in agriculture requires éonbus investment in research and an economic
and regulatory environment that will foster devetmmt of new GE varieties. Further research is
needed to understand the economics of the biotémimondustry and how it is affected by
regulations and incentives. This may help to furthgrove the regulatory environment and
generate conditions under which GE technologiegpcavide greater welfare improvements and

promote environmental sustainability.
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Over a decade since the first genetically engirte@B&) crops were approved, an increasingly
polarized debate regarding whether GE crops cauthpte agricultural sustainability shows no
signs of ebbing. Proponents emphasize the potaritthls technology to enhance agricultural
production with the possibility of reducing the uwdeeconomically costly and environmentally
detrimental inputs, as well as the potential torassl challenges related to changing climatic
conditions. Critics counter with concerns that uag the risks associated with releasing novel
life forms into the natural environment, the in@i@g concentration of economic power in the
small number of firms that control important inéeftual property, the possible continued
decrease in farm numbers, and other ethical isssgsciated with manipulation and control of
life forms. Proponents and critics alike employ Woeabulary of sustainability to frame their
arguments, including concerns about the long-teatitlaeing of humankind. They also often
refer to the same scientific research to suppeit éssertions. This suggests to us that the
differing views over whether GE crops can contrébiat agricultural sustainability have roots in
the way sustainability is conceptualized and useglvaluate the impacts of GE crops.

A major contributing factor to the conflicting vigwints is that proponents and critics
alike generally ignore the social equity issueeneht in the concept of sustainability (Lacy, et

al. 2009). When scholars do address social imptyg,tend to rely on simplistic assumptions



about the social relations that enable or constre@remergence of sustainable practices and
ignore the salient social issues surrounding tiveldpment and diffusion of a technology
(Ervin, Glenna, and Jussaume, 2010). This overssglisappointing given that attention to
social issues is widely considered to be an esdeziiment in virtually all definitions of
sustainability, although there are certainly dgigres in the social issues that are identified and
how they are defined. The long history of sociastfic research on the role of technology in
processes of social change and adaptation furtiveals the importance of recognizing the
necessity to incorporate social equity in investayess of any technology’s economic, social,
political, and environmental impacts. Such assestsrae necessary for identifying the
potential risks and benefits associated with tetdgyadoption, and thus to generate a holistic
analysis of a technology’s sustainability potential

Our goal is to highlight the centrality of the slalimension of the concept of
sustainability, with a particular emphasis on soeuity. We utilize the definition of social
equity offered by the World Bank World Development Report 2006: Equity and Develogme
which states that “...individuals should have egqgdortunities to pursue a life of their own
choosing and be spared from extreme deprivati@muioomes.” We examine social contexts that
enable or constrain opportunities for various acadrmultiple levels: agribusiness and industry,
national and international policy makers, farmard their local communities, and the university
and academic scientists. We then identify key $ammovations necessary for enabling GE

crops to become part of a sustainable agriculeystem.

Sustainability
The concept of sustainability had its origins ing&able natural resource management over a

century ago. The concept has been embraced intrgears as part of a movement that seeks to



advocate for development that moves beyond thelsiggals of economic growth and
incorporates concerns for environmental impactssaothl welfare. The 1987 Brundtland
Commission popularized sustainability on a gloleals. However, many have pointed out that
the concept remains vague and misunderstood.

The malleability of the concept of sustainabiligshbeen evident in debates surrounding
agricultural sustainability. Research indicates,taring congressional hearings leading to the
1985 Food Security Act, at least four distinct detions of sustainable agriculture emerged.
Those definitions included sustaining the convergiagricultural system, sustaining small-farm
livelihoods, sustaining the natural resource bdsmgoculture, and a hybrid approach that
emphasized sustaining farm livelihoods and therahgnvironment (Glenna 1999).

Despite the vague and contested nature of efforpply the concept of sustainability to
policy debates and to advocate for particular tetdmies, it is important to remember that
conceptualizations of sustainability have long eagired social, economic, and ecological
factors in a holistic and integrated approach. Miesinitions of sustainability, including the
Brundtland Report, make explicit references toithgortance of social equity. In fact, such
concerns were codified into law in the 1990 Foodiéulture, Conservation, and Trade Act. To
be sustainable, according to the law, agricultuostm

» “satisfy human food and fiber needs;

* enhance environmental quality and the natural megodoase upon which the agricultural
economy depends;

* make the most efficient use of nonrenewable regsuaod on-farm resources and

integrate, where appropriate, natural biologicaley and controls;



» sustain the economic viability of farm operationsl @nhance the quality of life for
farmers and society as a whole.”

This definition of sustainability emphasizes thadmomic, ecological, and social factors,
including the quality of life for farmers and sdgi@s a whole, must be managed in an integrated
fashion if the agrifood system is to be sustainable

Unfortunately, the growing popularity of the usetlod term sustainability has not
contributed to a marked increase in thinking alahginge holistically and as a process. Thus,
assessments of GE crops often focus on econonlity tdr actors such as farmers, consumers
or firms, or impacts on specific environmental disiens, such as water quality or beneficial
pest populations. Such assessments often disredardctions between the economic,
environmental, and the social. More importantlydar paper, social concerns, including
whether the costs and benefits of specific appbioatof GE technology are shared equitably
across all classes of farmers and their communit@ssumers and firms, are often left
unaddressed altogether. An analytical focus exadlgion economic sustainability or
environmental sustainability undermines the integgtgerspective that thinking about
sustainability is meant to encourage.

As noted in the National Research Council’'s 20@reImpact of Genetically
Engineered Crops on Farm Sustainability in the BdiStatessocial issues associated with the
development and dissemination of GE crops, inclydjmestions of equity, have been grossly
understudied. And analyses of social, economic,emotbgical interactions associated with GE
crops have not been common. When efforts are nuaiheigrate multiple concerns, the social
and economic dimensions are often so oversimpltfiatithe arguments do more to obscure than

illuminate. For example, increasing yield is comiygresented as an unmitigated social



benefit. What is often overlooked is how highelddsedo not necessarily guarantee improved
economic farm viability or decreased hunger. Insirggproduction in a context of chronic
overproduction can lead to lower prices for farméusd lower food prices do not necessarily
benefit those who do not have the income to puehasd—a “lack of effective demand”.

A New York Timearticle, “India’s Poor Starve as Wheat Rots,” diésd how 350
million people in India went hungry as crops rotiedhe field and as crops from past years sat
untouched in granarieSuch occurrences have been common since the fadém famine, the
Irish potato famine of the 1840s, when a fungusrdated the primary food source for the tenant
farmers in Ireland. During the famine, Ireland @ounéd to export foodstuffs. The problem, in
other words, was not a lack of agricultural comnmygroduction. The problem was a lack of
social equity: the productive land was owned bgwa Who exploited poor tenant farmers to
produce commodities for export while a free-marleblogy paralyzed the political will to
solve the problem. A similar problem continues tod&amines, hunger, and starvation are

seldom caused by global, national, or even locaitages of agricultural commodities.

Social Equity and GE Crops

Highlighting the importance of social equity in @ssing agricultural sustainability indicates how
a systemic, integrated framework could yield a nrolmist understanding of the potential and
the limitations of GE crops to become part of sustiale agriculture. The idea that there are
inherent social aspects to technological developnbenh as “causes” and as “effects” has been
well established. Technological diffusion has bassociated with changes in social structure,
social relations, patterns of work, and accessteehts and costs. A particularly important
insight is that technological development and dgiibn does not take place in social—or

economic or environmental—vacuums. The now classik of Hayami and Ruttan (1971)



demonstrated how agricultural technology optiony W&y socio-economic contexts. Similarly,
the positive and negative impacts associated vmyhparticular technology are rarely uniform
across time and space. And what any one groupdimg farmers, local community residents,
and technology developers, may consider a persorsacial benefit, another group may
consider a personal or social harm.

In the case of GE crops, it is not surprising thast of the extant research and
applications have focused on a narrow number aétfar crops such as corn, soybeans, and
cotton that are the foundation for the industrggi@ultural production system. It is surely not
coincidental that one firm that has been most agiyve in developing GM seeds has focused on
incorporating a trait that predisposes producersstog other inputs that the firm sells. It is also
surely not coincidental that relatively little psite sector research has been directed at applying
GE to minor crops or to help farming systems adiaghanging or extreme climate conditions,
because potential profits from minor or orphan srage limited.

Although GE crop proponents do not completely ignmmad social impacts, they often
address such issues only indirectly and withousiztaration for long-term consequences. For
example, the National Research Council report eefezd earlier notes that in the early stages of
adoption, the use of GE corn and soybeans, alotigtive use of glyphosate, was associated
with an increase in the use of no-till productigstems. Therefore, proponents could point to
farmers benefitting from reduced tillage expenseslass soil erosion. They could also list
indirect benefits to the public, including improvedter quality, due to the usage of a more
benign chemical and reduced soil erosion. Howewarall farmers are likely to share the
benefits of GE crops. Large farms producing a fesps are more likely to benefit from GE

crops than small, labor-intensive, and diverse sabecause they are developed primarily to



reduce input and labor costs within a mass-prodncystem. A technology embedded in an
agrifood system that favors a few mass-producepscreduces the social benefits of agricultural
biodiversity. Gene drift from GE crops is also dlaharm because it is a type of pollution.
Furthermore, the initial benefits to farmers andiesty of reduced tillage are likely to disappear
with the spread of weeds that are glyphosate taleaaproblem common to widespread adoption
of technologies that provide pesticide and hedeig@roperties.

Similarly, evidence of private economic benefits;ts as increased profits for
agribusiness firms, is sometimes assumed to beial §&nefit. Economic theory tells us that the
benefits from farmer adoption of GE crops will eused among farmers, the supply and
marketing firms and the consumer. The proportidrtb® benefits going to the various parties
are subject to determination through the markedstha parties’ relative power. However, an
explicit use of the concept of social equity chadjes us to consider the broader distribution of
economic benefits and costs. In the case of GEscexypnomic benefits have become
concentrated in a few firms that may have gainegbpblistic, or perhaps almost monopolistic,
single firm control over crop seed markets. An gsialof change in patent ownership of GE
crops between 1988 and 2008 indicates that meagergoint ventures led to greater levels of
concentration. According to an initial data anaysnultiple companies have intellectual
property holdings of GE plants: 37 discrete owrtdrthe 525 GE corn patents and 118 discrete
owners of the 1013 GE non-corn patents. Howevelgser analysis of changing ownership
reveals that the top three firms in the GE coregatty came to control 85.0% of the patents, and
the top three firms in the GE non-corn categoryeaoncontrol 69.6% of patents. These findings
indicate that there is substantial concentratioovafiership of the intellectual property

associated with GE crops (Glenna and Cahoy, 20@®)social equity questions related to GE



dissemination to be addressed, research must aduvasthe degree of concentration affects the
portfolio of GE and non-GE cultivars available &rhers, as well as how such concentration
might be reducing potential economic returns tontans, which could affect the ability of

farmers to pay higher wages to their employees.

Incorporating social dimensions to holistic anasyes€EGE crop dissemination would
lead, for example, to analyses that move beyonddhke of adoption of GE technology in the
United States and globally and into the realm obwbes and does not adopt the technology,
what technological goals farmers have, and whethtterns of adoption mask real or potential
conflicts between adopter and nonadopters. A stidyashington state wheat growers revealed
that while just over 45% of wheat farmers were highterested in herbicide-resistant wheat,
even more farmers (55%) were highly interestegatmlty wheat varieties that could secure
premium prices in Asian markets. In addition, assabtial number of farmers (28%), who were
predominantly smaller farmers, were highly inteedsh perennial wheat varieties. Many
farmers also expressed concerns about technologgmgnts they would be required to sign to
plant GE wheat (Glenna, Jussaume, and DawsonessprThese findings point to a diversity of
farmer needs and interests often ignored in tedygyohssessments that lack a social equity
dimension.

In the case of GE technology, the United Nationgd=and Agriculture Organization recently
raised concerns that minor crops often produceshisll and developing country farmers, are
being neglected at the expense of research on mr@ps. This concern is growing as research
shows that university research profiles are inenggyg moving in the direction of the private

sector by focusing on major crops and major ti@islsh and Glenna, 2006).

Moving towar ds Social Equity



New technologies rarely alter foundational socrad aconomic structures. Rather, existing
social and economic structures help to explain naiche distribution of environmental, social,
and economics risks and benefits from new techmetodn the case of GE crops, the application
of the technology in the existing social contexs fieelded environmental benefits that may or
may not continue. The rapid spread of herbicidéstast weeds can be linked to the broad
geographical adoption of GE corn and soybeansnbeg engineered with a single major trait
within the socio-economic context of a mass pradadramework. The lack of diverse
management strategies, including different GE aystiovhich contributed to the rapid
emergence of weed resistance, was hardly surpiisitige context of U.S. corn and soybean
production. Achieving the promise of GE technoldégrysustainable agriculture is dependent on
the adoption of a more flexible and holistic apgitoto the development, distribution, and use of
GE technology, which in turn needs to be basedabstit analysis of technology development.
The future economic viability of GE technology,vesll as its potential to contribute to positive
environmental outcomes, will depend on understandimd addressing the socio-economic
structures and variety of farm management methostsept in contemporary agriculture.

The proponents of GE technology have been faraoguine in their predictions about the
promise of the technology. Although apocalypticdicgons regarding environmental and
economic disasters by some opponents of GE crogsdwafar not been manifested, we argue
that the development and adoption of GE technol@gytaken place in the context of an
agricultural system that is economically and sdgialequitable, and this has important
implications for the future. Research is needetlfauses on reforming inequitable policies and
practices to improve the likelihood that GE apglmas would contribute to a more sustainable

agriculture. As part of such a process, we makéddl@ving three suggestions.



First, all relevant stakeholders from multiple lisvef the agrifood system, including
farmers of different classes and sizes, consunmet€iéizens, and agribusinesses, should be
involved in a collaborative process to ensure ghditverse representation of interests and values
guide the GE technology research, developmentapptication process. One model that might
serve as a prototype is participatory plant bregdiixamples already exist of how including
farmers in breeding activities and field trials cande research agendas to become directed at
using up-to-date technological approaches for sglproblems that farmers face in diverse
environments, rather than breeding for mass proaluad homogenous environments (Mendum
and Glenna 2010). Such a process addresses a booase-section of farmer interests, promotes
agricultural biodiversity, and contributes to adsieg challenges that a range of farmers face.

Second, scientific breakthroughs need to be condbiith experiential knowledge to
overcome the limits of reductionism. As GE cropegesh has been focused primarily on solving
problems associated with a mass-production sysBgrop researchers generally have not
been widely viewed as contributing to sustainabjgcalture, although there are notable
exceptions. A greater focus on social equity mdy teebreak down barriers between GE
researchers and sustainable agriculture groups.

Third, GE research needs to shift from a focusrmrage goods to a focus that includes
an emphasis on public goods. This may be achievidintellectual property and research
funding reforms. Novel intellectual property ingtibns could be altered to promote public
researchers’ access to proprietary material. Furtbee, it should be recognized that the private
sector lacks adequate incentives to focus on pgblcls research. Public support for public
research institutions must be directed at the geioerand distribution of minor crops and other

non-proprietary agronomic knowledge if GE cropstargenerate broader social benefits.
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Over the last decade, American consumers fueledtegfowing market for organic food and
U.S. farmers flocked to genetically engineered (&&)eties of several major U.S. crops. The
potential for GE crop production to impose cost®ayanic production, via accidental
pollination and other mechanisms, underscoresiibielgm of coexistence between GE and
organic crops. Here we review evidence that consa@®and has led to markets for products
differentiated on some basis of GE status, andni@taining the integrity of those
differentiated product markets relies on intervems$i such as physical distancing or product
segregation. Further, at present, the costs rajtoreupport the coexistence of all markets is

borne disproportionately by producers and consumfensganic food in the United States.

Consumer Demand for Organic and Non GE Food

Demand for organic food and other products in thedd States has steadily increased since the
late 1990s, providing market incentives for U.3nfars across a broad range of products to
grow organic. Although the market in the Unitedt&sas relatively small, it is quite strong and
has realized double-digit annual growth rates ¢ivedast decade. In 2010, sales of organic food
continue growing much faster than in the overaldanarket. Congress passed the Organic
Foods Production Act of 1990 to establish nati@tahdards for organically produced

commodities, and USDA'’s subsequent national orgaragram



(http://www.ams.usda.gov/ngpegulations and certified organic label playegamant roles in

providing consumer assurance, most likely contniguto the growth in the U.S. organic market.
U.S. sales of organic products were $23 billio2@9—about 3.5% of total at-home food
sales—and will reach $25 billion in 2010, accordiogheNutrition Business Journal

USDA'’s national organic standards are process-basesl/ address the methods,
practices, and substances used in producing ardlihguerops, livestock, and processed
agricultural products that can be certified as nigarhese requirements apply to the way the
product is created, not to measurable properti¢iseoproduct itself. USDA regulations specify
that organically produced food cannot be produsdgugenetically engineered materials. While
these regulations are process-based and do matisegtshold limit for the accidental presence of
GE materials in organic products, organic buyeth@United States and elsewhere have set
thresholds and are increasingly requiring testimdy @her compliance measures. During the
USDA'’s final rule-making process, organic consumersquivocally stated their preference that
genetic engineering technologies be excluded frogarac production and processing. This was
recently reconfirmed in the context of animal chani

Although not regulated by the Federal governmématie is evidence that firms in the
United States can capitalize on consumer prefesdmgdéabeling food as having been grown

without the use of genetic engineering. For examMeite Wave Foodsaww.whitewave.comny/

sells Silk brand organic soymilk, which meets aBA organic production and processing
standards, including the prohibition on the usgefetic engineering, as well as Silk soymilk
that is produced from non-genetically modified @oyhiteWave has its own testing protocols
to ensure that genetically modified crops are mes@nt in these products: soybean seeds are

tested and only approved seeds are planted; saamglgsilled and tested as beans are harvested



before entering a storage silo; and composite sssrgoke taken and tested as sacks are prepared
for delivery. The product commands a premium priceover the costs of such a program—and
consumers are paying it. According to industryreates, packaged food containing a non-
genetically modified organism (GMO) label claim aanted for nearly $787 million in sales in
the United States between April 2009 and April 2010

In the United States, the private sector has tékeread in setting product-based
standards to minimize the risk of contaminatiomoim-GE products. Individual companies have
used a patchwork of non-GMO standards and labehslaver the past decade. Spurred by
organic and natural food companies needing a demsjs/erifiable and reliable standard, a
nonprofit group, the Non-GMO Project, emerged régesith an independent verification
system for products made according to best practareGMO avoidance, including testing of
risky ingredients—for example, soybeans. The “Ndvi&GProject Verified” label claim is
based on non-GE product traceability, segrega#iotion thresholds and other practices for
GMO avoidance. Action thresholds are set for higk-inputs and products, such as corn and
soybeans, and are set at 0.9% for food graingxXample. The Non-GMO Project avoids legally
and scientifically indefensible claims that produate 100% GE-free. A broad set of U.S.
organic and natural food companies have alreadggbthe non-GMO Project to use its non-GE
testing and labeling protocol—including Eden, HamtgMill, Lundberg’s Family Farms,
Nature’s Path Organic, Organic Valley, Rice Sel8atyder’s of Hanover, Straus Family
Creamery, and many others. Whole Foods Marketatigest natural foods supermarket chain in
the United States, is also partnering with the KBMO Project to use their non-GE testing and

labeling protocol for its private label products.



Many important foreign markets have regulatory resuents for non-GE products, and
buyers may also set more stringent private stasdarthese countries. The European Union,
(EV) for example, has mandatory GE labeling andistence policies. All products marketed in
the EU for which the content of a product excee@%0GE ingredients must be so labeled. This
policy places a labeling cost on GE crop producées, results from public polls in the United
States and elsewhere show “overwhelming suppotab®@ling of genetically modified food”
(Onyango, Nayga, and Govindasamy, 2006). Consuneéznence for non-genetically
engineered food is not as well documented.

There is ample opportunity for U.S. crop produdersake advantage of the many
production benefits that GE crops provide. The waaority of U.S. soybean, cotton and corn
producers plant genetically engineered varietigesting to GE crops’ commercial production
appeal. Although recent industry surveys indicat & majority of U.S. consumers buy organic
products at least occasionally, food purchase slaggest that a majority of U.S. consumers are
either unaware of or indifferent to the presenc&gfingredients, or are unable to afford the

prices that organic and non-GE foods command.

Why Can’t We All Just Get Along?

Clearly we have a largely GE-indifferent mainstrefaod market, a well established and
growing market for foods differentiated by the argaabel, and evidence in the United States
and abroad of another market for products spedyidéferentiated by their lack of GE
ingredients. The coexistence of these marketgéaténed by the possibilities of transgene flow,
GE-induced resistance of pests to pest controlymtsd product comingling, and other
externalities. We note that this is the case rsitfior organic markets and GE crop production,

but also for commodities differentiated in otherygiaFor example, in the United Kingdom, two



differentiated varieties of non-GE rapeseed arélyced for oil-one for edible oil, the other for
an industrial grade product that is prohibitedifaman consumption. The different markets rely
on strategies that assure coexistence withoutf@narce with one another.

Contamination of differentiated products can oaumany different stages in the
production and processing chain. Gene flow frometjeally-altered crops, even those approved
for food uses, is a particular issue for farmees thrget organic food markets, but other modes
of contamination may also occur. For example, i620ansgenic corn plants engineered to
express a vaccine were found to have “volunteeiredh otherwise normal corn planting. This
discovery led to incineration of plants, both carmd soybean, across a wide acreage and fines on
the firm that produced the transgenic variety.00@ StarLink, a gene-altered corn approved
only as animal feed, was found in corn chips ameiofood products throughout the United
States, prompting product recalls. StarLink cors wammingled with other corn after it was
harvested.

Failure to manage biological confinement can leadisruption of domestic and
international markets for organic products sing¢ermational and USDA organic regulations
prohibit the use of genetically modified organism®rganic crop production. Markets for
organic food differ in their tolerance levels foetadventitious presence of genetically modified
organisms, with some countries and buyers sett@gy@tolerance, and others allowing small
amounts, generally under 1%. The tolerance lexaldhganic farmers must meet has largely
been market driven, rather than regulatory drivethe United States.

It is no surprise that organic farmers perceiveammation as a big issue. The
University of Maryland in cooperation with a resgateam from USDA's Economic Research

Service conducted a set of focus groups acrosditited States to explore the risks faced by



organic farmers, how they are managed, and needskamanagement assistance. Participants
in these sessions included operators of aboutr@@sfgproducing many different organic crops
in various parts of the country. Contamination famic production from genetically engineered
crops was seen as a major risk, particularly bingeoybean, and cotton farmers. Organic
farmers at all the focus group sessions expressesiderable concern about risks from the use
of genetically engineered crops by conventionahtas. Contamination from pollen drift from
genetically engineered crops was seen as a partigskerious risk, one that the participants felt
is now resulting in lost organic sales.

Organic farmers also pointed out that geneticallyieeered varieties may destroy the
effectiveness of natural pest controls. For exampbmy organic farmers use Bt-based foliar
pesticides, which are approved for organic usegtdrol insects. In recent years, transgenic
varieties of corn containing the Bt protein haverbdeveloped, and organic farmers worry that
their widespread use will hasten development aeBistance by insects and limit the usefulness
of Bt organic pesticides.

Many of the organic farmers expressed a broad canmt@bout responsibility for
transgenic crop varieties. They explained that camgs developing genetically engineered crop
varieties provide a technology that is uselesggamc farmers, while at the same time exposing

organic producers to substantial risks.

Successful Coexistence Requires Management Strategiat Many Levels
The coexistence of organic and GE crops relies anagement practices, segregation and
identity preservation measures at every step ifidbe chain, from seed production through

food or feed processing and transportation.



Organic farmers use numerous management stratebigféer-zones, careful timing for
crop planting, crop monitoring—to minimize to pdskiy of accidental contamination. One way
of managing the risk of transgenic contaminatiotoiplant the organic crop one to two weeks
later than nearby conventional farmers plant sottieorganic crops would not pollinate at the
same time as the predominant genetically engineexeeties. This strategy has only been
modestly successful because cool and wet springheeean delay plant growth such that corn
plants pollinate at about the same time regardaieptanting date. Some U.S. producers and
processors have grown organic corn for seed intaesrwith less widespread adoption of GE
crops in order to have a two-mile buffer zone.ddition to adding or increasing the size of
buffers, adjusting the timing of crop planting, aféhnging crop location, additional risk
management strategies that organic farmers matouséigate the risk of transgenic
contamination include altering cropping patternsrops produced and discontinuing the use of
inputs at risk for contamination. The use of anyhaflse risk management strategies may increase
the costs of producing organic and non-GE crops.

Growers of GE crops that have pesticidal propertiesh as Bt corn and cotton, also take
steps to maintain susceptibility of the pest popata They are required to set aside refuge
areas—areas planted to conventional varietieseo$#ime crop—so that the pest population
includes genes of pests that are not likely to beccesistant. The strategy’s success relies on
the cooperation of GE variety producers and EPAreeiment of the practice. Set-asides are not
costless but GE producers, as well as non-GE pevdubenefit from their success.

Post-harvest preservation of the organic or nor#@iEis accomplished by segregating
the organic crops and their downstream products f8E crops. Segregation is exceptionally

costly. Segregating organic from GE crops requstdsstantially larger investment in



infrastructure for handling the crop commodity dhe intermediate and final products.
Harvesting equipment, sorting processes, on-farelemator storage facilities, containers and
other transportation vessels, storage at poinhiphsent, and processing facilities essentially
have to be distinct for organic and for GE. In sarases, facilities used to process GE crops may
also be used for organic crops by cleaning thditiaéirst. For example, a cotton gin is cleaned

by putting an initial load of organic cotton thrduthhe gin and treating that load as conventional
product and forgoing the organic price premiumton i

A major organic producer organization in the Unigdtes, the Organic Farmers Agency
for Relationship Marketing (OFARM), recently adagies own protocol for minimizing GMO
contamination. Member groups, including the topaoig grain marketing cooperatives in the
Midwest, have agreed to the detailed set of GMQdarxe practices, including product testing
for seeds and feeds, and a sampling protocol foatymts.

Despite producer efforts to avoid GE contaminatare of the top organic and non-GE
grain wholesalers in the United States reportsitisatejecting an increasing percentage of the
arriving loads because they test higher than 0&@%dnetically engineered material. When a
load is rejected, a producer loses their organimmoo-GE price premium for the product, incurs
additional trucking costs for transportation tougdr who purchases GE grain, and may have
other losses. According to Lynn Clarkson, of Clark&rain, several factors explain their recent
rise in rejected loads. First, the Non-GMO Projexs$ sensitized many food processors regarding
GMOs, and the numerous food processors that havedahis project are now demanding Non-
GMO Project Verified ingredients. Also, more orgahuyers are contracting for grain with non-
GMO verification as well as organic certificatidblarkson Grain is conducting more GMO

testing to comply with their clients’ wishes. Indditbn, a major tool for identifying GE



contamination—the visual distinction of yellow G&ro kernels and white non-GE kernels—
was lost several years ago when major non-GE webite buyers also starting purchasing white

corn from producers using GE crops.

Figure 1. OFARM Policies and Protocol for MinimigitsMO contamination*

OFARM Paolicies and Protocol for Minimizing GMO contamination*

On-farm practices:
e Use third-party tested seeds and feeds of conoegndure purity
« Keep records of test results on feed and inputcgsur
« Keep tested seeds separate from GE seeds
« Use appropriate field buffers based on specifip atistances
* Clean and visually inspect planter and drill bolkefore use
* Use physical separation or minimum-foot border rows
* Report actual non-GE acres planted for OFARM catireo certifier
« Be aware of neighbor’s crops and planting dates
* Use alternative planting dates for corn and canola
e Maintain planting history for non-GE contract fisld
e Clean combines, grain drills, planters, and otlygiigment
«  Visually verify that custom or shared combinesfaee of other grain
e Use a flush run to assure equipment is free ofaroimants
e Use identity-preserved stickers or other methodaliel non-GE bins
e Clearly instruct drivers about the identity presshnature of shipments

Product loading and shipment practices:

Producer responsibilities:
« Ensure proper documentation for identity-preseiyedh
« Take and maintain representative sample(s) as gr&aded into storage
e Clearly instruct drivers about the identity presshnature of shipments
e Inspect truck for cleanliness

Driver responsibilities:
e Clean and inspect all equipment used for loadirdyteansporting grain
e Clean and wash trucks according to protocol
e Complete a truck inspection affidavit as the trig loade«

*OFARM coordinates marketing for member groups:
Buckwheat Growers Association of Minnesota
Kansas Organic Producers Association

Midwest Organic Farmers Co-op

Montana Organic Producers Co-op

NFOrganics

Organic Bean and Grain

Wisconsin Organic Marketing Alliance

Coexistence Problems Affect Producers’ and ConsumgrWelfare
Moschini, Bulut, and Cembalo (2005) have demonsti#ihat the segregation and identity

preservation costs imposed on the organic sectthiéintroduction of a GE innovation can be



so high that they overwhelm the welfare gains,conemic benefits, from the GE innovation
itself. This finding relies on the existence ofanfGE differentiated market, like organic, at the

time of the GE introduction.

Pasture and Range Share

# Certified
Organic Operations
(U.S.Total 12,941)

| ja-18 | 198 -279

== -
[ J19-57 [ 280-635

[ |ss-120 [N 636-1,016

[ 1121-197 [N 1,017 - 2,887

"U.S. Total Organic Acres: 4,815,959
Crops: 2,655,382
Pasture and Range: 2,160,577

Figure 2. Organic Operations Accounted For Lessihé&b of Total Crop Acreage in 2008

We hypothesize for field crop producers in the EdiStates that the widespread use of
genetically modified crops may also play a sigmificrole in dampening the adoption of organic
farming systems. U.S. producers dedicated apprderisnd.8 million acres of farmland—2.7
million acres of cropland and 2.1 million acregafigeland and pasture—to organic production
systems in 2008. California remains the leadingeStacertified organic cropland, with over
430,000 acres, over 40% of which is used for faaid vegetable production. Other top states for
certified organic cropland include Wisconsin, Ndithkota, Minnesota, and Montana. However,
for the crops for which adoption of GE technologygreatest, organic production is low. Only a

small percentage of the top U.S. field crops—cOr2%), soybeans (0.2%), and wheat (0.7%)—



were grown under certified organic farming systeoasnpared with vegetables (7%) and fruits
(3%). U.S. organic soybean acreage has remainativedy flat since the early 2000s despite
increasing demand for organic feed grains and coesproducts such as soymilk, and U.S. feed
grain distributors and soy product manufacturep®mesourcing organic soybeans from other
countries. Meeting government and private standi@mson-GE crops is easier for farmers in

many countries outside the United States wheretadopf GE crops is low.

Who Pays for Coexistence?

Depending upon the regulatory or technologicakfixployed, and/or liability assignment,
organic producers and consumers and/or GE seetbgeve and users can end up paying to
assure coexistence. In the EU, mandatory label§Eproducts shift some of the cost of
coexistence to GE product processors and sellassEliropean Commission published
guidelines for developing national strategies aratfices to ensure a fair balance between the
interests of GE and non-GE farmers in July 2008, racently determined that Member States
had made significant progress in developing natistnategies for coexistence. The coexistence
approach in a number of these countries is to redslE producers to use buffers and other
prevention strategies and to make them liable ionemic damages to non-GE producers.
Another coexistence strategy that is being examimé&tlirope is the use of insurance markets to
help compensate for the economic losses experidncedyanic and other non-GE producers
(Koch).

In the United States, an alternative approach kas lised, implicitly allocating risks and
costs to non-GE producers. Organic and other nomp@#&ucts are labeled, and the non-GE
producers assume the full costs and liability ai@dental contamination from GE crops. By

2002, 8% of respondents to a national organic predsurvey reported having direct costs or



damages, such as testing costs and loss of orgaleis or markets, related to GE crop
production. The open-ended economic risk to nonp@&Eucers from accidental contamination
by GE crops may dampen prospects for growth irddmestic organic farm sector, particularly
as GE technology spreads to the food crops thatrégdenthe organic sector.

Moving toward a more level playing field for orgar@nd non-GE producers in the
United States could involve a mix of strategies. &ample, U.S. organic and non-GE
producers might continue to incur some of the esbsts associated with GE production, such as
the costs of GE testing, but have access to comapiensf their crop loses organic or non-GE
status, and attendant price premiums, due to GEgonation. Or, the private sector could step
in by, for example, stacking a trait for unusuadeolor or shape to avoid comingling. A
public/private partnership may enhance coexistancemake organic, non-GE and GE

production more sustainable in the United States.
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No examination of the role of GE crops in the sustiaility of U.S. agriculture is complete
without understanding what drives academic biosgemhe National Research Council's 2010
report on the role of genetically engineered (Gieps in U.S. farm sustainability underscores
not only their successes, but the challenges theyintroduce. The challenges include
protecting against herbicide resistance, trackimgy@ntrolling water pollution, measuring and
guarding against gene flow to non-GE varieties, atehding to such potentially public-good
issues as climate change mitigation, minor-cropetigament, and nitrogen fixation. In the
shorter term, successes in these areas will depeodmmercial trait development and on the
farm management practices linked to it. In the &artgrm, however, it will depend on the
drivers influencing academic bioscience, where masiamental research underlying genetic
modification—and much of the translational workdging the gap between proof-of-concept
and product development—begins.

Such drivers increasingly can be understood in lstgapd-demand terms because
universities increasingly view themselves as s@pplof research deliverables and demanders of
research money. On the other side of these twoetgrjournals, governments, and firms seek
research deliverables and public agencies and 8upply research monies. Yet part of the

reason most professors work at universities isutsye noncommercial interests. Predicting



academic research directions thus requires we @engrofessors and administrators as seekers

of both monetary resources and professional satisfa

Bioscientists’ Motives

To capture the personal and commercial aspectsivérsity bioresearch, we consider four of its
dimensions: (a) the bioscience discipline—refldatethe scale of the research object, from
sub-cellular to entire ecosystem; (b) the positbthe research on the basic-to-applied
continuum; (c) the potential for patentability adher types of excludability—of the finding; and
(d) the interest group served. It is importantsk Bow the scientist's human and institutional
capital, program funding, academic culture, andketaenvironment affect these characteristics
and contribute to human welfare.

Funding agencies’ research budgets can offer sogweaas. But the variety of scientific
activity hidden in those gross statistics rarebtidguishes among the many issues that research
policy makers need to understand. For example eggde data don’t allow distinguishing
between a scientist’s willingness to engage in,amdgent’s willingness to fund, a particular
line of research. Such distinctions are best driayvaxamining the individual scientist’s
behavior.

Social scientists have theorized about, and tdsteevhat motivates scientists to do what
they do. Early analysts argued that institutionfiliences, such as university structures and
cultures, played dominant roles, leaving littlecdetion to the individual scientist. More recently,
scholars have thought of individual scientists agg their own motives and abilities and
facing their own constraints in research programetigment. We draw on both the institution-
based and individual-based theories here to exahuneacademic scientists make decisions

about the types of research questions they ask.



Our data for doing so come from a 2003 — 2004 natieurvey of academic bioscientists
who conducted research on molecular or cellulaicsires with implications for agriculture,
forestry, or aquaculture. The scientists identifigdheir department chairs as conducting such
research were drawn from a random sample of 20-Guaaht, 25 public non-Land-Grant, and 25
private universities. Each researcher was senthdme questionnaire asking about their annual
budgets by funding source, types of laboratoryséasis, grant-based inputs such as equipment
and cell lines, university resources, the respotisidmnscience discipline and current main study
topic, the basicness and potential excludabilitthefr approach to that topic, academic rank,
and intensities of view on a range of professi@aantific norms. Sixty-four percent of the 1441
scientists we contacted responded, giving a tatalpde of 922.

We asked each respondent to indicate the percdm$ oésearch portfolio that was
basic—adding to fundamental knowledge—and the ptagothat was applied—creating a new
product or a solution to a problem. We also askedtb estimate the proportion of his research
he expected to be nonexcludable in the sense ddaiog property-right protectable —and hence
notrestrictable to paying parties. The meanings sfdxand applied, and nonexcludable and
excludable, may vary somewhat across biosciencgtirees. In order to reduce the potential for
conflicting interpretations, we provided definit®and examples of these four research
characteristics. That respondents showed littldenge of inconsistency is suggested by the fact
that when asked to indicate their projects’ basis@ad excludability on a 6-point Likert-scale,
such as "how basic was your research?", their rssgsowere highly correlated with their
percent-of-program responses.

Sixty-seven percent of the mean respondent's i@seartfolio was basic and 33%

applied. Eighty-five percent was reported to beaxafudable and the remaining 15%



excludable. The average current annual laboratodgét was $229,000 from federal and state
public sources, 18% of that from the National SceeRoundation (NSF), 33% from the National
Institutes of Health (NIH), 18% from the U.S. Depaent of Agriculture (USDA), and 17%

from state governments. Nearly $51,000 was deraredially from private sources, 53% of it
from industry firms and trade associations and 4it¥h foundations. Forty-seven percent of the
scientists were from Land Grant universities, 358t public non-Land-Grant universities—
such as the University of Texas—and 18% from pevativersities such as Stanford. Medical
school faculty were strongly represented, sugggstisignificant overlap between human-health

and agricultural biotechnology.

Research Basicness and Excludability

The right mix of basic and applied, and of excludand nonexcludable, discoveries for
addressing GE crop challenges depends on the pnatdatext. We can begin that inquiry
however by asking about ti&ctorsaffecting these research program features. Funersheir
requests-for-proposals to influence the type odaesh they seek, for example a study on crop
biofuels. On the other hand, every funder serveari@ty of interest groups and supports
research in a variety of areas. And academics ti@reown preferences among potential
funders. So it is useful to ask how another ddham a particular money source influences a
researcher’s objectives. To do that, we must cbfdrdactors other than the money the scientist
receives. We also must account for his human dapitpresented for example by his academic
rank, his university culture, and the professiomaims that partly guide his research life and
choices.

When we do so, we find that the proportions of@sbientist's program that are basic and

nonexcludable are strongly influenced by her pmitesal norms regarding the value of



theoretical research, scientific curiosity, pategtiand nonexcludable—public—benefits. Our
scale for measuring these norms runs from 1 tocreasing numbers reflecting more intense
agreement with the norm. The more she says slengitutionally oriented toward achieving
theoretical breakthroughs or indulging her scienttiriosity, the more she engages in basic
research. The more she is oriented toward paterthegnore excludable her research turns out
to be. The statistical significances of these ndoinredactors were greater than for any of the

other factors, such as type of funding source, evesiclered.

Table 1. Factors Affecting Bioscience Researchdiass and Nonexcludability
Factors Basicness and Nonexcludability

Percent Basic | Percent Nonexcludable

Research Program Characteristics

Percent Basic 0.16

Percent Nonexcludable 0.27

Research Funding
Public Funding ($1,000) 0.03 -0.01
Private Funding ($1,000) -0.16 0.03

Scientist's Norms

Contribute to Theoryl — 7 scale) 6.60
Scientific Curiosity(1 — 7 scale) 4.12
Chance to Pater(tl — 7 scale) -5.72
Create Nonexcludable Beneffts— 5 scale) 1.65

®Numbers are changes in the percent of the scientitearch portfolio that is basic or
nonexcludable caused by a one-unit change (showarientheses) in the indicated factor.

The influence of each factor is shown in Table 4.olve would expect, more
nonexcludable research programs tend to be more, laasl more basic programs more
nonexcludable. But those relationships aren't g&gng. Boosting the basic portion of a
scientist's portfolio one percentage point bodstsntonexcludable portion by only 0.16 points.
This is a potential impact of the Bayh-Dole Act arthted court rulings, which have expanded

the range of basic scientific innovations that barpatented. The Bayh Dole Act allowed



recipients of federal research funding intellectualperty control of the inventions and other
intellectual property that resulted from such fungdi

Neither the source nor amount of the scientistiglifug has a statistically significant
impact on the proportion of her work she regardexasudable. Public money, in other words, is
just as likely to encourage patentable or otherwiaeket-protectable research as is private
money, another likely Bayh-Dole influence. Fundsugirce does, however, affect research
basicness. While a $1000 rise in the publicly fuhdertion of the scientist's portfolio boosts the
basiccontent of her research program by only 0.03 peagge points, a $1000 rise in the
privately funded portion boosts #ppliedcontent by 0.16 percentage points. Speeding up GE
crop innovations by shifting to more downstreaneagsh can be accomplished by allocating
more funding to the private sector. This, howewell,be effective only if foundational science

doesn't suffer too greatly as a result.

Research Basicness and Object Size

The research topics in bioscientists’ laboratogies can be characterized through the sizes of
the objects they examine. Because GE crops, suchBigotton, are often produced through
manipulation of sub-cellular material, the innowatrates depend directly on the magnitude of
laboratory effort at the sub-cellular and celld&arels. Yet the implications of these discoveries,
such as the non-target-insect mortality associattdBt technology or the watershed effects of
shifting to more herbicide resistant crops, areeusitod only at the organism and ecosystem
levels. Research at those larger scales therefowédes useful information for future sub-
cellular innovation. As it turns out, a researcbjgct's object size is only moderately correlated

with its basicness. Thus, accounting separatelyhiese two bioscience program features is



important for understanding the rate, charactet,amtrol of genetically engineered innovations
in agriculture.

We asked four academic bioscientists who did ndigyaate in our survey to examine
each of our 922 respondents' research topic déiscrgpand classify each by object size. Thirty-
five percent of the topics focused on sub-cellpkticles, 11% on cells, 9% on organs, 25% on
organisms, 12% on natural ecosystems, and 8% oagedrecosystems. Respondents who said
they were biochemists or cell or molecular bioltgis60% of our sample—conducted work
mostly at the sub-cell or, to a lesser extent,@metirganism level. Pathologists—10% of the
sample—were predominantly in organism researchganéticists—20% of the sample—in
sub-cellular or organism research. For simplicitg,here combine sub-cell and cell topics into a
"cellular" group, organ and organism into an "oiigant group, and natural and managed
ecosystems into an "ecosystem" group.

Basicness was measured by asking the scientistitcate on a six-point scale the degree
of basicness of the typical project in his curmasearch portfolio, in contrast to the proportion
of her research program used above. We calledc'basy topic with a response in the 1-to-3
range, and "applied" any topic in the 4-to-6 rarigeally, we categorized each topic according
to the combination of basicness and object-sifgdlitnto: basic cellular, applied cellular, basic
organism, applied organism, basic ecosystem, dregpgcosystem. We used statistical methods
to determine how the scientist's human capitaliastitutional culture, professional norms, and
funding sources affected the likelihood she wowldduct research that fell into each of these six

categories. To our knowledge, this is the firsestigation of such relationships.

Influences on Basicness and Object Size



Table 2. Funding-Source Impacts on Research Basscaed Object SiZze

Funding Source and Type Object Size
Cell Level | Organism Level | Ecosystem Level

USDA

Basic -0.14 -0.08 -0.02

Applied 0.22 0.21 0.08
Industry

Basic -0.95 -0.14 -0.05

Applied 0.17 0.39 0.12

®Numbers are the changes in the percent of researtihe indicated basicness and
object size caused by boosting funding from thiz&tdd source by one percentage
point, and reducing NSF funding by the same amadmputacts of NIH and state
funding are not shown.

Table 3. Professional-Norm Impacts on ResearchdBasis and Object Sfze

Professional Norm Object Size

Cell Level | Organism Level Ecosystem Level

Theory Norm

Basic 5.35 2.19 1.12

Applied 0.29 -2.63 -1.72

Patenting Norm

Basic -2.70 -0.95 -0.73

Applied 2.61 2.81 -1.45

®Numbers are the changes in the percent of reseatrtihe indicated basicness and
object size caused by a one-point rise in the igmme of the indicated professional
norm. Impacts of NIH and state funding are not sthow

The scientist's rank and university type had, l@yrbelves, little influence on these research
choices. But the sources and amounts of her fundimd her professional norms, were
important. USDA and industry funding effects areegi in Table 2, while patenting-norm and
theory-norm impacts are presented in Table 3. TBBAJand industry sections of Table 2 show
the research-choice effects of boosting USDA ousgtiy funding by one percentage point while

reducing NSF funding the same amount. Because Bl§feimost basic-research-oriented of the



major funders, this reveals the net effect of sigffunding from the most basically inclined to

the more application-oriented agencies. For exanyolesting USDA funding one percentage
point brings a 0.22 percentage-point rise in apptiellular research. Table 3 shows the research-
topic impacts of a one-point rise in the sciergisbrmative orientation toward, respectively,
theoretical contributions and patenting. We sebkthese norms not as a dichotomy but as two
topical scientific issues of high relevance to biesce.

Our findings suggest that routing more GE-crop atter biotechnology funding through
biotech firms or the U.S. Department of Agricultpneshes academic bioscientists away from
basic and toward applied research at the cell,isgg and ecosystem levels. For example, the -
0.95 value in the industry-funding part of the kgfle of table 2 says shifting one percentage
point of the scientist's funding from NSF to bidteology firms reduces by 0.95 percentage
points the likelihood he will conduct basic subleglcellular research. And it will raise by 0.17
points the likelihood he will conduct applied sulltor cellular research. However, the larger
the research study’s object size, the less doesindfunding push it in the applied direction.
USDA support creates a similar but more modestdathent toward applied topics. And as with
biotech firms, the inducement is lower on the esteay than on the cellular side of the object-
size continuum.

Table 2 also can be read horizontally to show hwdustry and USDA funding affect
research object size. Shifting one percentage pbithte scientist's support from NSF to industry
reduces the prospect of basic organism-level reBdar only 0.14 percentage points but, as
noted above, the basic cell-level research by pddts. Thus industry sponsorship leads,

comparatively speaking, strongly away from basiz-sellular and cellular work. And among



applied programs, industry leads particularly tadwasearch at the organ and organism levels.
USDA sponsorship has the same general effect,tabslightly lower magnitudes.

Table 3 shows professional norms exert strong émibes on research-topic choice.
Examples of their influences: a one point risehia $cientist’'s theory norm induces a 5.35
percentage point rise in the chance the scientisb&/found to conduct basic cellular research,
and a 1.12 point rise in the chance she will bedoto conduct basic ecosystem studies. A one
point rise in the scientist’s orientation towarderding reduces by 2.70 percentage points the
likelihood of her conducting basic cellular resésand boosts by 2.61 points the likelihood of
applied cellular work, resulting in a net 5 8&rcentage point net rise in the likelihood shé wil
conduct applied research if she is sub-cellularetiular scientist. Expressed in proportionate
terms, the professional norms examined in thisyshadl on average four times as much research
influence as funding sources did.

Among organism scientists, rising patenting orieates create a similar but smaller
impulse toward applied topics. At the same timeytimduce modest shifts from larger to
smaller-scale research, where more opportunitiegdtenting are found. Scientists oriented
more toward theory are more likely to conduct bassearch. Interestingly, they are more likely
to conduct cell-level research as well. Both a patenting and a pro-theory ethic thus move the
scientist toward small-object research, even thdbhghormer is in an applied direction and the

latter in a basic direction.
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a. Positive numbers indicate a net average rise — and negative numbers a net mean
decline —in the chance the scientist will conduct applied rather than basic research or
large-object rather than small-object research. Figures take into account shifts into and
out of organism research.

Figure 1. Net Average Impact of Funding Source oybBbility of Conducting Research at the Indicated
Basicness and Object Size.
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a. Positive numbers indicate a net average rise — and negative numbers a
net mean decline — in the chance the scientist will conduct applied
rather than basic research or large-object rather than small-object
research. Figures take into account shifts into and out of organism
research.

Figure 2. Net Average Impact of Indicated ProfesaldNorm on Probability of Conducting
Research at the Indicated Basicness and ObjecfSize

By way of summary, Figure 1 gives each funding sesrand Figure 2 the scientist’s
professional norm's net average impact on resdmasicness and object size. Positive
coefficients indicate a net rise in the chancenmioeintering an applied rather than basic topic or
a large-size, such as an ecosystem, rather thdirsmeg such as molecular, research object.
Among funding sources, state governments and indastate the largest average impulses
toward applied and large-object research. Shifbing percentage point of the scientist's funding

from the National Science Foundation to biotechgglirms creates a net increase of 0.61



percentage points in the likelihood the scientidgitemgage in applied research. Industry funding
also increases the likelihood he will engage igdanbject rather than small-object research.

Neither state nor USDA funding has an appreciabtesffect on research object size.

Policy Implications
The importance of academic research, particuldrtgeabasic and translational but even the
development stages of the genetic engineering pspceso great that any examination of GE’s
future is incomplete without considering how pre@s decide what to study. The rate and
character of genetic engineering research in aijuieudepends on the balance achieved between
basic and applied, excludable and nonexcludabt&n@oro- and macro-object investigation. In
universities at least, these characteristics in ti@pend on the scientist's human capital and
institutional culture, professional norms, and fungdsources. Our study strongly suggests
professional norms have at least as great an imfkias do any of these other factors.
Nevertheless, industry funding pushes academicigionse research strongly toward the
applied end of the research spectrum and towar@hem or ecosystem level work. In both
respects, industry support thus militates agamstdational gene-modification research and
toward the organism and ecosystem levels at whiatresearch is applied and controlled.
USDA and state funding has, albeit less sharpl/sdme effect. Taken together, these findings
suggest both the private and public sector are@ffein encouraging university organism and
ecosystem research. Solutions to some GE cropeciy@$, such as weed resistance and climate
change mitigation, thus can be addressed in batorse individually or collaboratively. In
contrast, aggregate public funding boosts basiccatidevel research only because NSF and

NIH push substantially in those directions.



Much has been surmised in the popular literatuoeiimoney's influence on the
direction and content of academic biotechnologgaesh. The concern is justified because
money source does affect what academics do. Howteerelationships are more complex than
often portrayed. Two factors mute the money-effeatries. The first is that professors'
academic norms, influenced by their personal istserand the culture in which they work,
appear to be more important than funding-agenepeetes, militating against undue industry
influence in public science. Understanding thedescaffecting these norms should thus be a
high priority in social science research. The sddsrthat, although the privately sourced share
of university funding has risen as a share of teaéarch resources, it remains a small
proportion of the total pie. In any event, USDA atdte funding have much the same effects as
industry. Furthermore, we have found in our analyisat public and private finance tend to
compete with one another in the university labasgteach tending to push the other away.
Perhaps the most important trend to watch is tineiggional rise of the patenting and licensing
ethic in U.S. universities (Stuart and Ding 200@hjch likely is taking us toward greater

commercial control of life-science technologies.
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