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Do Refuge Requirements for Biotechnology
Crops Promote Economic Efficiency? Some

Evidence for Bt Cotton

Michael J. Livingston, Nicholas P. Storer, John W, Van Duyn, and

George G. Kennedy

We examine producer behavior, resistance evolution, and returns under alternative refoge
requirements in an epsisrn North Careling region with multiple corn, eotton, and aoybean
fields infested by a mobile pest, Returns arc highest, pyretheoid sprays oocur least
frequently, and pyrethroid resistanes evolution is delaved most effectively with no refuge
requiremnent. Complying with the current 204 refuge requiremnent costs the produecer $8.67
per cottom acts, ar $34 21 per non-tranagenic insecticidal (Bf) cotlon acre. Returns ars
hiphest under each refoge requirement when ope-toxin B coltom is nol phased out
however, removal of the techmology at the earliest phase-out dete minimizes regional

pyrethroid sprays,

Fey Words: bollworm, Bt cotton, pyrethroids, resistance, structored refupe, upatrueinred

refuge

JEL Classificntions: 16, 56, (57, Q58, R34, B33

The bollworm (Helicoverpa zea) is an impor-
tant pest of cotton in the Southeast and mid-
South United States and, during 2000-2004,
was associated with $341 million per year in
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producer losses.! The bollworm is alzo a pest
of com, sovbean, and many other cultivated
and wild plants. Cotton and sovbean produ-
cers use foltar insecticides {e.g., pyrethroida)
for contraol and, sinee 1996, cormn and cotton
producers have adopted transgenic inscctividal
(Bt} orops. Because bollworms are highly
mabile {{rould et al,, Kennedy and Storer)
and becanse there is no direct pecuniary cost
for killing them, a repional population’s
susceptibility to a control toxin is an open-

"¢ use the 2005 price flear (Table 13 and mean
state-leve]l control costs and sield lozses attritnged to
the bellweormn-budworm complex and mean U5, -level
fractions of the boliweem-budworm complex cam-
posed of bollworms (Williatns) to cstimate producer
loas. We repor all peeniary valoes in 2005 178 dollars
using the fraplieit price deflator for real gross domestie
product (ULE, Departinent of Commerce),
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Table 1. Model Parameters, YValues, and Sources

Farameter Walue Sourca
Day first-generation fight begins {June 28) 25 Storer, Storer et al, (20034,
Diay cornfields start to silk (Fuly &) 33 200728)
Day corn preference starts decline (Tuly 14) 41
Day scoond-goneration flight begins fJuly 23} )
Day catly soybean preference starts decline (Tuly 24) 51
Day corn preference reaches minimum (Fuly 243 51
Earliest pupal diapanse day (Tuly 30h 57
Diay early soybean preference reaches minitmmm 61
{August 3)
Dray late sovbean preferonoe starts to increase [Auvgust G4
)
Dy early sovbean starts to detorierste (August 10} 213
ey lale soybean preferencs resches maximum a9
[August 113
Day cotlon starta to deteriorate (August 203 R
Day late sovbean starts to deteriorate (August 20} 78
Mean pupal diapause day fAungust 27 85
Last day of the year (October 5 124
Acres per field 10
Initigl population of adults in cach field 10,0010
Corn ears per cornfield 220,000
Egg spray threshold for non-Bt cotton fisld 600,000
Larval spray threshold for cotton field 63,00
Larval spray threshold for sovbean field F33,000
Orverwinter survival rate for diapaused pupee 0.0340
Tnitial preference for corn (relative ta cation) 10,0000
Initjial early soybean preference {relative to cotlon) 1.4000
Initial late spybean preference (relgtive to cotlon) 0.3400
Adult daily survivai rate 0.B500
Epps per adnlt female when day - 23 1.7662
Epps per adult famale when 235 = day =< 50 154543
Eggs per adult female when day 2= 50 2.6493
Initial proportion of adults migrating betwesn {iatds 0.1000
Maximum number of fields adults ean fly (8™ 5.6603
Yariance of bivariate normal distance kernel (o7 = 4,330
dmemi Ty
CirylA resistance gene {requency beginning of 2000 4.3 % 10" Bard et al
Cry2 A resistance gene frequency beginming of 2000 1.0 » 104
Degree of dominance CrylA resistanes gene 0.5000 Kurez, Gould, and Bradjey
Depgree of dominance Cry2A ceristancs 1rait 0.5000 {20014, 2005)
Susceptible penotype survival on CrylA corn (gFab) 01140
Suaceptible genotype survivel on CrylA cotton (sFach 0.0720
Suaceptible penotype survival ve. Cryld cotion (30af) Q0570
Susceptible genotype survival vi. two-toXin cotton 0.0130
{rdraaly
Heterozygotes survival CrylA Bt corn (rad ab) {.5570
Heterorygote survival CrylA Bt cotton (refac) N.5360
Heterorygote survival Cry2A Bt cotton (relab) 03285

Fitness cost of CrylA and Cry2A reststance genpe 0.02560
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Parpimeter Value Senicce
Pyrethroid resistance pene frequency beginning of 2000 0, 200K} Livingston, Carlson, and
Resistant survival vs. pyrethraid {rr L8500 Fackler {2002)
Heterozygate survival vi. pyrethroid (5] 0.1306
Susceptible survival va, pyrethroid {er) 0.0300
Survival Tate munltplier for neonates and young larvae 0.1333 Storar
vs, pyrcthrodd in sovbean
Supvival rate muitiplier for adults v, pyrethraid m B0
cotton
Sundval rate mmltiplier for neonates and lprvas vs, 02667
pyretheomd in soybean
Supvival rate mmltiplier for adults vs, pyrethrold m 05164
soybean
Annual discount rage ([ — p)fip 0.0534 Tence
Exponential cdf damage funetion parameter (83 —0.0270 Williams
Pyrethroid spray cost per field 22,00
Pest-frae yield per Bt cotton field (pounds) 7,237
Pesi-free yield per non-BiL cotton field (pounds) 7,196
Fixed cost per non-Bt cotton field $4,74%.40 Williams, TTSDA {1997, 2001a),
Fixed cost per ome-toxin Bt eotion Held 55,099,850 Monasania
Fixed cost per two-texin Bt cotton field 55,175.80
Cotton ot pricefpound (FSRIA 2002, pries floor) SIL742 2005 price floor, Faem Sccurity
and Rural Tnyestinent Act
{FSRLA), 2002
{Cotton seed price per ton $110.09 USDA (2000, 2001b, 2002
2003, 20044, 20053
Proportion of corn planted 1o one-toxin Bt 0.2700 USDA-ERS (2005)

aceess resource, Profit maximizers might not
consider the effects of bolleorm contrel
decisions on vesisiance, and as a result, re-
sistance could evolve at an inefficient rate
{Hueth and Regev).? One-loxin Bt cotton and
BL eomn plants, whichk express the CrylAc
toxin (Cryl), are only moderstely effective
against the bollworm. In addition, becanse
selectiom presfure oecura continuously {Ta-
bashnik et al), the risk of Cryl resistance
evolving can be high, especially where com
and colton are grown nearby (Storer), Because
Bt resiztance might intrease producer costs,
increase the vse of envirommentally harminl
inzecticidles, and reduce the effectiveness of
foliar Bt produecis, acientists, developers, and
marketers of the Bt technology and regulatory

2Bt toxint do not horm animals and beneficial
{namet predators and parasites (MMendelsshn ot al).

officials have promoted regulations to coa-
serve susceptibility in target pests (Matten and
Reynoids).

The U.S. Environmental Protection Apen-
¢y (EPA} requires Bt technology developers to
design and enforce structured refuge require-
wments (refugia} to obtmin temporary 11.S.
marketing oghts. Refoges delay resistance by
inereasing the average rate susceptible inseets
sirvive and reproduce relative to resistant
inzects.* A structured refuge for a given Bt
crop is an area of non-Bt fields planted to the
same crop, whereas non-Bt varieties of differ-
ent nearby cultivated or wild host plants are
known as unstructured refuges. Cotton pro-

*We use the word “refagia™ 1o refer to the
structured refuge requirement(s) and the words
“refupe” or “refuges” to refer to the acmwal physical
atructure(s} {e.g,, non-Bt cotton ficlds).



174

ducers in the Southeast and mid-South have
four refugia options, including the subject of
this study, the external sprayahle refugia,
wherein a minirmuim 209 refuge i3 planted
that can be treated with non-Bt foliar inseeti-
cides.

The appropriate size for this refugia,
however, s uncertain, First, no change in
Ctyl susceptibility in bollwarms collected
from 14 states had been detected as of 2003
{Blanco et al), althemgh resistance was pre-
dicted to evolve quickly (Gould and Tabash-
aik). Second, pest mobility i3 a principle
justification for public intervention (Mira-
nowski and Carlson); however, efficient cot-
ton refugia have not been examined nsing
a spatial model with pest mobility. Secchi and
Babcock examine the effects of pest mohility,
market pemetration, conventional insccticide
use, and refugia on resistance and corn pro-
ducer returns. Focusing on one-toxin Bt corn,
Hurley, Baboock, and Hellmich {2001) and
Hurley et al. (2002 were the first to study
efficient static refugia, and they evaluated
efficient dynamfc refugia under foliar inseecti-
cide use; however, those models and Living-
stom, Carlzon, and Feclkler's {2004) models of
efficient static and dymamic refugia do not
incorporate pest mobility. Third, Bt cotton
varieties that express ome {Cryl) and two
toxing (the same Cryl plus Cry2) are currently
available, and even thowgh the latter iz aver
80% more Iethal to susceptible bollworms
than the former (Kurtz, Gould, and Bradley
20044, 20057 and costs over 315 more per acra
{(Monsanto), the same refugia applies to both
varieties. Fourth, the bollworm infests corn,
cotton, and soybean in the Southeast as
a result, the availlability of unstruetured
refuges is likely t0 have important effects on
efficient refugia (Jacksen, Bradley, and Van
Duyn). Fifth, pyrethroids are used to kill
bollworms in Bi cotion, nom-Bt cotton, and
sovbean, and mipht affect rates of Bt and
pyrethroid resistance evolution (Livingston,
Carlson, and Fackler 2002, 2004): however,
such effectz are generally ignored. Sixth,
Monzanto has petitioned the EPA to eliminate
refugia for its two-toxin technology, Finally,
the EFA has asked the scientific community te
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examine the implications of continued pro-
ducer access to the onetoxin technolopy
becanse one- and two-toxin cottonseeds share
a common toxin, and some have argued that
the former should be phased out ta prevent
Cry2 resistance from evolving too rapidly.

The first objestive of this study is to
examine one- and two-toxin Bt cotton
adoption and pyrethroid use by a representa-
tive eastern North Carelina cotton producer,
Bt and pyrethroid resistance evolution, and
returns under five external sprayable refugia:
0%, 5%, 10%, 15%, and 20%.° Livingston,
Carlson. and Fackler (2004} examine the
effects of refugia on the annuel percentage
of a single cotion acre planted to one-toxin
Bt cotton, resistance evolution, and returns
received per acre, bul space and insect
population dynamics are not explicitly mod-
eled, We extend thelr analysis by tnodeling
space, bollworm population dynamics, and
the availability of two Bt cotton 1echnologies.
Annual nambers of cotton fields planted tn
one- and two-loxin Bt cotton are sirmulated in
a region with multiple corm, cotton, and
soybean fields that are infested by a popula-
tioh of mabile bollworms. As a result, our
model charactenizes actwal field sonditions
faced by cotton farmers in diverse production
enviropments with a high degree of raalism.
In addition, our mode! aliows examination of
interactions between Dollworm control deci-
sions on mearby cofton, saybean, and com
farms. The second obijective of this study is to
examine the effects of spatial crop distribu-
tions to determine how distance betwesn
collon, com, and soybean fislds could affect
behavior. resistance, and returns under alter-
native refugia. The final objective iz 1o
examine the implications of phasing out the
one-loxin lechnology.

“We examine eastern North Carolina because the
biological madel we use was developed for this region,
within which unstroetured refuges are prevalent, We
examime cfficient sprayable but not unsprayable
refupia, Bberanse the bollworm iz the primary tareet
pest in this regon, and, B8 & cesule, profit is generally
much bigher under the fammer option,
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The Model

Storer and Storer et al (2003a, 20030)
examine bollworm populations in a 24 by 24
tnafriz with each cell representing a 10-acre
eorn, cotton, or soybean field® We extend
their models, as described in the Appendix,
but examine the deterministic case. MModel
paratneters and their sources are reported in
Table 1, and the simulation model is available
from Liwvingston on tequest. We note at the
outset that, becanse bollworms can fly from
farm te farm, the contrel decisions made by
one praducer could, over time, affect pro-
duction possibilities aveilable to the lormer
and neighboring producers. In this analysis,
we use @ representative producer model,
assuming that interseasonal effects are not
considered m the producer’s conlemporaneous
control decisions., As a remult, we do not
examine eaternal effects on other cotton
producers, which we leave to future studies.
However, because we do simulate ane-Loxin Bt
cortt uge and pyrethrodd sprays in soybean
ficlds, which are triggered by population
threshold rules, we are ahle toe examine
interactions belween pest control decisions
on neipghboring crop fields.®

Eronomie Mode!

Total annuel production coats () for each
non-. one-toxin, or twe-toxrin Bt cotton acre in

TSimulation outpul vecde: Hede with region sizes
above 12 by 12 {Storer),

YBecause pyrethroid vse in cori 75 mare. it i3 not
simufated, and neither are economic tetnms to
representative corn or soybean prodoscrs, Therefore,
we do oot simulate the effecte of eotton producer
desisions on corn or sovbean produssr desisions. The
pereentape of com planted to ote-toxin Bt corn is
cxogenots and fiaed throughout the analysis, howey-
er, effects of higher Bt comn percentages eould sasify be
exatnined. Pyrethiold sprays in individual sovbean
fi#lds occur when population thresholds are reached;
therefore, although the mode] doss pot simulate
profit-maximizing  aoybean prodecer conmtrol deci-
gions, it can be used fo examime likely interactions
between control decisions on cotton and sovbean
firlds.
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a given 1{-acre cotton field are, respectively,

(1} ¢ = $498.73 + SR.0%s",
ef = $521.35 + $8.095M,
a? = 8536.53 4+ $8.0057,

where superseripts m, AF, and A2 index, ra-
speetively, non-, one-toxin, and 1wa-toxin Bt
cotion fields and 5, denotes the number of
pyvrethroid spraya for year . The cost of one
spray, 38.09, is the mean of real Nerth Carolina
insecticide costs atributed to the ballworm-
budworm complex during 2000-2005 (Wil-
linms). Mean fixed production cost, $525.17
(USDA 1997), is modified to reflect non-, one-
toxin, and two-toxin Bt cotton seed casts, with
mean spray costs during 2000-2005 deducted.
Beeanse a very high proportion of all cotton
Erown in eastern North Carolina is penetically
modified to tolerate glyphosate applications,
we assume that non-Bt cotton {ields are planted
with Roundup Ready® cottonseed, at $29.00
per acre. Because pood-nuality one-toxin Bt
only cotton sced varieties are not available for
eastern MNorth Carolina, we assume that one-
toxin Bt cotton fields are planted with Ball-
gard® with Roundup Ready seed, at $41.07 per
acre, Because good-quality two-toxin Bt—only
colton setd variede: are not available for
eastern North Carolina, we assume two-Loxin
Bt cotton fields are planted with Bollgard IT®
with Roundup Ready Flex® seed, at $56.25 per
acre (Monsanto). We assume 250,000 seeds per
bag, which plants five acres.

Pounds of harvested lint for each non-,

one-taxin, and two-texin Bt cotton acre in the
respective fields are

2) K= ?25,31cxp(“v‘,'),

Q-

?14.15&::1;(3;{1),

e

where 72581 and 714,16 are estimates of mean
ballwortn-bud worm—res yield for non-Bt and
ane-toxin Bt cotton fields in North Carolina
during 2000-2005; expfas,) maps sprays into
the proportion of pest-free vicld harvested;
and B is a coeffictent estimate (Tables 1 and 3.
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To calculate pest-free yields, reported yields
are inflated by attributed annual visld losses
during 2000-2005%, Similar equations are nsed
to simulate tons of eottonseed harvested per
nomn-, one-ioxin, and two-toxin Bt cotton acre
in the regpectiva cotton fields,

Sa
n

(3) 0.502exp(357),

21 = 0.493 exp (E.c:” ).

Zfl

0.493 exp (87).

Average seed wields for Worth Carolina
during 2000-2005 (USDA 2000, 2001b, 2002~
2003, 20040, 20035, the proportion of North
Carolina cotton acres plantsd to onc-toxin Bt,
and the ratio of non-Bt to one-toxin Bt pest-
free lint vield are wsed to esiitmate the mean
pest-free seed yields in Equation {3),

Creneraglly, yield loss and insccticide wse
incremss with pest pressure and resistance;
therefore, we estimnate a relationship between
the properiion of pest-free lint yield harvested
and insecticide use, E[la{1.0 — )] = &8,
where & and § denote, respectively, mean
annuel ¥ield loss and the frst-stage estimate of
ballworm-budworm sprays in non-Bt and
ane-toxin Bt cotton in Worth Carelina during
2D00-2005, (E[ | ] denotes conditional expecta-
tions with respect to A Zero-rmean, constant-
variance ervor.) First- and second-stage csi-
mates are statistically different from zero, and
§, indicates that losses increased with in-
secticide use (Table 2).

Profit received by the representative cotton
producer at the end of venr ¢ is

Fehlym i

2

rm]

+ 35 G s gl - o)
el

(4 w(bl, 528} m (P'yr + P2l - )

hd.
+ 30 BB - )

b=l
where /s the total number of cotton flelds, &1,
and b2, are numbers of one-toxin Bt and two-
toxin Bt cotton fields, ' and p* are fixed prices
per pound end ton of lint and seed, re-

Jowrnaf of dAgriciltvral and Applied Economics, April 2007

spectively, and r iz the maximum number of
Bt cotton fields that can be planted, Because
of the open-aceess nature of susceptibility, we
assume the producer’s annnal planting choiess
are made without considering the effects on
resistance in subsequent years, Profit maximi-
zation, (herefpre, iz subject 1o Tables 1-3,
Equations (1)—{4), the biclogical model (see
the Appendix), b1, = G and 52, = (), and 0 =
bl + b2, =r.

Less than 6% of corn was planted to Bt in
North Carclina during 2001 (USDA 2001a),
which is apparently the only published est-
mete available, howaver, USDA~Economic
Rescarch Service (USDA-ERS 2005 reporta
that 27% of corn acres planted in “Other
States,” which includes North Carolina, was
planted to Bt during 2005, We thersfore
assume 27% of the region’s comnfields are
pianted 16 one-toxin Bt corn, Durng 2002,
0.70, 0.22, and .32 milliom acres were planted
to corn (24%), cotten (31%). and sovbean
(45%), respectively, in North Carolina (USDA
200de); therefore, we partition the region
accordingly. Starting with the field in the
northwest corner of the region and confinuing
south, unl all fields in a column are assipned
a erop type and then moving east to the top of
the next colummm, the first 128 felds in the
region are planted to early-blooming sovbean,
the next 140 fields are planted to corn, the next
1RO fields are planted to cotton, and the
remaining 128 fields are planted to late-
blooming soybean. We refer to this crop
distribution as “soyhean-saybean” We also
gxamine a distribution wherein the region is
bordered on the west by corn and on the saat
by early- and late-blooming soyhean, which
we denote “vomn-soybean’ Early-biooming
soybean is farther from com but closer to
colton. and iate-blooming sovbean is farther
from corn and cotton under corm-soybean
relative te soybean-soybean: therefors, un-
structured tefuge felds conserve Bt and
pyrethroid susceptibility less effectively under
the former distnibution.

Becavse pest densities tend to be higher
initially in fields planted to non-Bt cotton the
previgus year, Bt varietics are generally more
useful when planted to last year's non-RBt
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Table 2. Gamete and Genotype Frequencies and Survival Rates
Gametes Freguencies
abe gl = qigath
abC g2 = qgall = ¢7)
aBe g3 = qifl = g2)gz
aBC gd =@l — gl — @)
Abe g5 = (1 — qi)gxg5
AL g = {1 — @mlgal — 43
ABe g7 =0 — @)l = @)
ABC g8 = (1 — mXl — gNl — )
Survival Rates

Coe-Toxin Bt Qna-Toagin - Two-Toxin Bt
Genuiypes Frequencies Comn Bt Cotton Cotton Pyrethroids
abefobe rt 1.0 1.0 1.0 rr
afrlfaBe 2e18, 1.0 i.0 rEdh m
aBofaBe 0 1.0 1.0 s2ah rr
abelAbe 2E1E refab relar rsiae fed
abeld Be and aBeidhe 2gigr = EEs) redah relac redacersiab s
aBciABe 2EE rofab relec relacvsiah L
Abeldbe e] slab £lac slac T
AbefABc © Zgepe slab & e riaewrsZab Hr
ABold B B4 &fak glac Eeftaex! rr
abclabC 2E g 1.0 L0 1.0 rs
ahefaBC 2y 1.0 1.0 r2ah rs
aBclaB A 1.0 1.0 siah rs
abeiAbC 2mEs refab refae refae re
bl ARC and aBofABC (g gR + Fagre) rslah reine reiacerslal re
aRcfABC Yerin relal relae relaces2ah FE
AbeldbT 2E5Es slab siae slar rs
AbeldBC 2pemy slak sl STaenrsdah s
ABolABC 2t £lah slac sduaf re
ab ClabC o 1.0 1.0 1.0 £
abCfaRC 2 1.0 1.0 tidzh £
afialC & 1.0 1.0 22ah £
ahCl 4B 2e28e ralab rslar relas £
abCTABRC gnd a BCIABE 2 gagp + Eure) rxlal redae reloowrndeal 55
aRCIART Ferama vafab ralae relgoesdab 55
ALClAbC g sigh &lap lac &
AbCIARC 286w slab slop slaesrs2ab &5
ABCIARC et slah siap selrg! &5

Motes: Cryl, Cryd, and pyrethroid registance gene fraquencics for the pdults in che ficld are gy, 42, aRd g, respectively Scc
Biafogmeal Model sectivn and Tatble 1 for syinbols and bess modal values,

cotton figlds. Therefore, we assiine that the
producer plants Bt coifon and Bt eorn to the
cotton and corn Felds, respectively, with
relatively high numbers of diapansed pupee,
Bt resistance evolves more rapidly relative to.

assuming the producer plants roughly the same
fislds to non-Bt and Bt plants vear aitar year
{Storer).

Let int{x} map x into the nearest integer,
and let B1(#} and »24r} denote numbers of
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one- and two-tosin Bt cowen fields that
maximize profit {5) during ¢ when the refuge
constraint js r. The 5147 and &2,(r) are
testricted to the set {0, iot{0.05r), int(0. 10},
..., Iint0.957), r}, and the number of non-Bt
cotton fields is F — &5 (7 — B2/(F).

Imitially, for cach r, we found the 7 0¥ and
h2,0r} that maximized profit (4) by as=ssssing
each possible combination; however, because
this iz time intensive and becauss the basze
model remulis were identical, we use a shortout
ta penerate the reported results. At the
beginning of each ¢, the three-comer solutions
are evaluated—C4 BILY) = », B2 = 0, O
bIfr) =0, b2,(r) = r;and C% bI,(r) = b2,(r) =
0. If profit is highest under (7, 57 (r) is reduced
g = int{0 05f) fields, and the model is rerun,
With b7 {r) at this value, 52,(r) i increased &
fielda, the model is rerun, and both steps are
repeated until a local maximum s bracketed.
Similarly, if profit is highest under 2, B2,(r) is
reduced e fields, the model is rerun, and, with
B2{r) at this value, Bf{r}) is incressed ¢ fields,
with both steps repeated until a local maxi-
rum is bracketed. If profit is highest under &,
Bifr} is increazed e fields, the model [ rerun,
atiel, with 57 ,(r) at thiz value, 52,(r} is iIncreased
g fields, with both gteps repeated unti] a local
maximum iz bracketed.

When A7)y and 52,(r) are found, the model
is rerun and numbers of dispansed pupas of
cach genotype in each field are stored as the
new baseline, from which 82,0+ and 52,407
are subaequently found. For each scenario
examined, the regiomal distribmtion of dia-
paused pupae at the beginning of the first
tmade] year is the same and is based on model
output at the end of year 2005, Starting in year
2000, Cryl, Cry2, and the pyrethroid re-
sistance gene frequencies are based on pub-
lished estimates (Table 1). With these frequen-
cies the biological medel is uaed to estimate the
distribution of diapaunsed pupae at the begin-
ming of vear 2008 assuming 33%, 57%, 669,
T4, B2%, and B89% of cotton Nields (Willams)
and 1156, 12%, 16%, 19%, 25%, and 27% of
cornfields (USDA-ERS 2003) are planted to
one-toxin Bt cotten and one-toxin Bt com
during 20002005, regpectively. Becansze twao-
toxin Bt cotton adoption data for North
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Carolina are not available, it was not possible
to specify how much was planted in castern
Morth Carolina during 2004 and 2005, As
a result, with the use of the initial Cry2
restatance gene frequency for North Carolina
in 2000 (3.9 = 10, the Cry2 resistance gene
frequency goes extinct. Therefore, we scale the
estimate of Burd et al, so that the inibal Cry2
resistance gene frequency at the beginning of
2006 is approximately 3.9 X 107 With this
procedure, mean Crvl, Cry2, and pyrethroid
resistance gene frequencies in diapaused pupae
at the beginning of vear 2006 are 2.7 ® 1073,
39 % 1077, and 0.287.

We asgsume A li-year planning horizon
becanse it has been nsed by EPA in previoms
policy deliberations. To simulate the effect of
the EPA’s emergency action plan regarding
Cryl resistance, if the mean resistance gene
frequency in diapavsed pupae exceeds 0.5 at the
end of any year, one-toxin Bt com and one-
taxin Bt cotton cannot be planted the following
VEenr.

Resnlts

The anowalized present value of profit per
cotton acre (retnrn) declings tponotonically
with the refugia (Table 4), and mean profit per
cotton acre, Which is not reported, is statisti-
cally different at the 5% level under the 098
and 20% refugia, Therefore, the cost of
complying with the current 20% refugia varies
between 56.9% and $8.67 per cotton acte, or
$19.43 and 334.2] per structured refuge acre,
under corn-soybean and sovbean-soybean,
respectively. Bt adoption and pyrethraid uae,
pest pressure, pyiethroid sprays, Cryl and
pyrethroid resistance evolation, and the retarn
depend on the crop distribution.

Mean one-toxin Bt cotton adeption is
higher under soybean-soybean than corn-
soybean, apd statistically different for the
0%, 5%, and 10% refugia; howewer, mean
two-toxin Bt cotton adoption is higher under
corn-soybean and is not statistically differeni
for any refuga. Pest pressure is higher under
corn-soybean than soybean-soybean, which
helps explain why mean sprays are always
statistically higher under the former distribu-
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Tahle 3. Two-Stage Leasi-Squares Estimates for the Yield Damage Function
Insecticide Applications Attributed to the

Dependent Variable Bollworm-Budwoon Cormplex
First-Stage Teast-Bguares Regression Rasults

fia 0.E7

Standard error of estimale 0.34

Fgtatistic ad

Fvalue g 107"

Ohscrvations 12
Parameater Eslimals SE #-statistic pevalue

Intercept 2.345 0.138 17.051 1% 10~

Bt cotion dumimy —].50% 0.154 —3.216 9 % 107
Second-Siage Least-Sgquares Fegression Results

in{1.0 — proporticnate ¥ield loss atributed to the
bollworm-budworm cotmnplex)

R 0.26

Standard error of estimate 0.02

F-ataistic o3

Fvalue § » 10°F

Obacrvations 12
PBarameter Estimate SE r-5iatistic p-value

Estimated bollwarmm-budworm complex =0,027 0.003 —B.265 5 » 107"

insecticids applicatons from the first stage

Motes: Proportonate yiold losses and conventionsl insecticlde sprays sttdbured to the hathwetm-budwarm complex 1o Marth
Carcling dunng 2000-2005 are from Willinms, The Bt cotton dumony 15 D and | for obseceations frem non-Be end Bt cotlon,

Tespootvely.

tiom, Mean sprays in cottom are not statisti-
cally different; however, mean sprays in
soybean are 43% higher under corn-soybean
than soybean-soybean, and statistically differ-
ent [or each refugia. This cceurs because late-
blooming sovbean fields are farther from
extton fields under corn-sovbean, and because
bBollworm levels are highest when cotton and
late-blooming soybean are the preferved hosts.
Incrensing the distance between cotion and
late-blooming soyvbean increases the propor-
tion ol bollworms developing in soybean that
also lay their eggs in soybean. Thiz increasas
sprays in sovbean directly becauvse larval and
adult thresholds are execeded more frequently,
and indirectly, becauss fewer offspring of
hollworms developing in soybean arc ult-
matecly subjected to Bl toxins,

Becauas sprays ocour mots frequently un-
der com-sovbean than soybean-soybean, end-

horizon mean pyrethroid resistance gene
frequencies are statistically higher under the
former distribution. This occurs not omly
because aprays ococur more frequently, but
also becanse soybsan fields are Farther from
cornfields under corn-sowvbsan. Corn iz
a source of refuge for bollworms susceptible
to pyrethroids, because pyrethroids sre not
used; therefore, increasing the distance be-
tween soybean and com reduces the efficacy of
the Jatter it delaying resistance. In addition,
one-toxin Bt and two-toxin Bt cotton fields
serve a3 pyTethrold refuges, because spravs are
much lower on thess Gelds than on non-Bi
cotton and =zoybean fields. Berause tota]l Bt
adoption (the sum of mean one-toxin Bt and
twn-taxin Bt cotton adoption)} i lower under
corn-soybean than wnder sovbean-sovbean,
the availability of pyrethroid refupe is further
reduced vnder the former distribution.
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Pest pressure increases monotonically with
the refugia because total Bt cotton adoption
generally declines menotonically with the
refupgia. As a result, cotton and soybean sprays
follow suit and, although increased Bt adop-
tion can, in qome modeling enviromments, lead
to the negative extarnality of an increased rate
of Bt resistance evolution, inereased Bt
gdoption in our region leads to a positive
extermal effect of statstically significant re-
ductions in cotion sprays and minor redue-
tions in sovbean sprays as the refugis is
reduced.

Mean end-horizon Cry2 resistance gene
frequencies are not reported in Table 4
because the gene invapably poes extinet by
the end of model year 4. This occurs for thres
reasens. First, two-toxin Bt cotton adopion
is low under ecach orop distribution. Second,
69% of the region is planted to comm and
soybean, which serve ag unstructured Cry2
refuges. Third, one-toxin Bt cotton fields also
Serve BS an important source of unstroctured
Cry2 refuge. Cryl resistanes evolves; honsew-
er, mean end-horizon registance gene frequen-
cies are low, and statistically lower under
soybean-soybean than under corn-sovbean.
Mean end-horizon Cryl resistance mene
frequencies are low because 62% of the
region is planted to unstmuctured non-Bt com
and soybean refuge; and Cryl resistance
evolves more rapidly under corn-soybean
than under soybean-zoybean, even though
one-toxin Bt cotton adaption is higher under
the latter distribution because late-blooming
sovbean is farther from cotton under corn-
sovbean, which reduces their efficacy as an
unstructured Cryl refuge.

The tnean end-horizon Tryl resistancs
gene frequency displays 2 nonmonoctonic re-
lationship with the refugia, Thiz ocewrs for
{our reasons. First, the producer adopts two-
toxin Bt cofton as Cryl resistance evolves.
Second, the threshold mean Cryl resistance
gene frequeney at which the switch occurs is
low. Third, the mean Cryl resistance gene
frequency declines with the Jevel of two-toxia
Bt cotton planted becauvse Cryl-resistant boil-
worms emerpge at & mmuch higher rate from
pne-toxin Bt coiton than from two-toxin Bt
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colton fields. Fourth, because we assume
a 0.025 fitness cost of carrying the Cryl
resistance gene or the Cry? resistance gene,
fitnegs costs are low and juatified by available
empirical evidence. Bollworm susceptibility to
Ciyl, therefore, iz reoewable, This explains
why the mean end-homdzon Cryl resistance
gene frequencies vnder soyboan-soybean and
the 5% and 10% refugia are statistically ngher
than the mean end-hovizon Cryl resistance
pene frequency for the 0% refuga and why the
mean end-horizon Cryl resistance gene fre-
quencies under com-soybean and the 5%,
1045, 15%, and 20% refugia are statistically
higher than for the 0% refugia.

Phaging Out One-Toxin Br Cofton

Between 71% {USDA-ERS 20045 and 9%
(Willlams) of North Carelina cotion was
planted to one-toxin Bt cotton during 2005,
Becanse simulated one-toxin Bt eotton adop-
tion for the 20% refugia iz interior to this
range wnder soybean-soybean, but not under
corn-soybean, we cxamine the effects of
phasing one-toxin Bt cotton omt under the
former distribution, Specifically, we examine
the effects of removing one-toxin Bt cotton
from the market at the end of 2008, perhaps
the earliest date the technology may be
removed; the end of 2010, after which ene-
toxin Bt cotton will have been available for
15 years; and at the end of 2015 for compar-
izon purposes. For brevity, we discuss but do
not present the complete zai of numetical
results.

The producer’s retarn increases with the
phase-out date. Although returns are not
statistically different for the 2008, 2010, and
2015 phase-out dates, under any refagia,
returns are statstically lower under the 2008
phase-out dete than under the base case for
each refugia, Althouph one-tozin Bt cotton
adoption 1ncreases and two-toxin Bt coiton
adoption declings with the phase-out date,
total adoption does not depend on the phase-
out date and iz, therefore, the same as in the
hase case. Pest pressure declipes, but total
sprays increase monotondcelly with the phase-
out date vnder each refugia, Cotton sprays
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increase monctonically wath the phase-out
date because one-toxin Bt cotton is uged mors
and two-toxin Bt cotton less ag the phase-out
date increascs, sprays coour more in one-toxin
Bl cotton than in two-taxin Bt cotton, and
soybean sprays increase but then decline »ath
the phase-put date, with the declines in
sovbean sprays lower than the increases in
cotton sprays. Besause the Cryl resistance
gene invariably poes extinet by the end of
model vear 4, the mean end-horzon Cry2
resistance {requency does not depend on the
phaze-out date. As expected, the mean epd-
horizon Cryl resistance getie [requency in-
creases ith the phase-out date; however, even
though the means are statistically different
under the 2008 and 2015 phaze-owt dates for
the 09, 5%, and 109 refugia, the magnitudes
of the differences are small. The mean end-
horizon pyrethroid resistance fene frequency
dechnes with the phase-out date; however, the
differences are not statistically significant for
any refugia under the 2008 and 2015 phase-
out dates. A= in the base model, the return
declines with the refugia under each phase-out
date, and the return under the 0% refama is
alwaye siatistically lagher than the return
under the 20% refepta.

Conclusions

We expmine represemitative producer behav-
ior, resistance gvoelution, and rteturns under
alternative refuge requirements {refugia) in an
eastern Worth Caroling region with muliiple
corn, cotton, and soybean flelds infested by
a mobile pest. Returns are highest, pyrethroid
aprays occur least frequently, and pyrethroid
resistance evolution i3 delayed most effective-
ly with no refugia, resulis that support not
only the recent petition o eliminate & refuge
requiremetit for two-toxin Bt cotton, but also
elimination of a refuge requirement for the
one-toxin technology for this region because
cortt and soybean provide sufficient uostruc-
tured refuge to manags Bt resistance effi-
clently, even in the absenee of a4 stroctored
refupe requirement. Complying with the
current 20% refugin costs the producer
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$8.67 per cotton acre, or $34.21 per non-Bt
cotton acre. In addition, preduces raturng are
highest under each refugia when one-toxin Bt
cotton iz nol phased out, however, remowval
of the technology at the earliest phase-out
date minimizes regional pyiethroid spravs
under esch refupgia examined and, across
refugia, are lowest when the refuge reguire-
ment is eliminated.

[ Reeetved AMarsh 2008, Accepred Awgusy 20006, 7
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APPENDIX: THE BIOLOGICAL MODEL

The ege stege and 40 larval and seven adult age
classes are simnlated, At the beginning of each 125-
day growing season, bolbwortn adults emerge from
diapaused pupas in mid-May. During each day in
each field, the model simutates adult egg pro-
duction; netural mortality; tme-varving pyrethroid
spray tesidue neonate mortality in collon and
soybean; neonate morality from B exposure;
pyrethroid mortaliiy of el age clagses resulting
fromn ittrasepacnal sprays triggared by epp (cotton)
and larval (cotton and soybean) population thresh-
olds (Bacheler); larval morlalily in one-ioxin Bt
cornn ears caused by exposure to Cryl and
cannibelism; tmevarying neonate mortality be-
cause of com, ¢otton, and sovbean plant de-
terioration; and the aging of all individuals, the
tecrujiment of new adults, pupal dispause, and
wintar mortafity,

Indices that characterize the relative attractive-
ness of com, cotton, and soybean plants aees
updated daily to mimmc the dynamies of adult host
preferance and crop phenclogy for castern North
Caroling, and the proportions of adults potentially
migrating between Delds are wpdated dailly to
reflect these preference changes (Storer et al,
2003a,b) The proportion of potentially tigratmg
moths in cach three by three hlock of fields
eenierad at field (f f}, which are retocated to field
(k, Iy, with By = [ — 00+ {f ~ PP = @™ s mii,
Aok T = oowpl— iy 202ee) %) whare o is the
bivariate normal kerncls vanance. Migration is
simmulated for erch distinet three by three biock of
ticlds, as opposed to each field, because the time it
1akes 1o tun the model is reduced considerably and
the resuits are not appreciably affected. Althouph
baliworm moths can fly many miles in scarch of
guitable hosts, during the prowing scasom, such
hostz are plentiful in the region; we thercforo
impose 2 maximum {Tight distanes, & For each
field (&, 7y Fop= {ik Dby = ™, mifi, 1 & D s
weighted by the fisld’s host prefetones index and
thet scaled to sum to one, Tp, mo(r, £, &, 7 = 10,

Cryl endotoxing expressed by one-toxin Bt
coiton and corn plants are similar in structure and
mode of action, and cross-restatance has been
docuinented in other moth pests; therefors, we
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Hame Page, Internets site: httpoffawa.beagov!
(Aceessed March D, 20083

Williamns, MR Mississippi State University, Cotron
Fnseer Logses. Tuble of Conzents, Imernet stte:
bitp:/fwww. msstate.edu/Entamolagy/
CTNLETABhmI {Accessed March 9, 2006),

assutne that one-1oxin Bt cotton and corn and two-
loxin Bt cotton plents exproas the same Cryl
endotoxins, We use a three-loeus, six-gene medel (o
simulate resistance evolution, One- and 1wo-locus
genetic models have been shown empirically 10
simulate tesistance evolurion well (Cralt and
Dunley; Livingston, Carlson, and Fackler 2002,
2004). We assume {2) diploid females and males
inmie randomly, (b) genetic mutation and migration
out of and into the region arc insignificant relative
tor sefection, (&) reststancs 10 each toxin is conforred
at one locus by one non—sex-linked gene (Grocters
and Tabashnik), {d) the probability a gamectc
contyng one genc is independent of its containing
one of the other five gones, and (e} resistance to
a toxin does not confer resistanes to the other
toxing, Regarding Assurnption b, Gould et al,
mdicate that bollwomms move from the corn belt
into the mid-South armuaily. Simifar movement
might occur in eastern North Carolina and might
effect the results of owr analysis, in which we
assume only local movement o 4 region with
reflecting edpes.

et 2 and A demote genss that confer resistatce
aud susceptibility, respectively, to Cryl at locus I,
b and 2 confer resistance and susceptibility ta Cry2
al Tocus 2, and ¢ and © confer resistance and
suseeplibility to pyrethroids at loous 3. Let the
frequencies of 4. b, and ¢ in a given {islds aduit
population at the end of 2 given day be ¢, g2, And
g3, respectively. Under Assumptions a-—s, the
populatien frequencies of the aght gametes and
27 gemotypes i the Deld are as chown in
Table 2.

Nemnates and young lavvae are the age clases
most susseptible to pyretheoid sprays becauss they
tend to bo present on, of 10 eome in contact with,
directly spraved plani paris. This is also true for ofd
larvac in soybean; howsver, in cotton, old larvae
tend to burrow into bodls or are decper in the plant
canopy and are therefore much less suscoptible,
Storer assumes that survival mates depend on age
class end crop type, and we assume that survivel
rates also depend on genotype. Storer fixes the
pytottiroid survival rates of neonates and vounp
latvae, o larvae, and odults in cotton at 0.10,
0.75, and (.60, respectively, and the sarvival rates
ol necnates and all larvae in soybean at 0,20, In aur



Talbte 4. Base Model Results under Two-Crop Distribution

One-Toxin Bt Two-Toxin Bt Pyrethroid Annualized Present
Refugian Cotton Adoplion Cotton Adopticn Cotton Soybean Cryl B-Gone  R-Gene Vahie of Prosfit per Comipliance
{507 iy & Triapaused Pupac® Sprays” Sprays®  Frequency! F requency” Cotton Acre® Cost®
Soyhean-soybean
5 A or 55080 66 236 FF 0.1194* 06093 F L
10 o Fo* Ly 353746 o3 258 p* 0.0500% 0.a08e ¥ E51.0 £3.53
15 T Fan orF 35,881 F 1437 239 F* 0000 7% 06034 F 54B3 26.19
M 75 B or 56643 F 175 7 200 F* 00000 7% 06083 &€ 5438 %8.67
Corn-soybeun
o 52 F 20F 57,5098 v T7F IFle 01343 05980 = 5564 ¢
A B3 F 12 F IR0 F RS F X 02355 F [L09E4 B L5354 FG
it Bl F 12w 3RO F 113 e IT4r 01902 9934 FEH 153.0
15 G2 F 6 F 6D o re F 143 BG M5 F {12932 (9987 Gur F31.5 ForHY
20 B F v G107 F 170 G It F (2300 ¢ 09988 1 Fa4u.4 HI 56,09

Moles Thers wera 140 comfields, 120 cotton Helds, and [28 cacly- umd 128 lato-blooming soyhean fictds. Undez soybean-spybean,
soyhean, filowed by corm, eortton, and aie-blomming soybean, Under corn-soybean, the reginn iz bordered oo the weast by com,

For a given ceop disttibution, means in the same column with the same letizo(s) ave oot statistually different at the ¥ level.

* Mapn annval pereitage of cotton planted o onc-toxin Bt cotton with Roundup Ready and two-losin Bt eotton with Roundup Ready Flex,

b Mean anonal diapansed pupas per field &t the cad of the year before winter mostalicy-

© hipan annudl pyroihroid spruys oomurring in Lhe mglen.

* Resistancs gene frequency per field in diapaused pupae before winter mortality after 13 yeurs.

* Annualized present value (preseat value divided by the sum of the discounl sulesy of prefit pes cotton acce. S
an x% refugia iz given by the diffecencs in the aanwalized prescnt vilue of profit per coltoa acee vader the 0%

* Fos a given refugda, the means under soybeni-soybean and corn-sopbean are sraristissuly different at the 5% jevel

the rogion is borilzred an the west by carky-bluoing
Tollowed by coliot, and carly- and late-blooming soybean.

tatistuzdl difFerences refer to mean profit per coteen acre. Complance coat for
and x90 rofusie. Coly statistically signilicant complance coate ars repolal,
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wodel, Storer’s survival rates are divided by 0.75 oot of the survival rate of neonates and Iarvac
and wsed to seals Livingston, Carlsen, and  in Storer; therefore, aduvt genotype survival
Fackler's (2002 genotype-specific survival rates. rates in sprayed soybean are scaled by .52 =
Adult survival in seybean is given by the sguare  (0.2000.75)%5,



