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carbanions in the substrates as electron donors (12), a
mechanism that is not likely in the case of a
polysaccharide substrate. If the oxidation step was
to happen first, this would imply that CBP21
catalyzes cofactor-independent oxygenation of a
saturatedcarbon,which isunprecedentedandperhaps
not very likely. On the other hand, such amechanism
could yield an intermediate product (for example, an
ester bond) that may be more prone to hydrolysis
than the original glycosidic bond. Alternatively, the
hydrolytic step could occur first, which would imply
that CBP21 is capable of hydrolyzing glycosidic
bonds in a crystalline environment using a hitherto
unknown mechanism. Such a hydrolytic step would
require some degree of substrate distortion (13, 14),
which seems challenging in a crystalline packing.
However, in favor of this mechanism, the subse-
quent oxidation of the resulting sugar aldehyde
(“reducing end”) is more straightforward than
oxidation of a saturated carbon. Clearly, further
experiments are needed to unravel mechanistic
details of the remarkable reaction catalyzed by
CBP21.

CBP21 introduces chain breaks in what prob-
ably are the most inaccessible and rigid parts of
crystalline polysaccharides, and its mode of action
differs fundamentally from the mode of action of
glycoside hydrolases. Glycoside hydrolases are
designed to host a single “soluble” polysaccharide
chain in their catalytic clefts, and their affinity and
proximity to the crystalline substrate tend to be

mediated by nonhydrolytic binding domains. In
contrast, CBP21 binds to the flat, solid, well-
ordered surface of crystallinematerial and catalyzes
chain breaks by a mechanism that results in
oxidation of one of the new chain ends. The chain
break will result in disruption of crystalline packing
and increased substrate accessibility, an effect that
may be enhanced by the oxidation of the new chain
end that disrupts the normal chair conformation of
the sugar ring and introduces a charge.

The enzyme activity demonstrated in this
study is difficult to identify because products have
low solubility and potentially a high tendency to
remain attached to the crystalline material. Based
on the structural homology and other similarities
discussed above, we propose that GH61 proteins
may have the same activity as CBP21, but the
even lower product solubilities and higher crystal-
line packing of cellulose compared with chitin
(15) make direct detection of this activity very
challenging. However, a first glimpse of the po-
tential of GH61 proteins for cellulose conversion
has been presented recently (7). The dependency
of these enzymes on the presence of molecular
oxygen and reductants provides guidelines for
process design.
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Areawide Suppression of European Corn
Borer with Bt Maize Reaps Savings to
Non-Bt Maize Growers
W. D. Hutchison,1* E. C. Burkness,1 P. D. Mitchell,2 R. D. Moon,1 T. W. Leslie,3 S. J. Fleischer,4
M. Abrahamson,5 K. L. Hamilton,6 K. L. Steffey,7† M. E. Gray,7 R. L. Hellmich,8 L. V. Kaster,9
T. E. Hunt,10 R. J. Wright,11 K. Pecinovsky,12 T. L. Rabaey,13 B. R. Flood,14 E. S. Raun15‡

Transgenic maize engineered to express insecticidal proteins from the bacterium Bacillus thuringiensis
(Bt) has become widely adopted in U.S. agriculture. In 2009, Bt maize was planted on more than 22.2
million hectares, constituting 63% of the U.S. crop. Using statistical analysis of per capita growth rate estimates,
we found that areawide suppression of the primary pest Ostrinia nubilalis (European corn borer) is associated with
Bt maize use. Cumulative benefits over 14 years are an estimated $3.2 billion for maize growers in
Illinois, Minnesota, and Wisconsin, with more than $2.4 billion of this total accruing to non-Bt maize growers.
Comparable estimates for Iowa and Nebraska are $3.6 billion in total, with $1.9 billion for non-Bt maize
growers. These results affirm theoretical predictions of pest population suppression and highlight economic
incentives for growers to maintain non-Bt maize refugia for sustainable insect resistance management.

During the past decade, adoption of trans-
genic crop technology increased world-
wide to reach 134million ha of transgenic

crops planted in 25 countries during 2009 (1). In
the United States, maize has been the most abun-
dant transgenic crop planted to resist insect pests,
with hybrids engineered to express insecticidal
proteins isolated from the bacterium Bacillus
thuringiensis [i.e., Bt maize (1, 2)]. Historically,
the most widespread insect pest throughout the
U.S. Corn Belt has been the European corn borer,

Ostrinia nubilalis (Hübner). The pest was acci-
dentally introduced in the eastern United States in
1917 and subsequently spread with devastating
results; losses are estimated at $1 billion per year
(3). Given the broad host range of O. nubilalis,
the potential for Bt maize to suppress populations
regionally was unclear. Furthermore, the eco-
nomic impacts of such suppression had not been
considered.

In 2009, plantings of Bt maize (with traits
specific to preventing damage by lepidopteran

pests) reached 22.2 million ha, and for the first
time exceeded 63% of the total area planted with
maize in the United States (4). Most of the Bt
maize is distributed throughout the Midwestern
U.S. Corn Belt (4) (Fig. 1). Although “stacked”
Bt events (maize varieties expressing multiple Bt
toxins) directed at preventing herbivory from
multiple insect pests are available (1, 4), nearly
all Bt maize hybrids sold in the United States
express toxins that control O. nubilalis (2, 4, 5).
Because of Bt maize’s high efficacy (6), there is
concern that insects will evolve resistance to Bt
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toxins (5, 7, 8). To delay evolution of resistance,
the U.S. Environmental Protection Agency (EPA)
mandated that a minimum 20 to 50% of total on-
farm maize be planted as non-Bt maize within
0.8 km of Bt fields as a structured refuge for sus-
ceptible O. nubilalis. Use of non-Bt maize refu-
gia is an important element of long-term insect
resistance management (9).

Some maize producers have been skeptical of
allowing O. nubilalis damage in non-Bt maize
refugia (10, 11). However, modeling (7, 12) pro-
vided a theoretical rationale for how local sup-
pression ofO. nubilalis could occur. Suppression
was supported by the hypothesis that preferential
moth oviposition in early-planted Bt maize fields
(7) would reduce larval damage in nearby late-
planted non-Bt maize. More generally, for Bt and
non-Bt maize fields with similar planting dates,
O. nubilalis females are not able to distinguish
between Bt and non-Bt maize for oviposition
(13). Thus, with high larval mortality, Bt maize
fields become an effective “dead-end” trap crop
for O. nubilalis originating elsewhere (14). Al-
though the models were theoretically appealing,
it was not possible during early Bt maize com-
mercialization to verify the magnitude of pest pop-
ulation suppression. AdultO. nubilalis are known
to readily disperse among farms at distances of at
least 800 m throughout their lifetime (15). Also,
although maize is a major host, this pest col-
onizes >200 host plants including green beans,
potato, and numerous weed species common to
the Midwest region (3).

Surveys of O. nubilalis populations have
extended from the initial documented invasion
of the pest into the midwestern United States in
the 1940s through the commercial adoption of Bt

maize during the period 1996 to 2009. Surveys
have included statewide annual fall surveys (16)
for diapausing larvae in Minnesota, Illinois, and
Wisconsin, and less extensive summer trapping
for adult moths with light traps (17, 18) in
Illinois, Minnesota, Nebraska, and Iowa. These
states have experienced a range of Bt maize
adoption since 1996, including high levels in
Minnesota, Nebraska, and Iowa, moderate levels
in Illinois, and low levels in Wisconsin (Figs.
1 and 2) (18).

Historically, larval surveys have indicated that
O. nubilalis populations have been episodic, char-
acterized by ~6- to 8-year periodicity indicative
of density-dependent population growth (7, 12).
Much of the population cycling has been attri-
buted to the pathogen Nosema pyrausta (12, 19).
However, since commercialization of Bt maize,
some periodicity has persisted (Fig. 2), but larval
populations have declined relative to the pre-Bt
era, particularly since 2002. These trends are evi-
dent in measures of larval abundance in non-Bt
refuge fields alone, as well as in landscape-level
means, for Bt- and non-Bt fields combined. Sim-
ilar declines were found in measures of adult
moth populations at eight locations inMinnesota,
Illinois, Iowa, and Nebraska (18) (fig. S1).

To analyze the effects of Bt maize adoption
on O. nubilalis populations, we estimated annual
per capita growth rates (20) from fall larval sur-
veys in non-Bt fields and analyzed them in re-
lation to concurrent proportions of maize planted
with Bt maize. Estimation also included anteced-
ent larval densities in non-Bt fields, because O.
nubilalis larval mortality increases with larval
density (7, 12) and population growth more gen-
erally depends inversely on density (21). Analy-

sis used least-squares regression of growth rates
in natural logarithm scale with three main effects:
a state indicator variable to capture historical dif-
ferences inmean densities among the three states,
the natural logarithm of the antecedent larval
density, and the proportion of Bt maize. Relative
support for different models was evaluated with
multimodel inference, with support weights based
on the Bayesian information criterion, which
balances reductions in residual sums of squares
with numbers of parameters estimated (18, 22).

Relative support was greatest (82%) for the
hypothesis that per capita growth rates differed
among the three states, were inversely related to
larval density, andwere also inversely related to lev-
el of Bt maize adoption in each state (Table 1 and
Fig. 3). The model with greatest support ac-
counted for 38% of the variation in growth rates
in non-Bt fields over all states and years com-
bined. Models with just one or two of the three
main effects and with interactions among the
main effects had weak support (18) (table S2).

We used the fitted regression models to estimate
mean densities for populations before and after
adoption of Bt maize in each state (Table 1). Before
Btmaizewas adopted, the density inMinnesota was
59 larvae per 100 plants; from 1996 onward, when

Fig. 1. Spatial distribution of maize containing one or more Bt traits for O. nubilalis control in 2006 in
the United States. Bt maize data are from USDA crop reporting districts reporting >40,470 ha of maize,
including the five states represented in this analysis (IL, Illinois; MN, Minnesota; WI, Wisconsin; IA, Iowa;
NE, Nebraska). Areas in white had negligible maize hectares. Data are based on addresses of customer or
retail outlet seed sales accounts, which may not accurately indicate cropping districts in which seed was
ultimately planted. [©2008 Agricultural Biotechnology Stewardship Technical Committee]

Fig. 2. Statewide average numbers of O. nubilalis
larvae per 100 plants over the period 1963 to 2009
in (A) Minnesota, (B) Illinois, and (C) Wisconsin.
Minnesota data were adjusted to landscape means
(Bt and non-Bt maize fields) for comparisons with
Illinois and Wisconsin landscape means, based on
proportion of non-Bt corn hectares (18). Illinois and
Wisconsin landscape means were adjusted for non-
Bt maize hectares planted in each state (18).
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the proportion of maize planted to Bt averaged 0.40
(i.e., 40% adoption), mean density declined by
~73% to ~16 larvae per 100 plants. In Illinois and
Wisconsin, where respective average Bt adoption
levels were 32% and 23%, mean densities were
reduced by ~64% and ~27%, respectively. Similar
reductions in estimated mean densities were ob-
served when data from all three states were ana-
lyzed together (Table 1) and when landscape-level
means from Bt fields and non-Bt fields were
analyzed (18) (table S3 and fig. S2). Although
many factors are known to affectO. nubilalis pop-
ulation dynamics, including weather and natural
enemies (3, 12, 16, 19), these results indicate that
reductions in O. nubilalis were associated with
commercialization of Bt maize.

Of the five states analyzed, Iowa, Illinois,
Nebraska, and Minnesota are the top four maize-
producing states in the United States, with yields in
2009 valued at $27.1 billion (18) (tables S1 and S4).
Combining analysis of the larval andmoth data with
annual USDA data for maize yield, price, and
planted area, we estimated the annual benefits from
1996 to 2009 for bothBt- and non-Btmaize growers
in each state (18). Direct benefits for Bt maize
growerswere calculated as the value of the yield gain
for Bt maize relative to non-Bt maize, minus the
additional cost for Bt maize seed (18) (tables S4 and
S5). Suppression benefits for non-Bt maize growers

were calculated as the value of avoided yield losses
under the assumption that the O. nubilalis popula-
tions in each state would have remained at their
respective historical averages if Bt maize had not
been commercialized. What actualO. nubilalis pop-
ulations would have actually been without com-
mercialization of Bt maize cannot be determined.
However, midwestern farmers expected continual
problems, as 67% ofmidwestern farmers reported
in 1997 thatO. nubilaliswas a consistent problem
in their fields (10). Mean yield losses for our anal-
ysis were calculated on the basis of O. nubilalis
population densities and estimated models of
larval stalk tunneling and associated yield loss
(23, 24). Calculations used observed statewide sur-
vey densities for Illinois, Minnesota, and Wisconsin.
For Iowa andNebraska, observed average larval den-
sities collected at research plots at locations around
the state were used when available (1997, 2000,
2001, and 2002); otherwise, larval densities were
estimated from historical averages at a few loca-
tions and the observed proportional larval decline
in Minnesota, a state with Bt maize adoption rates
similar to Iowa andNebraska (18) (Fig. 1, table S1,
and supplemental documentation file). Given the
different nature of these larval data, loss estimates
for Iowa and Nebraska are reported separately.

On the basis of these calculations, we estimate
that cumulative benefits for both Bt and non-Bt

maize growers during the past 14 years were almost
$6.9billion in the five-state region (18.7million ha in
2009)—more than$3.2billion in Illinois,Minnesota,
and Wisconsin, and $3.6 billion in Iowa and
Nebraska (Fig. 4). Of this $6.9 billion total, cumu-
lative suppression benefits to non-Bt maize growers
resulting fromO. nubilalis population suppression in
non-Bt maize exceeded $4.3 billion—more than
$2.4 billion in Illinois, Minnesota, and Wisconsin,
and $1.9 billion in Iowa and Nebraska—or about
63%of the total benefits.Direct benefits forBtmaize
growers (Fig. 4, A and B) were reduced because of
the additional cost for Bt seed over the 14 growing
seasons, which we estimate to have a cumulative
value of almost $1.7 billion, whereas non-Bt maize
experienced lower O. nubilalis damage as a result
of areawide suppression at no additional cost.

In Illinois, Minnesota, and Wisconsin, suppres-
sion benefits for non-Bt maize growers (Fig. 4C)
were initially larger (albeit dominated by Illinois and
Minnesota) but more quickly exceeded the direct
benefits for Bt maize, because population suppres-
sion occurred more rapidly than in Iowa and
Nebraska (Fig. 4D). In Iowa and Nebraska, total
grower benefits were larger because initial long-term
population densities were greater. From 2007
onward, cumulative benefits for non-Bt maize
growers exceeded benefits for Bt maize growers
because suppression had become more effective.
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Fig. 3. Effects of Btmaize adoption on relation between larval density and annual
per capita growth rates of O. nubilalis larval populations in non-Bt maize in three
U.S. states: (A) Minnesota, (B) Illinois, (C) Wisconsin. Symbols indicate level of Bt
maize adoption: open circles, pre-Bt years; gray triangles, 1 to 25%; green
diamonds, 26 to 50%; orange asterisks, >51%. Bold dashed black line is least-

squares fit for main-effects model, states combined, with PBt = 0; green line is
samewithPBt equal to respective statewide 14-year average (Table 1). Intersections
between dotted lines at r = 0 and bold dashed lines indicate estimated mean
density before adoption of Bt maize, and intersections with green solid lines show
extent to which density declined with adoption of Bt maize in each state (Table 1).

Table 1. Regression statistics and estimated mean densities of O. nubilalis
larvae per 100 plants before adoption of Btmaize in threemidwestern states,
and in non-Bt fields for 14 years (1996 to 2009) after adoption of Bt maize.

Coefficients for the regressionmodel for per capita growth rate, r= ln(Nt/Nt−1),
are b0 for intercept, b1 for regressorD = ln(Nt–1), and b2 for regressor PBt = Bt
maize proportion of crop.

Model coefficients Pre-Bt density† Avg.
PBt

Bt-era density

Analysis* State n R2 b0 (TSE) b1 (TSE) b2 (TSE) Mean CI Mean CI

By state Minnesota 46 0.35 2.75 (0.56) –0.67 (0.13) –2.20 (0.67) 59 40–88 0.40 16 9–29
Illinois 64 0.44 4.35 (0.64) –0.93 (0.14) –2.98 (0.60) 105 87–128 0.32 38 26–56

Wisconsin 67 0.37 2.82 (0.45) –0.76 (0.12) –1.10 (0.76) 40 31–51 0.23 29 19–44
Combined Minnesota — — 3.07 (0.15) — — 57 44–75 0.40 18 11–27

Illinois 177 0.38 3.51 (0.35) –0.76 (0.07) –2.23 (0.37) 103 80–131 0.32 40 28–57
Wisconsin — — 2.85 (0.14) — — 43 32–58 0.23 22 15–31

*Model fit to data from individual states separately, r = b0 + b1D + b2PBt, or to the three states combined, but with differences among states reflected by state-specific intercepts. †Mean
densities of larvae were estimated by setting r = 0 and solving for N* = exp[–(b0 + b2PBt)/b1] (see Fig. 3). Mean for pre-Bt era used PBt = 0; Bt era used 14-year average PBt. Confidence
intervals (95% CIs) were estimated with the delta method (18) in log scale and then back-transformed to arithmetic scale.
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These benefit estimates do not incorporate effects of
price changes and shifts in planted area that would
have resulted without commercialization of Bt
maize. Nevertheless, the calculations serve to
indicate the potential magnitude of maize supply
increase, and its market value resulting from area-
wide suppression of O. nubilalis in these five states.

Regional reductions in the pink bollworm
(Pectinophora gossypiella), which is fairly spe-
cialized to cotton (near-monophagous), have
been reported from the use of Bt cotton in the
United States (25). Also, areawide suppression of
the polyphagous lepidopteran pest Helicoverpa
armigera by Bt cotton in China has been reported
(26). Reductions in O. nubilalis populations re-
lated to Bt maize have also been reported in other
parts of the United States (27). We show here that
pest suppression is directly associated with the
use of transgenic maize. In addition, our findings
indicate that economic benefits accrue not only to
farmers planting Bt maize, but also to those plant-
ing non-Bt maize as a result of areawide pest sup-
pression, and that these suppression benefits can
equal or exceed the benefits to Bt maize growers.

These results highlight the need to account for
economic benefits of pest suppression for non-Bt
maize, as well as for direct economic benefits of Bt
maize (28).Moreover, asO. nubilalis is highly poly-

phagous, the observed regional population declines
suggest that traditional and organic farmers growing
other crops might also benefit (29). Sustained
economic and environmental benefits of this tech-
nology, however, will depend on continued steward-
ship by producers to maintain non-Bt maize refugia
(5, 7–10) to minimize the risk of evolution of Bt
resistance in crop pest species, and also on the dy-
namics of Bt resistance evolution at low pest den-
sities and for variable pest phenotypes (30, 31).
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Supporting Online Material 
 
1. Demographic Analysis 
Protocols for long-term sampling of larvae and adults of European corn borer, Ostrinia nubilalis, 
were developed by cooperating scientists participating with the U.S. Dept. of Agric. (USDA) 
Multistate Project (NC-205), “Ecology and Management of European Corn Borer and Other 
Lepidopteran Pests of Corn,” as well as state Departments of Agriculture and Cooperative 
Extension staff (S1-S3).  Larval sampling methods for autumn infestations prior to harvest have 
been used in selected states in the Midwestern U.S. for over 50 years since the arrival of O. 
nubilalis (S1-S3).  Black-light traps to monitor adult moth flights, based on the current trap design, 
have also been used for over 30 years (e.g., S4).    
 
Larval sampling 
Long-term time series of larval data for analysis were available from Minnesota (1963-2009), 
Illinois (1943-1996; 1999-2009) and Wisconsin (1943-2009) (Fig. 2). These states represent high, 
medium and low rates of Bt maize use, respectively (table S1; see also S5-S9). All statewide 
averages of larvae are provided in a spreadsheet (Excel) file. 
 
Larval populations in those states were sampled routinely in autumn, during Sep.-Oct. from ca. 
200-500 commercial maize fields per state (S1-S3). Sampling intensity was 10-25 randomly 
chosen plants per field, and chosen plants were dissected to assess larval damage and numbers of 
overwintering 4th-5th instar O. nubilalis larvae (S1-S3).  Additional information regarding 
protocols for autumn surveys for O. nubilalis larval density is available at the University of 
Illinois (S1).  
 
Field selection procedures differed among the three states. In Minnesota, surveyors assumed 
larvae would be absent in Bt maize, so they only sampled non-Bt fields from 1996 onward. 
Surveyors identified a sample of non-Bt fields early in each year, in cooperation with growers, 
and then returned in autumn to examine the pre-selected fields (M. Abrahamson, Minn. Dept. of 
Agric., unpublished data).  This procedure provided an unbiased estimate of larval densities in 
non-Bt fields within the state, and we refer to such means as mean densities in non-Bt fields. In 
contrast, surveyors in Illinois and Wisconsin used a different approach (S1-S3), where all fields—
Bt- and non-Bt combined—were sampled at random and in proportion to their availability on the 
landscape. In these cases, the statewide estimates of larvae per 100 plants represented a mean for 
both kinds of fields combined, weighted by relative abundance of the two types of maize. We 
refer to these measures as “landscape” means.  
 
Given that Bt maize kills virtually 100% of O. nubilalis larvae (e.g., S10), one can convert 
landscape means into non-Bt means and vice versa, based on the statewide mean proportions of all 
maize planted in Bt varieties in a given state and year. Formally,    
 
 Nnon-Bt  = NLand/(1–PBt), (Eq. 1) 

   
where, Nnon-Bt is the statewide mean number of larvae per 100 plants in non-Bt fields, NLand is the 
statewide landscape mean from all fields, Bt and non-Bt maize combined, and PBt is the 
proportion of the state’s maize crop planted in Bt maize, assumed to range from 0 to < 1.0 (S7-S8; 
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table S1). To illustrate, for a landscape mean of 40 larvae per 100 plants in Illinois in 2006 and 
statewide PBt maize = 0.43 (table S1), the corresponding non-Bt mean would be 40/(1-0.43) 
 = 70.2 larvae per 100 plants (e.g., Fig. 2). The reverse conversion would be NLand = Nnon-Bt(1–
PBt). Currently, estimates of proportion of Bt maize planted in the U.S. are only available as 
statewide yearly averages (S8), so further analysis on a finer spatial scale is not possible.   
 
The non-Bt maize (refuge) and landscape sampling methods yielded similar patterns of episodic 
dynamics in the O. nubilalis larval populations and a gradual reduction in larval population 
densities since the introduction of Bt maize in 1996 (Fig. 2, main paper). Evident was a minor 
peak in O. nubilalis density in 2001-2002 in all three states, and this peak was ca. 7 years after the 
previous peak shortly before first Bt-maize adoption in each state.   
 
Moth sampling 
Adult moth flight data were obtained from 8 locations in Minnesota, Illinois, Iowa, Nebraska, the 
four states with greatest Bt maize adoption.  Standard black-light traps were used to collect moths 
(S4) at each location, and traps were checked 3-5 days per week. In most cases, trapped males and 
females in generations 1 and 2 of a given year were totaled, and trapping was done in years  
before and after Bt maize use (1990 or 1991 through 2009).  Trap data from Rosemount and Blue 
Earth in Minnesota spanned 1991–2009; data from Le Sueur were available from 1990-1992 and 
1995-2009.  Data from Ames, Iowa, included only female moths in the 2nd generation, and were 
available from 1990–2009, except for 1998; data from Slater included both sexes and generations, 
and spanned 1990–2009. Data from Clay Center, Nebraska, included 1991–2009, 1998 missing. 
Data from Concord, Nebraska, included the years from 1990–2009, with 2001 missing.  Data from 
Illinois include the years from 1990-2009.  These data are summarized in fig. S1. Before 
commercialization of Bt maize, trapping data at most locations involved relatively high catch rates 
in many years, but after commercialization, numbers of captured moths became consistently low. 
 
Regression analysis of population growth rates 
Statewide non-Bt means in Minnesota, Illinois and Wisconsin (Nt) were used to assess population 
growth in relation to state of origin, larval density, and proportion Bt maize. Growth in years 2 to 
the end of each year’s series was calculated as rt = ln(Nt/Nt-1) (e.g., S11-S12). Matching 
explanatory variables for each year were Si is an indicator variable for state of origin, Dt-1 = ln(Nt-

1) is larval density in the natural logarithm scale, and PBt is the estimated proportion of total 
maize crop in each state that was planted with Bt maize.  
 
We considered all possible models of increasing complexity in an exploratory analysis of 
plausible determinants of growth rate (table S2). Simple models contained single explanatory 
variables S, D, or PBt. Alternative models contained two or more of those main effects, and 
possible pair-wise interactions. A “full” model contained all three main effects, all pairwise 
interactions, and the one 3-way interaction.  
 
An effect of state (S) would represent a variety of “nuisance’ processes that could differ among 
states, including state-to-state differences in weather, agronomic practices, and dispersion of 
maize (both Bt and non-Bt) among other crops and non-crop habitats. An effect of density (D) 
was expected, and would reflect density-dependent survival of pre-adult life stages, reproduction 
by adults, or both. An effect of Bt-maize adoption (PBt) would occur if net migration by moths 
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was from non-Bt source fields into neighboring Bt fields, but not the reverse. Effects of the three 
explanatory variables and interactions were assumed to be additive and linear in the natural 
logarithm scale.  
 
Each model was fit with lm in R 2.10.1 (R Development Core Team 2009), the Bayesian 
information criterion statistic (BIC) was extracted with the AIC procedure (using k = ln[no. 
cases]). Relative support, wi, for the i= 1…18 models was calculated from BIC differences (∆BIC) 
(S13). Model adequacy was checked graphically by examining residuals for unequal variance, 
non-normality, and systematic curvilinearity over the range of predictor and fitted values. 
Conclusions were that within the range of the explanatory variables, residuals were normal; their 
variances were equal across predicted growth rates, densities and levels of PBt; and curvilinearity 
was absent.  
 
One model with main effects of S, D, and PBt had greatest support (w = 0.82), a second model 
with addition of a D-by-PBt interaction had less than a third as much support (w = 0.14), and the 
remaining 16 models had relatively little support (table S2). Superiority of the simple main effects 
model indicated population growth varied jointly with state of origin, density, and proportion Bt. 
Weakness of support for models with interactions with state indicated effects of density and 
proportion Bt were statistically indistinguishable among the three states (Table 1). 
 
A parallel analysis of growth rates based on landscape mean densities in non-Bt and Bt-maize 
fields yielded conclusions that were equivalent to those based on refuge-level mean densities 
(non-Bt fields only). Support was strongest for the model with main effects of density, proportion 
Bt, and state, and support was weak for all remaining models (results not shown). Estimated 
regression coefficients and mean densities before and after adoption of Bt maize (table S3, fig. S2) 
were equivalent to those estimated from larval densities in non-Bt refuge fields alone. 
 
2.  Economic Analysis 
 
Yield loss 
The function relating the state average fall-collected O. nubilalis larval population density and the 
expected proportion of yield loss was derived using published models (S15-16).  For a given field, 
the average cm of larval tunneling per stalk has a lognormal distribution with a mean of  

0.52.56 5.65m n n= + and a standard deviation of 3.40 1.73s n= + , where n is the field average fall-
collected O. nubilalis larval population density per plant (S15).  For a given cm of stalk tunneling, 
the proportion of damage-free yield loss is 0.580.21 0.058Tλ ε= + , where T is cm of stalk 
tunneling and ε is a standard normal error (S16).  An explicit expression for the expected value of 
proportional yield loss (E[λ]) as a function of the larval population density (n) is possible because 
a lognormal random variable raised to a power is also a lognormal random variable (S17).  Hence, 

0.0582 2 2 0.5 1.16 2 2 0.029E[ ] 0.021 /( ) 0.021 /( )m m s m m sλ ⎡ ⎤= + = +⎣ ⎦ , where m and s are the previously 
defined mean and standard deviation of stalk tunneling.     
 

Imputing state average Bt and non-Bt yields   
We use the observed state average yield, the Bt maize adoption rate, and the state average fall-
collected O. nubilalis larval population density to impute the state average yield for Bt and non-Bt 



 4

maize.  The observed average state yield (table S5) is a weighted average of the average state 
yields for Bt and non-Bt: -(1 )st Bt non BtY Y Yβ β= + − , where Yst is the observed average state maize 
yield, YBt is the average state yield for Bt maize, Ynon-Bt is the average state yield for non-Bt maize, 
and β is the proportion of the state’s maize planted in Bt maize (table S1).  If non-Bt yield differs 
from Bt yield solely due to yield loss from O. nubilalis damage, then Ynon-Bt can be expressed as 
the following function of YBt: - (1 E[ ])non Bt BtY Yλ= − , where E[λ] is the average proportion of yield 
lost from O. nubilalis larval damage.  Substituting this expression for Ynon-Bt into the expression 
for the observed average state maize yield (Yst) and solving for YBt gives 

/[1 (1 )E[ ]]Bt stY Y β λ= − − , which is the average state yield for Bt maize as a function of the 
observed average state maize yield (Yst), the adoption rate (β) and the average yield loss (E[λ]) 
(table S5).  Substituting this result for YBt into the original expression for Ynon-Bt then gives 

- (1 E[ ]) (1 E[ ]) /(1 (1 ) [ ])non Bt Bt stY Y Y Eλ λ β λ= − = − − − , which is the average state yield for non-Bt 
maize as a function of the observed average state maize yield (Yst), the adoption rate (β) and the 
average yield loss (E[λ]) (table S5).   
 

Larval data 
Pre-Bt average larval densities for Illinois, Minnesota, and Wisconsin were calculated as the 
average of the state average larval densities from the annual fall surveys for the 20 years before Bt 
maize was commercialized (1976-1995).  The averages were 1.33/plant for Illinois, 1.00/plant for 
Minnesota, and 0.63/plant for Wisconsin (see SOM data file).  Average larval densities for Iowa 
and Nebraska were based on historical data assembled for this analysis.  The pre-Bt average was 
1.80/plant for Nebraska, based on field data from Cuming and Hall counties, 1960-1969 (S15-16, 
S20).  The pre-Bt average was 1.50/plant for Iowa, based on field data from previous reports (S20, 
S22-24).  The spreadsheet created to document this analysis provides these larval data (see 
Documentation section, Excel file).   
 
The pre-Bt averages for Illinois, Minnesota and Wisconsin are different from the mean larval 
densities reported in Table 1 (main paper). The means in Table 1 are geometric means estimated 
from analysis of population growth since 1963 in Minnesota and the early 1940s in Illinois and 
Wisconsin. The pre-Bt means used in the economic analysis are arithmetic means of observed 
densities for 1976 to 1995, a more recent 20-yr period that better represents modern management 
practices and levels of maize hectares in the states’ respective agricultural landscapes.  
 
The annual average larval densities based on the statewide surveys were used for Illinois, 
Minnesota, and Wisconsin for 1996 to 2009 (fig. S1, Excel file).  In Illinois, the traditional 
statewide survey was not conducted in 1997 and 1998.  However, for 1997, larval data from 
several field research sites spread throughout Illinois (N=57), were available (S15), so the 
economic analysis used the average larval density of 1.13 for 1997 in Illinois.  For 1998 in 
Illinois, the economic analysis used a larval density of 0.71, which is the linear interpolation 
between the observations for 1997 and 1999.  For Iowa and Nebraska, larval data were assembled 
from field research sites around each state.  Again, larval data from several field research sites 
spread throughout Iowa (N=42) and Nebraska (N=63) were available for 1997 (S15).  For Iowa, 
data from annual research trials conducted at one location were available for 1996 to 2009 (K. 
Pecinovsky), plus from field trials conducted at various locations around the state for 2000 to 
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2002 (R. Hellmich). For Nebraska, data from research trials conducted at one location were 
available for 1997 to 2005 (T. Hunt).  The spreadsheet created to document this analysis provides 
these larval data (see Documentation section).  For each year, the average larval density across all 
observations was used as the state average larval density for the economic analysis.  In years with 
no available data (Iowa 2009; Nebraska 1996, 2006-2009), given the similar-shaped decline in O. 
nubilalis moth flight data in Iowa and Nebraska as in Minnesota (all high Bt use states: fig. 2, 
main paper), the same annual proportional decline in larval densities from the long-term average 
was used for Iowa and Nebraska as observed in Minnesota.  We viewed this as a reasonable 
approximation because both Iowa and Nebraska are two of the highest Bt use states (table S1).  
The spreadsheet created to document this analysis reports the larval data used for the economic 
analysis (see Documentation section).   
 

Annual direct benefits calculation for Bt growers  
Annual data for total maize planted, average yield, average price, and the proportion planted to Bt 
maize are available (tables S1, S5; S18-S19).  The expected proportion of yield lost (E[λ]) is 
calculated from the fall-collected O. nubilalis larval population density for each state (n) and the 
average yield for Bt and non-Bt maize (YBt and Ynon-B t).  The net benefit ($/ha) for Bt growers is 
the Bt yield minus the non-Bt yield, this quantity multiplied by the maize price, and then the 
additional cost for Bt maize seed subtracted (table S5).  Multiplying this net benefit by the total 
planted area (ha) gives the annual total net benefit ($).  Annual values are adjusted for inflation to 
a base year of 2009 using the Consumer Price Index (S25).   
 

Additional cost of Bt maize seed 
The additional cost for Bt maize seed ($/ha), sometimes referred to as the “technology fee”, is 
derived from an extensive data set on farmer purchases of maize seed from a U.S. Dept. Agric. 
funded research project (S26).  The data were collected annually from 2000 to 2007 by 
dmrkynetec (www.dmrkynetec.com) via a telephone survey of a stratified sample of U.S. maize 
farmers.  For the five states examined here, the data contain 95,685 observations of individual 
purchases of maize seed over the eight years from 9,864 different farms.  The collected data allow 
calculation of the average cost each year for each type of seed purchased.  The additional cost in 
any given year for the Bt trait registered for control of O. nubilalis is calculated relative to the 
average cost in the same year with only the Bt trait for O. nubilalis control removed.  For single-
traited maize seed, this is relative to the average cost for conventional (non-Bt) seed.  For 
multiple-traited maize seed, this is relative to the average cost with only the Bt trait for O. 
nubilalis control removed.  Thus, for example, the additional cost for Bt maize combined with 
herbicide tolerance is relative to the average cost for maize seed with only herbicide tolerance (not 
conventional maize).  Table S5 reports the state average annual cost ($/ha) for Bt maize with traits 
registered for control of O. nubilalis, with annual averages weighted by the planted area.  A 
negative exponential function was fit to these data via least squares to project the cost for years 
without data (1996-1999, 2008-2009): ( )1995 1 exp( ( / ) )C C y θα= − − , where C is the average cost 

for Bt maize ($/ha), C1995 is the estimated cost in 1995, y is the number of years since 1995, and α 
and θ are additional parameters to estimate (table S4).  Multiplying these additional annual costs 
by the planted area and the percentage Bt maize reported (table S1) gives the additional annual 
cost for Bt maize relative to non-Bt maize.  Adjusting these annual values for inflation to a base 
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year of 2009 using the Consumer Price Index (S25) and summing across years gives a cumulative 
additional cost of $1.67 billion assuming a discount rate of 0%.     
 

Annual suppression benefits calculation for non-Bt growers 
The annual suppression benefit for non-Bt maize is calculated for 1996-2009 under the 
counterfactual assumption that Bt maize had never been commercialized and so the O. nubilalis 
population never suppressed.  Annual state average yields for this counterfactual scenario are 
estimated based on annual larval densities for 1996-2009 and the imputed annual state average Bt 
maize yields.  Larval densities for 1996-2009 for this counterfactual scenario are based on the 
long-term average larval densities for each state, but if the actual observed larval density exceeded 
this average, the higher observed value is used.  This change was imposed in 1996 for Illinois 
(1.52), in 1997 for Minnesota (1.08), in Wisconsin for 1996 (0.64) and for 2002 (0.66), in Iowa 
for 1999 (2.09), for 2001 (1.59), for 2002 (1.90), and for 2005 (2.10), and in Nebraska for 1997 
(1.85) and for 2001 (2.35), with the resulting larval population density reported in parentheses.  
The average proportion of yield lost (E[λ]) is calculated based on this larval density for each year.  
Annual state average yields for this counterfactual scenario that Bt maize had not been 
commercialized (Ynon-Bt) are calculated as  (1 [ ])no Bt BtY E Yλ= −  for each year, where the Bt yield 
each year is the same as used to calculate benefits for Bt growers (table S5).  The yield gain for 
non-Bt growers due to the suppression of O. nubilalis is the non-Bt yield calculated for each state 
based on the actual observed state average larval density (Ynon-Bt) minus the yield based on the 
larval density under the counterfactual case that Bt maize had never been commercialized (Yno Bt).  
This gain multiplied by the maize price is the benefit ($/ha) for non-Bt growers due to O. nubilalis 
suppression.  Multiplying this benefit by the total planted area (ha) gives the annual total net 
benefit ($).  Annual values are adjusted for inflation to a base year of 2009 using the Consumer 
Price Index (S25).     
 

Cumulative benefits 
Annual benefits are accumulated over years by first discounting them to equivalent 2009 values 
and then summing across years.  Specifically, the accumulated total value of benefits is 

2009
(2009 )

1996

(1 ) t
t

t

V V δ −

=

= +∑ , where δ is the annual discount (interest) rate and Vt is the value of the 

benefits ($) in year t.  Results reported in the main text are with a 0% discount rate.  With a 10% 
discount rate, the cumulative benefits for Bt and non-Bt maize are over $11.4 billion, with non-Bt 
maize accounting for over $7.0 billion of this total.  Results with intermediate discount rates are 
fairly close to a linear approximation between these results and so are not reported.   
 
Documentation 
To document the methods and assumptions of this analysis, a spreadsheet has been created that 
contains the data and calculations used to derive reported values.  Interested readers can download 
the spreadsheet (http://www.aae.wisc.edu/mitchell/) or contact the authors to receive a copy.   
 

Caveats 
This economic analysis does not account for a variety of effects.  A more complete economic 
approach (beyond the scope of this paper) would use a partial equilibrium model to incorporate 
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price effects resulting from supply and demand shifts and the associated producer and consumer 
welfare effects in the maize market and in connected input and output markets (S27-30).  A 
variety of other costs and benefits are not incorporated, including regulatory and compliance 
costs, various non-monetary benefits to farmers including changes in income risk, and 
environmental and human health costs and benefits (S16, S31-32).      
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table S1.  Percentage of maize (dent corn) planted to corn hybrids expressing one or more toxins from lepidopteran-active Bacillus 
thuringiensis for management of O. nubilalis in Midwestern corn growing states. 
 Minnesota Illinois Wisconsin Iowa Nebraska 

Year % Bt 

 
Cumul
-ative 
mean 
% Bta 

Total 
planted 

ha 
(mil.) % Bt 

 
Cumul
-ative 
mean 
% Bta 

Total 
planted 

ha 
(mil.) % Bt 

 
Cumul
-ative 
mean 
% Bta 

Total 
planted 

ha 
(mil.) % Bt 

 
Cumul
-ative 
mean 
% Bta 

Total 
planted 

ha 
(mil.) % Bt 

 
Cumul
-ative. 
mean 
% Bta 

Total 
planted 

ha 
(mil.) 

1995 0.0 0.0 2.71 0.0 0.0 4.13 0.0 0.0 1.48 0.0 0.0 4.82 0.0 0.0 3.24 
1996 12.6 12.6 3.04 7.8 7.8 4.45 1.4 1.4 1.58 11.1 11.1 5.14 10.2 10.2 3.44 
1997 26.8 19.7 2.83 12.4 10.1 4.53 7.6 4.5 1.56 20.2 15.7 4.94 18.3 14.3 3.60 
1998 49.2 29.5 2.95 35.0 18.4 4.29 13.0 7.3 1.50 39.6 23.6 5.06 38.9 22.5 3.56 
1999 35.0 30.9 2.87 31.0 21.6 4.37 10.0 8.0 1.46 36.0 26.7 4.90 33.0 25.1 3.48 
2000 30.0 30.7 2.91 14.0 20.0 4.53 14.0 9.2 1.42 25.0 26.4 4.98 26.0 25.3 3.44 
2001 29.0 30.4 2.75 13.0 18.9 4.45 12.0 9.7 1.38 26.0 26.3 4.73 26.0 25.4 3.28 
2002 33.0 30.8 2.91 19.0 18.9 4.49 17.0 10.7 1.48 34.0 27.4 4.94 38.0 27.2 3.40 
2003 38.0 31.7 2.91 24.0 19.5 4.53 23.0 12.3 1.52 37.0 28.6 4.98 41.0 28.9 3.28 
2004 46.0 33.3 3.04 28.0 20.5 4.76 24.0 13.6 1.46 44.0 30.3 5.14 47.0 30.9 3.34 
2005 44.0 34.4 2.95 30.0 21.4 4.90 28.0 15.0 1.54 46.0 31.9 5.18 51.0 32.9 3.44 
2006 44.0 35.2 2.95 43.0 23.4 4.57 32.0 16.5 1.48 50.0 33.5 5.10 52.0 34.7 3.28 
2007 54.0 36.8 3.40 59.0 26.4 5.34 41.0 18.6 1.64 59.0 35.7 5.75 56.0 36.5 3.80 
2008 59.0 38.5 3.12 65.0 29.3 4.90 49.0 20.9 1.54 69.0 38.2 5.38 62.0 38.4 3.56 
2009 64.0 40.3 3.08 69.0 32.2 4.86 50.0 23.0 1.56 71.0 40.6 5.54 68.0 40.5 3.70 
a Cumulative mean % Bt values were calculated by summing the % Bt over successive years and dividing by the number of years; e.g., for MN 
years 1996-1998: cumul. mean % Bt = 12.6 + 26.8 + 49.2 = 88.; 88.6 / 3 = 29.5%;  for MN, 1996-1999, 12.6 + 26.8 + 49.2 + 35.0 = 123.6; 123.6 / 
4 = 30.9%). 
Data sources (S5-S9). 
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table S2. Summary statistics for competing models of O. nubilalis population growth in relation to main effects and interactions among fall 
larval density and proportion of state maize crop planted in Bt hybrids, grouped by state. Models are ranked by descending relative weight 
(w) of support, based on ∆BIC. 
 

Modela SE resid dfb R2adj BICc ∆BICd wi
e 

S + D + PBt 0.722 4, 172 0.380 413.1 0.00 0.82 
S +D + PBt + D*PBt 0.721 5, 171 0.382 416.6 3.47 0.14 
S +D + PBt + S*PBt 0.720 6, 170 0.383 420.4 7.28 0.02 
S +D + PBt  + S*D 0.724 6, 170 0.377 422.2 9.04 0.01 
S +D + PBt + S*PBt  + D*PBt  0.718 7, 169 0.387 423.5 10.34 0.00 
D + PBt 0.762 2, 174 0.309 423.9 10.81 0.00 
S +D + PBt + D*PBt + S*D  0.724 7, 169 0.376 426.5 13.39 0.00 
D + PBt + D*PBt 0.764 3, 173 0.307 428.7 15.52 0.00 
S +D + PBt + S*D + S*PBt 0.721 8, 168 0.383 428.8 15.66 0.00 
S +D +  PBt  + S*D + S*PBt + D*PBt  0.720 9, 167 0.384 432.6 19.47 0.00 
S +D + PBt + S*D + D*PBt + S*PBt + S*D*PBt 0.718 11, 165 0.387 439.9 26.73 0.00 
S +D 0.791 3, 173 0.256 441.2 28.06 0.00 
D 0.814 1, 175 0.212 443.0 29.83 0.00 
S +D + S*D 0.789 5, 171 0.261 448.4 35.26 0.00 
PBt 0.910 1, 175 0.017 482.3 69.12 0.00 
S 0.922 2, 174 -0.011 491.4 78.23 0.00 
S +PBt 0.915 3, 173 0.006 492.5 79.39 0.00 
S +PBt + S*PBt 0.918 5, 171 -0.001 502.1 88.93 0.00 

a Dependent variable was population growth, rt = ln(Nt/Nt-1), Nt = state-wide mean no. larvae per 100 plants in non-Bt fields in fall of year t. Independent 
variables were D = ln(Nt-1), PBt = proportion of state’s total crop in Bt maize, and S = indicator variable for state (IL, MN or WI). 
b No. model parameters -1, and residual degrees of freedom. There were 64 cases in 1944–2009 from IL, 46 in 1963–2009 from MN, and 67 in 1943–
2009 from WI, for a total of 177 cases. 
c Bayesian information criterion (see  S13). 
d Change in BIC relative to smallest BIC (see  S13). 
e Relative weight of support (see S13).
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table S3. Regression statistics and estimated mean densities of larvae per 100 plants in Bt- and non-Bt fields (landscape level means) before 
and after adoption of Bt maize in three Midwestern states. 
______________________________________________________________________________________________________________ 

 

    Model coefficients  Pre-Bt densityb  Bt-era density 

Analysisa State n R2 

Intercept 

b0      (SE) 

Density 

    b1     (SE) 

   Prop. Bt 

    b2    (SE)  Mean [CI] 

Avg 

PBt Mean [CI] 

By state Minnesota 46 0.38 2.78 0.54 -0.68 0.13 -3.23 0.75 60 [40...89] 0.40 9 [5...16]

 Illinois 64 0.45 4.22 0.64 -0.90 0.14 -4.32 0.69 106 [86...131] 0.34 21 [14...32]

 Wisconsin 67 0.38 2.82 0.45 -0.76 0.12 -2.13 0.78 40 [31...51] 0.23 21 [14...33]

    

Combine

d Minnesota 

– – 3.05 0.15 – – – – 58 [44...76] 0.40 10 [6...15]

  Illinois 177 0.39 3.48 0.35 -0.75 0.07 -3.34 0.41 103 [80...132] 0.34 23 [16...33]

 Wisconsin – – 2.83 0.14 – – – –  43 [32...59] 0.23 16 [11...22]

a Regression model for per-capita growth rate, r = ln(Nt-1/Nt), with coefficients of b0 for intercept, b1 for regressor D = ln(Nt-1), and b2 for 
regressor PBt = proportion crop in Bt-maize. Model fit to data from individual states separately, r = b0 + b1D + b2PBt, or to the three 
states combined, but with differences among states (S) reflected by state-specific intercepts. 
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b Mean densities of larvae were estimated by setting r = 0 and solving for N* = exp( –(b0 + b2PBt)/b1) (see Fig. S2).  Mean for pre-Bt era 
used PBt = 0; Bt era used 14-year average PBt.  Confidence intervals (95% CIs) were estimated with the delta method (S14) in log scale 
and then back-transformed to arithmetic scale. 
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table S4. Annual state average maize yields and prices and the extra cost (“technology fee”) for Bt maize seed used for economic 
analysis.  
 
 ------ Minnesota ------ ------ Illinois ------ ------ Wisconsin ------ ------ Iowa ------ ------ Nebraska ------ 
 
Year 

Yielda 
(Mg/ha) 

Pricea 
($/Mg) 

Cost 
($/ha) 

Yielda 
(Mg/ha)

Pricea 
($/Mg)

Cost 
($/ha) 

Yielda 
(Mg/ha)

Pricea 
($/Mg) 

Cost 
($/ha) 

Yielda 
(Mg/ha)

Pricea 
($/Mg)

Cost 
($/ha) 

Yielda 
(Mg/ha)

Pricea 
($/Mg) 

Cost 
($/ha) 

1995 7.47 123.64 -- 7.09 129.94 -- 7.15 122.46 -- 7.72 126.00 -- 6.97 126.79 -- 
1996 7.84 97.26 20.46c 8.53 109.86 20.93c 6.97 103.16 17.49c 8.66 102.38 20.74c 8.97 103.95 22.24c 
1997 8.28 84.66 20.41c 8.10 99.62 20.93c 8.28 92.14 17.49c 8.66 91.74 20.74c 8.28 91.35 22.24c 
1998 9.60 67.33 20.08c 8.85 80.33 20.93c 8.60 72.45 17.49c 9.10 73.24 20.74c 9.10 74.03 22.19c 
1999 9.41 63.00 19.44c 8.79 75.21 20.93c 8.97 69.69 17.49c 9.35 67.73 20.74c 8.72 68.91 21.88c 
2000 9.10 67.33 19.39b 9.48 75.21 18.65b 8.28 73.24 16.01b 9.04 68.91 20.28b 7.91 74.81 21.34b 
2001 8.16 74.81 15.84b 9.54 80.33 20.60b 7.97 77.57 15.56b 9.16 74.81 20.24b 9.23 76.39 22.06b 
2002 9.85 84.66 17.42b 8.47 92.53 22.09b 8.47 87.41 16.11b 10.23 87.41 20.82b 8.03 91.35 18.17b 
2003 9.16 92.53 16.51b 10.29 95.29 22.20b 8.10 92.53 19.89b 9.85 93.32 20.73b 9.16 94.11 15.63b 
2004 9.98 76.39 15.27b 11.30 84.26 20.00b 8.53 84.66 20.68b 11.36 78.36 22.53b 10.42 79.54 19.18b 
2005 10.92 73.24 12.46b 8.97 81.90 12.49b 9.29 76.39 15.99b 10.86 76.39 15.02b 9.66 75.60 12.56b 
2006 10.10 113.79 16.68b 10.23 120.88 14.91b 8.97 119.70 16.00b 10.42 119.31 18.19b 9.54 118.13 13.72b 
2007 9.16 162.62 11.20b 10.98 161.04  9.64b 8.47 161.83 13.76b 10.73 168.92 13.91b 10.04 163.01 15.11b 
2008 10.29 154.35 12.32c 11.23 157.89  7.53c 8.60 153.17 11.41c 10.73 161.44 12.01c 10.23 159.47 12.35c 
2009 10.92 145.69 11.77c 10.92 143.72  5.74c 9.60 145.69  9.18c 11.42 147.66 10.07c 11.17 145.69 11.54c 
 
a State average maize yield (Mg) per harvested hectare and state average farmer price ($/Mg) for maize (S18). 
b Planted-area weighted average calculated from annual telephone survey of farmers (S26). 
c Calculated using ( )1995 1 exp( ( / ) )C C y θα= − − , where y is the number of years since 1995 and the parameters C1995, α and θ are 
estimated via a non-linear least squares fit to the survey averages (S8).  IL: C = 20.927exp[–(10.838/y)4.443] (R2 = 0.821); IA: C = 
20.742exp[–(12.482/y)3.557] (R2 = 0.653); MN: C = 20.458exp[–(11.985/y)1.000] (R2 = 0.576); NE: C = 22.239exp[–(11.166/y)1.383] (R2 
= 0.685); WI: C = 17.494exp[–(13.152/y)4.722] (R2 = 0.334).  Note that estimation imposed θ = 1.000 for MN and C1995 = 22.239 for 
NE to improve the performance of the predicted cost in years without data. 
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table S5. Imputed annual state average harvested yields (Mg/ha) for Bt maize (Bt) and non-Bt maize (non-Bt) hectares and for all 
planted hectares if Bt had not been commercialized (No Bt).   
 
 ------ Minnesota ------ ------ Illinois ------ ------ Wisconsin ------ ------ Iowa ------ ------ Nebraska ------ 
 
Year 

 
Bt 

non-
Bt 

 
No Bt 

 
Bt 

non-
Bt 

 
No Bt 

 
Bt 

non-
Bt 

 
No Bt 

 
Bt 

non-
Bt 

 
No Bt 

 
Bt 

non-
Bt 

 
No Bt 

1995 8.43 7.47 7.47 7.65 7.09 7.09 7.83 7.15 7.15 8.36 7.72 7.72 7.60 6.97 6.97 
1996 8.31 7.78 7.77 9.17 8.48 8.48 7.35 6.96 6.96 9.23 8.59 8.52 9.69 8.89 8.88 
1997 8.71 8.13 8.13 8.61 8.02 7.98 8.54 8.26 8.09 9.19 8.53 8.48 8.90 8.15 8.15 
1998 9.75 9.46 9.12 9.18 8.67 8.51 8.71 8.58 8.25 9.36 8.93 8.64 9.38 8.92 8.60 
1999 9.62 9.30 9.00 9.01 8.68 8.36 9.29 8.94 8.80 9.91 9.03 9.03 9.10 8.54 8.34 
2000 9.34 9.00 8.74 9.81 9.42 9.09 8.53 8.24 8.08 9.50 8.88 8.77 8.21 7.80 7.53 
2001 8.41 8.06 7.86 10.08 9.46 9.35 8.28 7.93 7.85 9.73 8.96 8.96 9.91 8.98 8.98 
2002 10.15 9.71 9.49 8.93 8.36 8.28 8.87 8.39 8.39 10.84 9.91 9.91 8.46 7.77 7.76 
2003 9.31 9.07 8.71 10.69 10.17 9.90 8.34 8.02 7.90 10.30 9.59 9.51 9.53 8.91 8.74 
2004 10.08 9.89 9.43 11.52 11.21 10.68 8.67 8.49 8.22 11.64 11.14 10.74 10.50 10.35 9.62 
2005 11.06 10.81 10.34 9.23 8.86 8.56 9.58 9.17 9.08 11.40 10.39 10.39 9.83 9.49 9.01 
2006 10.22 10.01 9.56 10.46 10.05 9.70 9.20 8.87 8.72 10.62 10.22 9.80 9.67 9.40 8.86 
2007 9.23 9.08 8.63 11.09 10.82 10.28 8.67 8.34 8.21 10.83 10.59 10.00 10.14 9.92 9.29 
2008 10.37 10.18 9.70 11.32 11.08 10.49 8.69 8.51 8.23 10.81 10.56 9.98 10.33 10.06 9.47 
2009 11.01 10.76 10.30 10.93 10.89 10.13 9.68 9.52 9.17 11.51 11.19 10.63 11.28 10.93 10.34 
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Supplemental Figures  
figure S1.    
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fig. S1.  State average for percentage Bt maize and observed total annual light trap catch of adult 
male and female O. nubilalis for three locations in Minnesota (A–C), two locations in Iowa (D–
E), two locations in Nebraska (F–G), and one location in Illinois (H). 
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figure S2. 

 

 

fig. S2.   Effects of Bt-maize adoption and fall larval density on annual per-capita growth rates of 
O. nubilalis populations in non-Bt and Bt maize fields (landscape means) combined in three U.S. 
states.  Symbols indicate level of Bt-maize adoption: open circles, pre-Bt years; gray triangles, 
1–25%; green diamonds, 26–50%; orange asterisks, > 51%.  Bold dashed black line is least 
squares fit for main effects model, states combined, with PBt = 0; green line is same with PBt 
equal to respective state-wide 14-yr average (Table 1).  Intersection between dotted line at r = 0 
and bold dashed line indicates mean larval density before adoption of Bt-maize, and intersection 
with green line shows extent to which mean density declined with adoption of Bt maize in each 
state (Table 1). Conclusions were equivalent to findings with refuge means from non-Bt field 
only (Fig. 3), but pre-Bt and Bt-era mean densities were lower. 
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