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Abstract

Background

Genetically engineered, herbicide-resistant and insect-resistant crops have been remarkable
commercial successes in the United States. Few independent studies have calculated their
impacts on pesticide use per hectare or overall pesticide use, or taken into account the impact
of rapidly spreading glyphosate-resistant weeds. A model was developed to quantify by crop
and year the impacts of six major transgenic pest-management traits on pesticide use in the
U.S. over the 16-year period, 1996-2011: herbicide-resistant corn, soybeans, and cotton;
Bacillus thuringiensis (Bt) corn targeting the European corn borer; Bt corn for corn
rootworms; and Bt cotton for Lepidopteron insects.

Results

Herbicide-resistant crop technology has led to a 239 million kilogram (527 million pound)
increase in herbicide use in the United States between 1996 and 2011, while Bt crops have
reduced insecticide applications by 56 million kilograms (123 million pounds). Overall,
pesticide use increased by an estimated 183 million kgs (404 million pounds), or about 7%.

Conclusions

Contrary to often-repeated claims that today’s genetically-engineered crops have, and are
reducing pesticide use, the spread of glyphosate-resistant weeds in herbicide-resistant weed
management systems has brought about substantial increases in the number and volume of
herbicides applied. If new genetically engineered forms of corn and soybeans tolerant of 2,4-
D are approved, the volume of 2,4-D sprayed could drive herbicide usage upward by another
approximate 50%. The magnitude of increases in herbicide use on herbicide-resistant hectares
has dwarfed the reduction in insecticide use on Bt crops over the past 16 years, and will
continue to do so for the foreseeable future.

Keywords

Herbicide-resistant crops, Herbicide-tolerant soybeans, Glyphosate, 2,4-D, Bt crops,
Genetically engineered corn, Roundup Ready crops, Biotechnology and pesticide use,
Glyphosate resistant weeds







corn soil insecticide market leadetsebupirimiphos and tefluthrintare applied at average

rates around 0.13 kgs/ha (0.12 pounds/acre). In l@6market leaders were chlorpyrifos

and terbufos, insecticides applied at rates above 1.12 kgs/ha (1.0 pounds/acre) [Additional
file 1. Table S12]. Obviously, plantin@t corn in 2011 reduced insecticide use less
significantly compared to land plantedBocorn in the late 1990s.

Few comprehensive estimates have been made of the impacts of HR crops on herbicide use.
7KH 86'$ KDV QRW LVVXHG D QHZ HVWLPDWH LQ ZHOO RYI
Research Service (ERS) reported an 3.7 million kg (8.Romipound) decrease in pesticide

use in 1998 as a result of GE corn, soybeans, and cotton [7], an estimate that is comparable to
WKH SUHVHQW VWXG\YVY HVWLPDWH RI D PLOOLRQ NJ

1: Table S15]. A series of unplished simulation studies have been carried out by the
National Center for Food and Agriculture Policy (NCFAP). In a report covering crop year

2005, NCFAP projected that HR corn, soybean, and cotton reduced total herbicide use by
25.6 million kgs, compad to hectares planted to ragn5 YDULHWLHYVY > @ 6DQNXO]
XVH HVWLPDWHY DUH EDVHG RQ REVHUYDWLRQV RI PRVW
herbicide use rates on farms planting HR versusHiRnvarieties. The rates incorporated in
Sankulaf V HVWLPDWHY RIWHQ GLIIHU IURP WKRVH SXEOLVKHG
Agricultural Statistics Service (NASS) [8]. NASS reported that an average 1.5 applications of
glyphosate were made on HR soybeans in 2005, while Sankula assumes only 1.18
aSSOLFDWLRQV 6DQNXODYV HVWLPDWH RI WRWDO KHUELFL
(1.03 pounds/acre), is less than the NASS figure for glyphosate alone, 1.23 kgs/ha (1.1
SRXQGV DFUH I WUXH 6DQNXODTV GDWD icgsidet&/ WV WK
applied to RR soybeans in 2005, when in fact the average soybean hectare in 2002 was
treated with 1.66 herbicides according to NASS data.

This paper quantifies the impacts of GE crops on the kilograms of pesticides applied per
hectare and acrssall GE hectares, drawing upon publicly accessible USDA data. The
pesticide use impacts of the six major, commercial GErmastagement traits are modeled

and then aggregated over the 16 years since commercial introduction. While most of the
pesticide usealata incorporated in the model were originally reported by U.S. government
agencies in pounds of active ingredient, and/or pounds of a.i./acre, results are reported herein
in Sl units (kilograms of active ingredient and kg/ha). Some key results areeptsted in
pounds/acre. Convert kilograms to pounds by multiplying by 2.205, and pounds to kgs by
multiplying by 0.454. To convert from kg/ha to pounds/acre, multiply by 0.893; to convert
from pounds/acre to kg/ha, multiply by 1.12.

Results and discussion

Farmers planted 0.55 billion hectares (1.37 billion acres) of HR corn, soybeans, and cotton
from 1996 through 2011, with HR soybeans accounting for 60% of these hectares [Additional
file 1. Table S7]. In terms of overall herbicide use per hectare baseddA&% data,
substantial increases have occurred from 1996 through 2011. In soybeans, USDA reported
herbicide applications totaling 1.3 kgs/ha (1.17 pounds/acre) in 1996, and 1.6 kgs/ha (1.42
pounds/acre) in 2006, the last year soybeans were surveyed by.Usbdtton, herbicide

use has risen from 2.1 kgs/ha (1.88 pounds/acre) in 1996 to 3.0 kgs/ha (2.69 pounds/acre) in
2010, the year of the most recent USDA survey. In the case of corn, herbicide use has fallen
marginally from 3.0 kgs/ha (2.66 pounds/acme)1B96 to 2.5 kgs/ha (2.26 pounds/acre) in
2010, largely as a result of lessened reliance on olderraigtherbicides.



Compared to herbicide use rates per hectare on non-HR hectares, HR crops increased
herbicide use in the U.S. by an estimated 239 million kgs (527 million pounds) in the 1996—
2011 period, with HR soybeans accounting for 70% of the total increase across the three HR
crops. Rising reliance on glyphosate accounted for most of this increase.

In light of its generally favorable environmental and toxicological properties, especially
compared to some of the herbicides displaced by glyphosate, the dramatic increase in
glyphosate use has likely not markedly increased human health risks. Because glyphosate
cannot be sprayed on most actively growing, non-GE plants, residues of glyphosate in food
have been rare, at least until the expansion~2006 in the number of late-season glyphosate
applications on wheat and barley as a harvest aid and/or to control escaped weeds.
Presumably as a result of such uses, 5.6% of 107 bread samples tested in 2010 by the U.K.
Food Standards Agency contained glyphosate residues [9]. Three samples had 0.5 parts per
million of glyphosate [9], a relatively high level compared to the other pesticides found in
these bread samples.

Budget pressures have forced the U.S. Department of Agriculture to reduce the number of
crops included in its annual NASS pesticide use survey. Soybean pesticide use has not been
surveyed since 2006, about when the spread of glyphosate-resistant weeds began to
significantly increase herbicide use in selected areas. Herein, total herbicide use on HR
hectares is projected to rise 13.5% from 2006-2011 (about 2.7% annually), compared to a
6.6% (1.3% annually) increase on conventional soybean hectares. By way of contrast, the
NASS-reported glyphosate rate of application per crop year on the average hectare of
soybeans increased 8.9% per annum from 2000-2006 (see Table 1). So, despite the
significant and widespread challenges inherent in managing glyphosate-resistant weeds in the
2006-2011 period, a substantial decrease is projected in the rate of increase in glyphosate
applications per hectare of HR soybeans. The justification for this projected fall in the rate of
increase is recognition by farmers that further increases in glyphosate use will likely not
prove cost-effective, coupled with positive responses by farmers to the near-universal
recommendation that corn-soybean farmers incorporate into their spray programs herbicides
that work through modes of action other than glyphosate’s [10-15].

Table 1 Projected rates of change in herbicide use since the most recent USDA survey,
relative to recent annual percent changes in rates

2010-2011 2005-2010 Per Year 2005-2010
Corn

Total Herbicides 2% 10.2% 2.0%

Glyphosate 2.5% 12.9% 2.6%
Soybeans 2007-2011 2000-2006 Per Year 2000-2006

Total Herbicides 3.2% 35.2% 5.9%

Glyphosate 3.3% 53.4% 8.9%
Cotton 2010-2011 2007-2010 Per Year 2007-2010

Total Herbicides 2.2% 3.1% 1.0%

Glyphosate -1% -10.3% -3.4%

Since 1996, about 317 million trait hectares (782 million trait acres) have been planted to the
three major Bt traits — Bt corn for European corn borer (ECB) and CRW, and Bt cotton. Bt
corn and cotton have delivered consistent reductions in insecticide applications totaling 56
million kgs (123 million pounds) over 16 years of commercial use. Bt corn reduced






Responding to resistance

GR weed phenotypes are forcing farmers to respond by increasing herbicide application rates,
making multiple applications of herbicides, applying additional herbicide active ingredients,
deep tillage to bury weed seeds, and manual weeding. In recent years the first three of the
above responses have been the most common. Each response increases the kilograms of
herbicides applied on HR crop hectares. All five interventions increase costs. Moreover, if
2,4-D and dicamba herbicide-resistant corn and soybeans are fully deregulated by the U.S.
government, there will be growing reliance on older, higher-risk herbicides for management
of glyphosate-resistant weeds.

Based on an upward trajectory in the planting of 2,4-D HR corn reaching 55% of corn
hectares planted by 2019, coupled with an average of 2.3 applications (the label allows three)
and an average rate of 0.94 kgs/ha (0.84 pounds/acre) (the label allows 1.12 kgs/ha (1.0
pounds/acre)), 2,4-D use on corn in the U.S. would increase over 30-fold from 2010 levels
[Additional file 1: Table S19]. Such a dramatic increase could pose heightened risk of birth
defects [27,28] and other reproductive problems [29], more severe impacts on aquatic
ecosystems [30], and more frequent instances of off-target movement and damage to nearby
crops and plants. Moreover, the efficacy of 2,4-D corn may well prove short lived, since a
population of 2,4-D resistant waterhemp (Amaranthus tuberculatus) has now been confirmed
in Nebraska [31], and there are already at least eight other weeds resistant to 2,4-D [19].

GR weeds typically emerge first on a few isolated fields, but their pollen, genes, and seeds
can travel widely and spread quickly, especially if glyphosate continues to be relied on
heavily [11]. No substantial change in the intensity of glyphosate use in the U.S. is expected
in the foreseeable future; nearly all corn, soybean, and cotton cultivars now carry a RR gene.
The seed industry has no plans to grow and sell more non-HR seed, and indeed is moving in
the opposite direction by developing more stacked, multiple HR varieties. The share of total
national corn, soybean, and cotton hectares impacted by GR weed populations is likely to
grow and will, as a result, increase both the number of different herbicides applied, as well as
the total kgs of herbicides applied.

As argued by many weed scientists and extension specialists, integrated weed management
systems, coupled with markedly lessened reliance on RR technology are now essential to
both extend the useful life of RR technology [10,12,14,32]. Without major change, a crisis in
weed management systems is likely, triggering possibly ominous economic, public health,
and environment consequences.

Higher costs triggered by resistant weeds and HR technology

Weed management costs per hectare increase by 50% to 100% or more in fields infested with
glyphosate-resistant weeds, as evident in a series of case studies submitted to the USDA by
Dow AgroSciences in support of its petition to the USDA seeking deregulation of 2,4-D
herbicide-resistant corn [25]. In soybean production in Arkansas, for example, Dow
AgroSciences compared the average cost/acre of the top-five, most popular herbicide
programs in Roundup Ready soybeans in fields without resistant weeds, compared to the
average of two recommended programs in fields infested with glyphosate-resistant Palmer
amaranth. Herbicide costs rise 2.7-fold (from $16.29 to $44.34 per acre) [23], [Table thirty,
page 93]. In Illinois soybean production, the increase in herbicide costs is estimated at 64%



($19.21 to $31.49 per acre) [23], [Table thittyo, page 95], while in lowa corn production,
the increase is 67% ($19.23 to $32.10 per acre) [23], [Table-tivtpage 99].

The markedly higher cost/hectare of herbieidsistant seeds must be added to the higher
herbicide costs noted above to more fully reflect the added costs associated Rvith H
technology. The cost of a bushel of conventional;@Btsoybean seed increased during the
GE-crop era from $14.80 in 1996 to $33.70 in 2010, while a bushel of GE soybean seed cost,
on average, $49.60 in 2010 (all seed price data derived from USDA[8ltaAccordingly,

the cost of GE soybean seed in 2010 was 47% higher per bushel th@Ersmed. In the

case of corn, conventional seed prices rose from $26.65 per acre planted in 1996 to $58.13 in
2010. The average cost of GE corn seed per acre in 2@$0$108.50, with some GE
cultivars selling for over $120 per planted acre. Hence, GE corn seed costs per acre were
about double the cost conventional seed.

Public health concerns

Heightened risk of public health impacts can be expected in the wake ofimenmsive
herbicide use, especially applications later in the season on hent@sigtant crop varieties.

While current risk assessment science suggests that glyphosate is among the safer herbicides
per hectare treated in terms of human health risk$, the frequency of human exposures

and levels of exposure via food, drinking water, and the air have no doubt risen in the U.S. in
recent years. Twhirds to 100% of air and rainfall samples tested in Mississippi and lowa in
20072008 contained glyphosaf34].

The likely approval and use of herbicidesistant crops in the U.S. engineered to survive
applications of multiple herbicides adds tricky new dimensions to herbisklassessments.
Applications later in the growing season will be more likelyetad to residues in silage or
forage crops. As a result, herbicide residues in milk, meat, or other animal products might
become more common. The jump in herbicide volumes applied during June and July will
increase the risk of drift and herbicide movemaatvolatilization, possibly exposing people

via the air, water, or crops grown in the proximity of treated fields. Risks from the drift and
volatilization of 2,4D and dicamba are of special concern, given that these two herbicides
have triggered thousda of nontarget crop damage episodes over the last 20 years in the
U.S. Indeed, for several years, -B4has been the leading cause of crop damage episodes
investigated by State departments of agriculture [35].

Environmental impacts linked to HR technolgg

A long list of environmental effects can be triggered, or made worse, by the more intensive
herbicide use required to keep pace with weeds in farming systems heavily reliant on
herbicideresistant crops. Glyphosate has been shown to impair soil miccobmhunities in

ways that can increase plant vulnerability to pathogens3836 while also reducing
availability of certain soil minerals and micronutrients [39]. Landscapes dominated by
herbicideresistant crops support fewer insect and bird species;aesgudy in the American
Midwest reported a 58% decline in milkweed and an 81% drop in monarch butterflies from
1999 to 2010 [40]. Heavy use of glyphosate can reduce earthworm viability [41] and water
use efficiency [42]. Several studies have documeméghlictions in nitrogen fixation in
herbicideresistant soybean fields sprayed with glyphosate [43,44]. Transgene flow from
herbicideresistant crops can occur via multiple mechanisms and can persist in weedy
relatives [45].






acres units only. In this paper, metric units are used to report results, although selected key
results will be reported in both units of measure.

Additional file 1: Table S1 records average per acre herbicide and insecticide use data
GUDZLQJ RQ SHVWLFLGH XVH GDWD FRPSLOHG DQQXDOO\
record the percent of crop acres treated with specific active ingredients, averagaeone

rates of application, the average number of applications, the rate per crdqpweage rate

multiplied by the average number of applications), and total pounds applied.

In the case of herbicides, Additional file 1: Table S1 reports total herbicide, all glyphosate,
DQG 37RWDO +HUELFLGHV O0LQXV *O\SKRVDOMW Hnlltiptef OO *O\
chemical forms of glyphosate surveyed by NASS, and calculates average rates of application
and number of applications, weighted by frequency of use. The same procedure is used to
calculate average pounds/acre applied of other herbicideteoéshfor which NASS reports

use data for multiple chemical forms (e.g.-B4dicamba). Additional file 1. Table S2

includes national acres planted to each crop, average pesticide use rates, and total pounds
applied per acre and overall herbicide, ine&b¢, and herbicide insecticide volumes

applied.

Additional file 1: Tables S356 record the percent of national acres planted to a crop variety
H[SUHVVLQJ HDFK Rl WKH VL[ PDMRU FRPPHUFLDO *( WUDL
the percent of totahational corn [Additional file 1: Table S3], soybean [Additional file 1:

Table S4], and cotton hectares [Additional file 1. Table S5] that were planted to each GE

crop trait for 19962011. Percent acres planted to all six GE traits by year are presented in
Additional file 1: Table S6; there is a high level of confidence in these data.

Additional file 1. Table S7 reports acres planted to each of the six traits, multiplying the
percent acres planted to each trait in ST 6 by total acres planted to each Adujitional

file 1: Table S2. Additional file 1: Tables IB10 calculate, for the three HR crops, the
estimated difference in average herbicide use on HR hectares versus land planted to
conventional, notGE varieties. Additional file 1: Tables S3813 repat the basis for
calculating the pounds of insecticides displaced by the plantiBj adrn and cotton traits.
Additional file 1: Table S14 integrates all of the average per acre pesticide use rates by crop,
trait and year, and reports the estimated wBfiee between per acre rates on GE versus non
GE acres. Additional file 1: Table S15 converts the differences in rates per acre to differences
in pounds applied nationally by crop, trait, and year, and over dyed6period. Additional

file 1. Table S1@rovides details on glyphosate use from NASS surveys over the2A@B%H

period, and is the source of data on glyphosate use in other Additional files.

Assumptions, projections, and calculations

A series of assumptions, projections, and calculations aredstetl in the model in order to
estimate total herbicide and insecticide use on GE versuSHhdtectares. Table 3 outlines
PRGHO DQG 7TDEOH GHVFULEHV WKH SURMHFWLRQV HPEHG

Table 3Data sources and assumptiongequired to quantify the impact of GE cropson
pesticide use irthe U.S., 19962011

Parameter Source Supplemental Basis and Explanation
Table Impacted







Share of Insecticide 13 Guidance from Some insecticides applied

Applications Targeting the extension IPM  exclusively or partly for control of
Budworm/Bollworm specialists and the budworm/bollworm complex,
Complex land grant others for other insects; percent
university spray hectares treated with a given
guides insecticide is apportioned relative to

target insects.

NASS surveyed corn, soybean, and cotton pesticide use in most years from 1996-2010. None
of the crops were surveyed in 2008; cotton was last surveyed in 2007 and 2010; corn was
surveyed in 2005 and 2010; and soybeans have not been surveyed since 2006. In estimating
the impacts of GE crops on pesticide use from 1996-2011, average application rates per crop
year were interpolated in years with no data, when NASS had surveyed a previous and
subsequent year, based on the assumption of linear change in the intervening years.

It is assumed that changes in the volume of herbicides other than glyphosate applied on the
average HR hectare tracks changes in total herbicide use, and also changes gradually from
year-to-year. With few exceptions, these patterns of change in herbicide use are evident in all
crops surveyed by USDA. Significant annual changes in total herbicide use, as well as non-
glyphosate applications, are almost always linked to an increase or decrease in acres treated
with one or more relatively high-dose herbicides applied at or around 1 pound/acre, compared
to use of herbicides applied at rates less than 0.5 pound/acre (several are sprayed at rates
below 0.05 pounds/acre).

The volumes of Bt Cry endotoxins produced per acre/hectare of Bt corn and cotton are not
included in the estimates of changes in insecticide use on acres/hectares planted to Bt
cultivars, although the volumes are surprisingly significant compared to the volume of
insecticides applied on treated acres/hectares (see “Discussion”). In the case of insecticide
use on Bt corn, the volume of insecticide use displaced per acre/hectare is adjusted in light of
the likely percent of Bt corn acres/hectares that would have been treated with an insecticide in
the absence of Bt cultivars. Multiple analysts have reported substantial planting of Bt corn as
insurance against possible insect feeding damage, on acres/hectares that farmers would not
prophylactically apply insecticides [4,13]. In a January 2010 survey, 73.3% of 518 farmers
surveyed at regional extension meetings in Illinois reported that they planted Bt corn
“Knowing That Anticipated Damage Levels Were Low” [48]. USDA has surveyed corn
insecticide use 14 times since 1991. The total area treated with an insecticide has fallen in the
range 31% +/— 5% in all years, with the average around 33%.

It is assumed that farmers planting Bt cotton do not spray conventional insecticides against
the budworm/bollworm complex of insecticides, leading to 100% displacement of such
applications. This assumption likely overestimates displacement marginally, especially in
recent years where isolated populations of less susceptible or resistant populations have
emerged.

Table 3 describes the basis for projecting a number of missing values over the 1996-2011-
time period. In the years since the last NASS survey, pesticide rates were projected based on
recent trends and changes in weed pressure.

In the case of corn, total herbicide and glyphosate use trends from 2005-2010 are projected to
continue unchanged through 2011, despite the accelerating emergence and spread of resistant



subtracding HAHT from HACON,. This difference is then multiplied by the HR hectares
planted, to calculate the impact of HR crops on herbicide use in a given year. Increases or
decreases in the volume of herbicides applied as a result of the planting of HRrerthyea
aggregated across all years (198®11) and the three HR crops.

In the case oBt transgenic corn, the average rate of application of insecticides targeting the
ECB and the CRW must be calculated. This process is complicated by the fact thdt severa
insecticides are applied for control of the ECB and CRW, as well as other insects. Pesticide
labels, treatment recommendations in university spray guides, and experts in corn Integrated
Pest Management (IPM) were consulted in carrying out this step t[éwaili file 1. Tables

S11, S12).

Average rates of insecticide application across all corn hectares treated per crop year are then
calculated, weighted by portions of total hectare treatments. This we@mteage rate of
insecticide application on hectar&reated for ECB control declines from 0.24 kgs/ha (0.21
pounds/acre) of active ingredient in 1996 to 0.15 kgs/ha (0.13 pounds/acre) in 2010. In the
case of CRW insecticides, the rate falls from 0.76 kgs/ha in 1996 to 0.2 kgs/ha in 2010.

The next step ialculating the pounds of insecticides displaced by the plantiBgyadrn is
to estimate the portion of hectares planteBttoorn for ECB and/or CRW control that would
have been treated with an insecticide if the corresponBingrop had not been pltad.
Doing so requires a set of assumptions and projections.

Historically, USDA data shows that before the advenBobfF R U Q i RI QDWLRC
FRUQ KHFWDUHV ZHUH WUHDWHG IRU (&% FRQWURO ZKLC
control. Yet by 1998 (tind year of commercial sales), 19% of corn hectares were planted to a

Bt cultivar targeting the ECBtabout double the historic share of hectares treated with an
insecticide for this pest. Today, close to tthiords of corn hectares are plantedtdor ECB

cultivars, some sktimes the historic rate. In the caseBafcorn for CRW, by the fifth year of
commercial sales, 2007, the share of corn hectares planted to CRW hybrids was 25.6%,
roughly equaling the historic share of hectares treated with CRW ingelctG H V i

In 2011, 60% of corn hectares were planted to a CRW hybrid, double the historic share of

corn hectares treated with a CRW insecticide.

The impact oBt corn on the volume of insecticide displaced per hectare should be adjusted
downwardto account for hectares that would, in all likelihood, not have been treated. In the
case ofBt corn targeting the ECB, the likely share of hectares plant&i ¢orn that would

have been sprayed for ECB control begins at 90% in 1997, the first yeamofhezcial
planting, and drops incrementally to 45% in 2007.

This percent is left unchanged from 208810, despite the increase in corn hectares planted

to Bt corn for ECB from 49% to 65%, because of reported increases in insect pest pressure in
major cornproducing regions [49]. The result is the projection that in 2011, insecticide
applications were displaced on 10.9 million hectares of corn (27 million acres) plafed to
hybrids for ECB control (45% of the 65% of corn hectares plantdt for ECB hylyids).

These 10.9million hectares are 29% of total corn hectares planted, and is aboutitiese

the historic level of insecticide applications for ECB control.

In the case oBt corn for CRW control, the percent of hectares planted that displaces
insecticide use begins at 95% in 2003, the first year of commercial sales, and declines to 55%



in 2011. In 2011, 57% of corn hectares were planted to a Bt CRW hybrid, and hence Bt corn
for CRW displaced insecticide use on 31% of national hectares planted. This estimate
assumes that any hectare planted to a Bt corn for CRW control was not also treated with a
CRW insecticide. In addition, 9.4% of corn hectares were sprayed for CRW control with an
insecticide. Accordingly, about 40% of corn hectares were either sprayed for the CRW or
planted to a Bt variety for CRW control, well above the 27% +/— 4% level treated with
insecticide over the last 20 years.

The historically high, projected level of CRW treatment is justified, in part, by the emergence
in the late 1990s of a variant of the CRW that learned to overwinter in soybean fields, thus
undermining the efficacy of corn-soybean rotations in reducing CRW populations [50].
Recent, historically high corn prices have also increased the frequency of continuous corn, a
management factor that surely has increased CRW pressure.

Bt cotton targets the budworm/bollworm complex, but does not affect other insect pests,
including the boll weevil, plant bugs, white flies, and stinkbugs. Applications of broad-
spectrum insecticides are typically made on essentially 100% of planted cotton hectares to
control the budworm/bollworm complex and other insects. Bt cotton will reduce the use of
insecticides on the budworm/bollworm complex, but will only indirectly impact applications
of insecticides targeting other insects.

[Additional file 1: ST 13] reports the basis for estimating the pounds of insecticides displaced
by each acre planted to Bt cotton. University insect management guides and experts were
consulted to estimate the portion of hectares treated with each cotton insecticide that targeted
the budworm/bollworm complex, versus other insects. The number of acres treated with each
insecticide is calculated from NASS data, as well as the share of total acres treated. Average
insecticide use rates are then calculated, weighted by each active ingredient’s share of
insecticide acre treatments targeting the budworm/bollworm complex. The weighted average
cotton insecticide application rate falls modestly from 0.46 kgs/ha (0.41 pounds/acre) in 1997
to 0.27 kgs/ha (0.24 pounds/acre) in 2010-2011.

Table 4 summarizes the basis for projections required to estimate the volume of insecticide
use displaced by the planting of a hectare to Bt corn or cotton cultivars.

Abbreviations

Al, Active ingredient; Bt, Bacillus thuringiensis; CRW, Corn rootworm; ECB, European corn
borer; EPSPS, Enolpyruvylshikimate-3-phosphate synthase; EPA, Environmental Protection
Agency; ERS, Economic Research Service; GE, Genetically engineered, genetic engineering;
GR, Glyphosate resistant; ha, Hectare; HAHT, Herbicides applied to Herbicide Tolerant
(hectares — kg a.i. / crop year); HPCON, Hectares planted to conventional (non-HR hectares);
HACON, Herbicides applied to conventional (hectares — kg a.i. / crop year); HPHT, Hectares
planted to Herbicide Tolerant (cultivars); HR, Herbicide Tolerant; IPM, Integrated Pest
Management; kgs, Kilograms; NASS, National Agricultural Statistics Service; NCFAP,
National Center for Food and Agriculture Policy; RR, Roundup Ready; Sl, International
System of Units; ST, Supplemental Table; THA, Total hectares; US, United States; USDAV,
United States Department of Agriculture; WSSA, Weed Science Society of America
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Additional file

Additional_file 1 as XLSX

Additional file 1 The projection model used is composed of a series of linked worksheets in
a Microsoft Excel workbook. Each table within the workbook appears below in pdf as
sequentially numbered Additional file 1: Table S1 (e.g., ST 1). The pesticide use data
incorporated in the model were originally reported by U.S. government agencies in pounds of
active ingredient, and/or pounds of a.i./acre, and so these units are used throughout the
Additional files to report data on herbicide use. Convert pounds to kgs by multiplying by
0.454; to convert pounds/acre to kg/ha, multiply by 1.12.






