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Abstract

Transgenic crops that express insecticide genes from Bacillus thuringiensis (Bt) are used

worldwide against moth and beetle pests. Because these engineered plants can kill over

95% of susceptible larvae, they can rapidly select for resistance. Here, we use a model for a

pyramid two-toxin Bt crop to explore the consequences of spatio-temporal variation in the

area of Bt crop and non-Bt refuge habitat. We show that variability over time in the proportion

of suitable non-Bt breeding habitat, Q, or in the total area of Bt and suitable non-Bt habitat,

K, can increase the overall rate of resistance evolution by causing short-term surges of

intense selection. These surges can be exacerbated when temporal variation in Q and/or K

cause high larval densities in refuges that increase density-dependent mortality; this will

give resistant larvae in Bt fields a relative advantage over susceptible larvae that largely

depend on refuges. We address the effects of spatio-temporal variation in a management

setting for two bollworm pests of cotton, Helicoverpa armigera and H. punctigera, and field

data on landscape crop distributions from Australia. Even a small proportion of Bt fields

available to egg-laying females when refuges are sparse may result in high exposure to Bt

for just a single generation per year and cause a surge in selection. Therefore, rapid resis-

tance evolution can occur when Bt crops are rare rather than common in the landscape.

These results highlight the need to understand spatio-temporal fluctuations in the landscape

composition of Bt crops and non-Bt habitats in order to design effective resistance manage-

ment strategies.

Introduction

Transgenic maize, potatoes, and cotton that carry the insecticidal toxins of Bacillus thuringien-
sis (Bt) are grown extensively throughout the world. Many of these Bt crops are highly effective

against lepidopteran and beetle pests, and their adoption has considerably reduced the use of
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conventional chemical insecticides in some areas [1–5]. Nonetheless, they risk losing efficacy if

targeted pests evolve resistance. The vast majority of theoretical work on evolution of resis-

tance to Bt crops has explicitly or implicitly addressed spatial variation in Bt crops on the land-

scape: how much of the landscape is covered by Bt crops, and how the crops are arranged [6–

9]. This work has generally assumed that spatial variation does not change through time, and

little theoretical attention has been given to spatio-temporal variability in the risk of resistance

evolution. Nonetheless, spatio-temporal variation in selection for Bt resistance could occur

over the course of a year or among years, and could be driven by variation in the proportion of

pest habitat that is planted to Bt crops or by variation in the total amount of pest breeding hab-

itat, Bt-crops or otherwise. Here, we analyze how these types of spatio-temporal variation affect

the risk of resistance evolution.

Current resistance management strategies for Bt crops are based on well-established as-

sumptions about how resistance will likely arise. When there are high levels of expression of Bt

proteins in transgenic crops and high toxicity, the most likely mode of resistance is through a

single diallelic resistance gene for each toxin expressed by the crop, with resistance being reces-

sive; in this "high dose" situation, resistance will probably be caused by loss of some function

within the biochemical pathway attacked by the Bt toxin [10, 11]. The expectation that resis-

tance to a single Bt toxin occurs through a single recessive allele is borne out by most docu-

mented cases of resistance to high-dose Bt crops [12]. Although the first-generation Bt crops

expressed only a single Bt toxin, the second-generation Bt crops are "pyramids" containing two

or more toxins which should, if both express high toxicity, make pyramid Bt crops more dura-

ble against resistance evolution [13–19]. When these toxins kill insects through different bio-

chemical pathways, insect resistance requires the acquisition of resistance alleles at multiple

genetic loci, and this can slow resistance evolution considerably [13, 16, 17, 19–22].

The cornerstone of resistance management is the high dose-refuge strategy in which mono-

cultures of Bt crops are planted alongside refuge fields that contain non-Bt host plants [10, 23,

24]. This reduces the rate of resistance evolution mainly by reducing the proportion of the

insect population that is killed by Bt, thereby reducing the strength of selection for Bt resis-

tance [8, 25]. In theory, the high dose-refuge strategy can greatly reduce the rate of resistance

evolution [7, 26–28], and its widespread use has been credited for the absence of more cases

of insects evolving resistance [29]. Nonetheless, cases of resistance evolution to Bt crops are

increasing [12], demanding continued re-evaluation of resistance management strategies.

Spatio-temporal variation in the strength of selection for resistance to Bt could occur

through year-to-year or within-season changes in the area of Bt crops and/or refuge habitat,

either refuge habitat that is mandated for resistance management or unmandated refuge con-

sisting of host plants in agricultural or native habitats. Here, we collectively call mandated and

unmandated refuge simply refuge. To summarize spatio-temporal variation, we consider both

the proportion of potential breeding habitat (Bt crops plus refuge) that is refuge, which we

denote Q, and the total area of potential breeding habitat, which we denote K. For example,

Australian cotton is attacked by two lepidopteran pests, the bollworms Helicoverpa armigera
and H. punctigera. Bt cotton was rapidly adopted to control these pests and comprised over

90% of all cotton by 2006, although the area of cotton production has fluctuated greatly since

1998 [30]. For the agricultural landscapes of the cotton and grain-growing region of Cecil

Plains, Darling Downs, Queensland, changes in climatic conditions (rainfall) and market

prices among the years 2009–2014 caused the proportion of potential breeding habitat that

was refuge for H. armigera, Q, to vary between 36% and 63%, and the proportion of potential

breeding habitat on the landscape, K, to vary between 10% and 28%. For H. punctigera, Q
varied between 18% and 38%, and K varied between 6% and 19% (Fig 1). (These values of Q
and K were calculated by weighting different breeding habitats according to the oviposition
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preferences of H. armigera and H. punctigera; see Materials and Methods.) In addition to year-

to-year variation in Bt crop and refuge area, there is seasonal variation: summer crops are

planted in spring and harvested in fall, and winter crops are planted in autumn and harvested

in late spring. Because the major winter crops are wheat and barley, which are poor hosts for

H. armigera and not hosts for H. punctigera, this cropping seasonality leaves a 2–3 month

period of low K in winter. Both Helicoverpa species have up to six generations per year in this

region and can be active during the winter [31]; therefore, they experience large seasonal fluc-

tuations in both Bt crops and refuges. Does this year-to-year and seasonal variation in Bt crop

and refuge affect the rate of resistance evolution? If so, what risks does this pose to resistance

management?

We investigated the consequences of spatio-temporal fluctuations in selection on resistance

evolution using models for a two-toxin pyramid Bt crop. We first present a model tailored for

the two bollworm pests of Australian cotton landscapes. This allows us to address general

expectations about spatio-temporal variation in resistance and also specific management issues

concerning these pests. In particular, we address the efficacy of "planting windows" that are

designed to synchronize planting and harvesting of cotton, and thereby limit the selection on

Helicoverpa to only three of six possible generations per year. In addition to the model tailored

for Helicoverpa and the Australian landscapes, we also present a general model of resistance

evolution for a generic pest that shows how the results from the Helicoverpa model may gener-

alize to other pests and crop systems.

Fig 1. Landscape composition of the Cecil Plains, Queensland, Australia, study site in the 2011/12 and 2013/14

cropping seasons. Bt cotton is gray; mandated refuge is black; crops that provide breeding sites for both H. armigera

and H. punctigera (source crops) are gray with dark-gray stripes while source crops for H. armigera alone are dark gray;

non-breeding habitat (matrix) is light gray; native vegetation is stippled; and unknown habitat is white. In 2013/14 a few

fields were planted with conventional cotton as mandated refuges within a more-extensive crop of Bt cotton (light gray

with narrow stripes).

doi:10.1371/journal.pone.0169167.g001
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Materials and Methods

Insect biology and resistance

Helicoverpa armigera and H. punctigera are common pests of cotton in Australia, and while H.

punctigera is a native [32], H. armigera now has a worldwide distribution [33]. Adults are capa-

ble of long-distance migration [34], but most H. armigera within agricultural landscapes dis-

perse<10 km, whereas H. punctigera often fly>10 km [35]. Emerged females produce a sex

pheromone that attracts potential male partners, and females may mate with multiple partners

over the course of their lives [36, 37]. Although females may produce up to 1500 eggs in a life-

time [38, 39], most of these die in a density-independent manner, so we assume that females

produce F = 50 surviving eggs; thus, the greatest possible increase in the population size from

one generation to the next is 25 (after accounting for a 50:50 sex ratio). Finally, H. armigera,

and to a lesser extent H. punctigera, may enter diapause in the pupal stage towards the end of

the summer depending on temperature and light [40].

In addition to cotton, H. armigera has a broad host plant range which includes some native

species but mostly exotics (e.g., the introduced weed Paterson’s curse, Echium plantagineum)

and crops often planted near cotton: pigeon and chick peas, sorghum, maize, and to a much

lesser extent cereals (wheat, barley) [41, 42]. Preference of H. armigera for several crops has

been measured in bioassays [43–45]; when females are presented with chick peas, pigeon peas,

maize, sorghum and cotton, the proportions of the females that oviposit are 0.98, 0.90, 0.70,

0.57, and 0.40 [45]. For cereals and native vegetation, we assume values of 0.10 and 0.01. The

H. punctigera host plant range includes many natives (e.g., everlasting daisies, Rhodanthe flori-
bunda) and introduced plant species; however, it is rarely found on monocotyledonous plants

such as maize, sorghum, or cereals [32]. Therefore, we assume H. punctigera has the same pref-

erences as H. armigera for the dicotyledonous crop plants but does not breed from monocots,

and we assume that H. punctigera has a broader host range of native species (Table 1).

Although we used fixed values for oviposition preference, we acknowledge that preferences

change with crop stages, seasonal fluctuations, and climatic conditions.

Densities of larvae in refuges will be substantially higher than in Bt fields, and this will likely

lead to higher mortality rates due to density-dependent predation and parasitism, cannibalism,

and, for unmandated crop refuges, insecticide or virus applications used to control outbreaks

of Helicoverpa and other pests. For models including density-dependent larval survival, we

Table 1. Baseline Helicoverpa preferences and seasonal availability for different habitat types.

preference preference gen 1 gen 2 gen 3 gen 4 gen 5 gen 6

Habitat H. armigera H. punctigera 15 Oct 1 Dec 15 Jan 1Mar 15 May 15 Aug

Bt cotton 0.40 0.40 0 1 1 1 0 0

Conventional cotton 0.40 0.40 0 1 1 1 0 0

Pigeon pea 0.90 0.90 0 1 1 1 0 0

Chick pea 0.98 0.98 1 1 0 0 0 0

Maize 0.70 0 0 2/3 2/3 2/3 2/3 0

Sorghum 0.57 0 0 2/3 2/3 2/3 2/3 0

Cereal 0.10 0 1 0 0 0 0 1

H. armigera native 0.01 – 1 1 1 1 1 1

H. punctigera native – 0.05 1 1 1 1 1 1

Values for preferences are based on oviposition lab bioassays of Jallow and Zalucki [44]. Values for seasonal availability are the proportion of the total

annual area of habitat available to each of the six possible generations of Helicoverpa.

doi:10.1371/journal.pone.0169167.t001

Temporal Variation May Speed Resistance to Bt Crops

PLOS ONE | DOI:10.1371/journal.pone.0169167 January 3, 2017 4 / 20



assume that the relative strength of density dependence varies among habitats according to the

preference that females show for oviposition. Thus, since the preference of H. armigera females

for chick peas is 2.45 (= 0.98/0.40) times greater than for cotton, we assume that the survival of

larvae in chick peas is the same as the survival in cotton when the density of eggs oviposited in

chick peas is 2.45 times that in cotton. This assumption means that the potential production

of pupae from different habitats scales with the oviposition preference that females show for

these crops; a field of chick peas can produce the same number of adult moths as a cotton field

that is 2.45 times larger. This scaling only affects the relative strength of density dependence

among habitats. In the model, the overall strength of density-dependent mortality is deter-

mined by the population density: at the population level, the strength of density dependence is

whatever is required to give a long-term per capita population growth rate of zero.

Since 2004 roughly 80% of the cotton planted in Australia has been Bollgard II which pro-

tects against Helicoverpa. Bollgard II is a two-toxin pyramid consisting of Cry1Ac and Cry2Ab.

While the toxicity of these two toxins varies through the growing season (cotton development

stage), Cry1Ac is generally the less toxic, and we use relative survivals of susceptible H. armi-
gera and H. punctigera genotypes of s1SS = 0.15 and s2SS = 0.05 for Cry1Ac and Cry2Ab, respec-

tively. Because both toxins are expressed in moderate to high doses, resistance is expected to

take the form of single diallelic genes that are largely recessive; we assume a dominance of

h = 0.05, leading to relative survivals of resistance-susceptible (RS) genotypes on single toxin

plants equal to h s1RR + (1–h) s1SS = 0.1925 and h s2RR + (1–h) s2SS = 0.0975 for Cry1Ac and

Cry2Ab, respectively; we assume that resistance of RR individuals is complete, so s1RR = s2RR =

1. Finally, for the two-toxin pyramid plants, we assume that survivals are independent (multi-

plicative), as is expected if toxins have independent modes of action [46]. For example, the sur-

vival of an S1S1S2S2 individual on Bt plants is sSSSS = s1SS × s2SS = 0.0075, and the survival of an

R1S1R2S2 individual is s1RS × s2RS = 0.0188. In the cotton-growing region of Australia the cur-

rent estimated frequencies of alleles conferring resistance against Cry1Ac and Cry2Ab are 0.01

and 0.003, respectively, for H. punctigera, and 0.02 and<0.001 respectively for H. armigera
(based on F1 screens: [4, 47] and Downes, unpublished data).

Landscapes

Cotton-growing regions of Australia are characterized by a complex mixture of different crops

and land uses (Fig 1). A key component of the Bollgard II resistance management plan in

Australia is that unsprayed conventional (non-Bt) cotton or pigeon pea must be planted as man-

dated refuges, at no less than 10% and 5%, respectively, of the area of Bt cotton. In addition to

mandated refuges, a considerable area may be planted in non-Bt crops that serve as unmandated

refuges, especially for H. armigera that has the broader host range of crop species (Table 1). A

second part of the resistance management plan consists of "planting windows" in which Bt cot-

ton and mandated refuges are planted within a specified 6-week period during the spring. Plant-

ing windows are required in latitudinal regions where the relatively aseasonal climate would

allow, in the absence of planting windows, crop production year round; elsewhere, only an end

date to planting is imposed since its start is restricted by climate [48]. Planting windows are pri-

marily designed to limit the exposure of pests to Bt cotton by leaving a 2 to 3-month period in

which Bt fields remain fallow; in principle, this means that there is no selection for resistance

during the last two of the possible six annual insect generations per year at our study sites.

We used cotton-growing landscapes from three study sites (Cecil Plains, Nandi, and Pam-

pas) in the Darling Downs situated 200 km west of Brisbane, Queensland, Australia. The three

landscapes are each approximately 20 km in diameter and separated by approximately 35 km.

Land-use information was characterized for five summer cropping seasons, December-March,

Temporal Variation May Speed Resistance to Bt Crops
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from 2009/10 to 2013/14. Crop varieties and planting dates were collected by contacting indi-

vidual growers from each region every season, and confirmed by visiting fields and ground-

checking the details. Field boundaries of crop and non-crop habitat were digitized using the

satellite image service base map in ArcGIS 10.2 [49]. Land parcels in the landscape maps were

partitioned into 27 different use categories including roads, buildings, water storage and differ-

ent crops and host plants. The areas of these land parcels were then used to calculate propor-

tions of characteristic land use, host plants, and breeding habitat for H. armigera and H.

punctigera for each landscape for each season.

Model

The "Helicoverpa model" is designed around H. armigera and H. punctigera in the Darling

Downs cotton-growing region. An important biological difference between species is that H.

armigera uses a broader range of crops while H. punctigera can use native vegetation to a

greater extent (Table 1); therefore, they have contrasting patterns of fluctuations in Q and K.

In addition to the Helicoverpa model, we also analyzed a simplified "general model" that more

clearly exposes the role of spatio-temporal variation on the rate of resistance evolution as it

might affect other pests.

The Helicoverpa model uses the annual distribution of breeding habitat for each of six gen-

erations given in Table 1. So that we can focus on in situ resistance evolution of H. punctigera,

we ignored the possibility of long-range migratory behavior into and out of the cotton-grow-

ing region [41, 50]. The possible consequences of immigration depend on the details of both

the frequency of resistance alleles in the immigrant population and the timing of immigration

which affects whether mating occurs [51]. Although immigration could change the rate of

resistance evolution (e.g., through diluting resistance alleles), it will not change the impact of

spatio-temporal variability and hence the qualitative results. Parts of generations 3–5 can delay

development or enter diapause and emerge at the start of the following year; specifically, we

assume that the proportions of the H. armigera population in diapause are 0.74, 0.95, and 0.95

in generations 3, 4, and 5; for H. punctigera, these are 0, 0.30, and 0.70.

We ran the Helicoverpa model using landscapes made up of Bt cotton, mandated refuges,

and unmandated refuges in the same proportions as calculated for Cecil Plains, Nandi, and

Pampas regions. To weight habitats by both oviposition preference and density dependence,

we multiplied the area of each habitat by the oviposition preference value; for example, chick

pea is weighted by 0.98, and cotton is weighted by 0.40. These weighted values were used to

calculate both the proportion Q of the adult female population that oviposits in refuge habitats

and the total K of the landscape that is potentially breeding habitat. Thus, a landscape made up

of 5% chick pea and 80% Bt cotton would have Q = (0.05�0.98)/(0.05�0.98 + 0.80�0.40) = 0.13

and K = 0.05�0.98 + 0.80�0.40 = 0.37.

The models keep track of both allele frequencies and insect densities, and operate in discrete

time with a single time step equal to a generation [8]. The order of life-history events within a

generation is male movement among fields, mating, female movement and oviposition, selective

mortality of larvae by Bt toxins in Bt fields, and density-independent and density-dependent

mortality from sources other than Bt toxins. Mating within fields is assumed to be random, and

movement is assumed to be “global”, independent of the spatial arrangement of fields.

We investigated density-dependent survival using three separate models: models L, A, and

I. For model L (“larval density”) density-dependent larval survival is given by (1 + atx)–1 where

x is the density of larvae within a field, and at scales the relative strength of density dependence

which can vary from one insect generation t to the next. This equation applies to both Bt and

non-Bt habitats, although because the larval density in Bt cotton is reduced by mortality of

Temporal Variation May Speed Resistance to Bt Crops
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susceptible larvae, the effect of density dependence is correspondingly less. To scale the total

area of habitat, we use the population density that a completely resistant insect population

would attain if K were constant; if the total availability of breeding habitat is scaled according

to the size of the insect population it can support, this gives at = (F/2–1)/Kt. If XB and XR repre-

sent the relative numbers of larvae in Bt and refuge habitats, then density dependence varies

with the densities of larvae in Bt crops and refuges given by XB/(Kt(1 –Qt)) and XR/(KtQt),

respectively. Thus, the density-dependent survivals of larvae in Bt crops and refuge are (1 +

αXB/(Kt(1 –Qt)))
–1 and (1 + αXR/(KtQt))

–1, where α = (F/2–1).

For model A (“adult oviposition limitation”) we assumed the same effect of density depen-

dence on larvae as in model L. In addition, female fecundity depends on the amount of available

habitat. In model L all females lay F eggs, even if the total breeding habitat K decreases between

generations; this would require all females to find whatever habitat remains. In model A the effec-

tive fecundity of females is proportional to the available breeding habitat, Ft = FKt/Kmax, where

Kmax is the maximum available breeding habitat. This reduction in fecundity is determined by

the overall availability of breeding habitat including Bt crops. Therefore, it gives a density-depen-

dent reduction in the population growth rate for the entire population. Because Helicoverpa and

other pests of Bt crops have specialized mechanisms for finding breeding habitat, model A is

unlikely to be realistic. On the other hand, model L is also likely to be unrealistic when there are

large decreases in the amount of breeding habitat each generation. Therefore, models L and A

represent extremes of a continuum, with Helicoverpa likely to fall towards the side of model L.

For model I (“independent of density”), there is no density dependence; the model only

keeps track of allele frequencies, not densities. The genetic component of the model is identical

to models L and A. Matlab code [52] for the models is available in S1 File.

Quantifying selection. Investigating the effects of variation in Q and K on the rate of

resistance evolution requires a generation-to-generation measure of the strength of selection.

The strength of selection does not depend on specific allele frequencies in a given generation

or the level of dominance h expressed by heterozygotes. Therefore, it gives a way to calculate

the effects of spatio-temporal variation on selection in the models that does not depend on the

genetic details of the population. We derive this measure here, although this section can be

skipped if the technical details are not needed.

The strength of selection is determined by Фt, the survival of completely resistant genotypes

to Bt toxins relative to the survival of susceptible genotypes in generation t. For model L, the

number of homozygous susceptible larvae that survive Bt toxins within Bt crops is sSSSS XsB
t,

where XsB
t is the number of homozygous susceptible larvae in Bt crops before mortality caused

by Bt toxins, and sSSSS is the survival of susceptible homozygotes to Bt toxins. The number of

homozygous susceptible larvae that survive Bt toxins because they occur in refuge habitat is

XsR
t (1 + at XsR

t /Qt)
–1) where XsR

t is the number of homozygous susceptible larvae within ref-

uges. The strength of selection Фt is the number of homozygous susceptible larvae in the total

population before mortality caused by Bt divided by the number after mortality from Bt:

Ft ¼
XsB

t þ XsR
t ð1þ atXsR

t =QtÞ
� 1

sssssXsB
t þ XsR

t ð1þ atXsR
t =QtÞ

� 1
ð1Þ

To confirm that the strength of selection correctly predicts the rate of resistance evolution,

it can be used to calculate the characteristic time to control failure, Tc:

Tc ¼
1

E½logð1 � h1h2 þ h1h2FtÞ�
ð2Þ

For the case in which the initial frequency of an allele is p0 and control failure occurs at pf, the

Temporal Variation May Speed Resistance to Bt Crops
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total time to control failure is Tc log(pf/p0). Furthermore, provided the expression of resistance

by heterozygotes is small E[log(1—h1h2 + h1h2Фt)]ffi h1h2E[Фt]. Therefore, the rate of resis-

tance evolution is approximately proportional to E[Фt]. This shows that Фt can be used to

identify generations t that are responsible for strongest selection for resistance.

Results

We first investigate the cases of H. armigera and H. punctigera on the Darling Downs using

our data on observed variation in habitat for 2009/10-2013/14. We then address the issues of

variation in Q and K more broadly using the general model. The results for H. armigera and H.

punctigera are self-standing, and the general model serves to address the same issues conceptu-

ally for the case of a generic system.

Helicoverpa model

For the Helicoverpa model, we measured the rate of resistance evolution as the time to resis-

tance failure (>50% individuals are resistant) for Cry2Ab, which is more toxic than Cry1Ac.

Resistance to both Cry2Ab and Cry1Ac occur at similar times, because once resistance arises

to one toxin, Bollgard II is no longer a two-toxin pyramid. Because resistance can take more

than six years, we repeated our 6-year landscape data so that year 7 has the same proportions

of crops and other vegetation on the landscape as year 1, etc. We parameterized the model for

both H. armigera and H. punctigera using three landscapes in the Darling Downs. Here we

present the results for the Cecil Plains landscape, with parallel results for Nandi and Pampas in

the Supplementary Information (S1 and S2 Figs).

We considered the case in which there is a strict planting window for Bt cotton and man-

dated refuges (conventional cotton and pigeon pea), so that these crops are only available to H.

armigera and H. punctigera for generations 2–4 (Table 1). A central concern for resistance

management is the effective maintenance of the planting window that confines selection to

only generations 2–4. Early planting or late emergence of generation 1 could expose insects in

that generation to selection, while late harvesting or early emergence of generation 5 could

expose that generation to selection. Therefore, we compared the case of strict planting win-

dows to the case in which 10% of Bt and refuge (conventional) cotton was available in genera-

tion 1, or 10% of Bt and refuge cotton was available in generation 5.

Considering first the case of model L and strict planting windows, there are strong seasonal

patterns in the total available breeding habitat, K, and the proportion of breeding habitat that

is mandated and unmandated refuge, Q (Fig 2, black lines). These generate a strong seasonal

pattern for the density of eggs laid in refuges. High egg and larval densities increase density-

dependent mortality of larvae, which in turn decreases the fitness of susceptible larvae in ref-

uges relative to the fitness of resistant larvae in Bt fields. This leads to strong selection. For H.

armigera, the highest density of eggs in refuges occurs in generation 6, which is caused by the

drop in K and hence the limited habitat for female oviposition. There is also a secondary peak

in egg density in generation 3; the density is greater than in generation 2 due to the population

increase with high K, while in generation 4 the egg density decreases due to larvae entering

diapause at the end of generation 3. For H. punctigera, peak densities occur in generation 5,

because it does not breed on sorghum and maize that are available to H. armigera. For both

species, selection for resistance spikes in generation 3 due to little refuge (low Q) and higher

density of larvae in refuges. These spikes in selection are particularly high for H. punctigera,

because it has less refuge (lower Q) than H. armigera.

If 10% of cotton (both Bt and convention) remains available in generation 5, there is strong

selection for resistance in H. punctigera (Fig 2, red lines) because cotton represents 40–80% of
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its breeding habitat (Q = 0.6–0.2) and generation 5 experiences high larval densities within ref-

uges due to relatively low total breeding habitat, K. In contrast, H. armigera is little affected by

late-season unharvested cotton, because>95% of the population in generation 5 is in diapause,

leading to little exposure to Bt and low densities within refuges.

If 10% of cotton becomes available in generation 1, this generates strong selection for resis-

tance in H. armigera (Fig 2, green lines). For H. armigera there is little unmandated refuge in

generation 1, so even if only 10% of the cotton crop is available, Q< 0.8, and in the first year

of data (2009) Q< 0.2. Furthermore, the very low value of K in the first generation of 2009

leads to high densities of eggs in the little available breeding habitat, causing a high spike in

selection. The low Q in 2009 is due to the absence of chick pea planting. Because this single

spike in the first generation of 2009 appears to dominate selection over the 6-year period, we

also modeled the case in which the values of Q and K for 2009 were replaced by the values

from 2013 (S3 Fig); this replacement caused little change in the overall rate of resistance evolu-

tion (S4 Fig). Finally, in contrast to H. armigera, for H. punctigera there is little effect of early

cotton on selection due to their low densities in refuges.

The role of density-dependent larval mortality in resistance evolution can be shown by

comparing the results from model L with those from models A and I (Fig 3). Models A and I

also show sizable effects of cotton harvested late or planted early. Late or early cotton not only

affects densities of larvae in refuges (which has little effect in model A and no effect in model

I), but also influences Q. Indeed, for H. armigera 10% early cotton can halve the time to resis-

tance failure in models A and I, even though this occurs in only 1 of 6 generations per year and

only involves 10% of the Bt cotton. Another feature of all three models is that much of the

increase in resistance evolution occurs at very low levels of early or late cotton: 1% early or late

cotton leads to loss of durability (time to resistance failure) that is roughly half the loss that

occurs with 10% early or late cotton. Finally, although larval density dependence exacerbates

the effects of early cotton for H. armigera and late cotton for H. punctigera (compare model L

with models A and I), the opposite is true for the effect of early cotton on H. punctigera (Fig 3D)

in which models A and I show greater reductions in the time to resistance failure than model L.

The explanation for this is that, in model L, early cotton causes a decrease in H. punctigera den-

sity in refuges in generation 1, because early cotton provides more total breeding habitat (Fig 2);

this mitigates the increase in selection caused by reducing Q. In contrast, in models A and I

there is no release from selection caused by the increase in density that occurs in model L (S2

Fig). This specific result in which model L shows less sensitivity to early cotton than models A

and I illustrates the possible importance of knowing the scale at which density dependence

occurs, at the field scale (model L), at the landscape scale (model A), or not at all (model I).

The results in Fig 3 are given in terms of relative changes in times to resistance failure; the

relative times to resistance are insensitive to initial allele frequencies provided they are moder-

ately low (< 0.01). The models also differ in absolute times to resistance failure, with density

dependence reducing times to resistance [8]. Specifically, for H. armigera with initial allele fre-

quencies of 0.01 for Cry1Ac and 0.003 for Cry2Ab, resistance occurs in 188, 296, and 998

Fig 2. For model L, selection for resistance in H. armigera and H. punctigera under three scenarios about crop planting: (i) cotton (Bt and

conventional) is only available in generations 2–4 (black lines); (ii) like (i) but 10% of cotton is also available for generation 5 (red lines

and triangles); and (iii) like (i) but 10% of cotton is also available for generation 1 (green lines and circles). The relative contributions of

different crops and native vegetation for each of six years are based on field data from Cecil Plains. The top panels give K, the total available

breeding habitat (Bt cotton, mandated refuges, and unmandated refuges) and the next-lower panels give Q, the proportion of breeding habitat that is

refuge. Years are demarcated by vertical dashed lines. The 6-year patterns in Q and K are repeated in the simulations, so the values in first

generation (first point on the left) arise from the values in the thirtieth generation (last point on the right). The next-lower panels are the log10 densities

of eggs in refuges, measured before density-dependent mortality of larvae. The bottom panels give the strength of selection for resistance,Фt (Eq 1).

For all simulations, F = 50, and habitat preferences are given in Table 1.

doi:10.1371/journal.pone.0169167.g002
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generations for models L, A, and I when the proportion of early or late cotton available is 0.

For H. punctigera with initial allele frequencies of 0.02 for Cry1Ac and 0.001 for Cry2Ab, resis-

tance occurs in 81, 152, and 339 generations for models L, A, and I.

General model

To illustrate the effect of variation in Q and K for the general case of an unspecified pest, we

built general models designed to clarify the roles of spatio-temporal variation on resistance

evolution. The general models are similar to the Helicoverpa models but have s1SS = s2SS = 0.01

and h1 = h2 = 0.05. We investigated the cases for models L, A, and I in which Q varies by itself,

K varies by itself, Q and K vary synchronously (high Q occurs with high K), and Q and K vary

asynchronously. Variation in Q is generated by fixing Q1 = 0.05 and increasing Q2 up to 0.2,

while variation in K is generated by fixing K1 = 1 and decreasing K2 down to 0.25. Fig 4 shows

Fig 3. Relative time to control failure for H. armigera (A,B) and H. punctigera (C,D) versus the proportion of cotton crop (Bt and conventional)

that is either (A,C) available late to generation 5 or (B,D) available early to generation 1. Results are for model L (black lines), model A (dashed blue

lines and +’s) and model I (turquoise dashed lines with x’s). Time to control failure is given relative to the case of strict cotton cropping that is available to

only generations 2–4, with time to control failure given when the allele frequency of resistance to Cry2Ab reaches 0.5. Habitat proportions are given by the

landscape at Cecil Plains for 2009–2014, and the habitat preferences for each species are the same as Fig 2.

doi:10.1371/journal.pone.0169167.g003
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Fig 4. For models L, A and I, the effects of variation in Q and/or K for four scenarios: (i) only Q varies, with Q1 = 0.05 and Q2 ranging from 0.05 to 0.2

(indicated on the horizontal axis labeled "Variation" which is scaled from 0 to 1 as Q2 goes from 0.05 to 0.2), while K1 = K2 = 1 (solid line); (ii) only K

varies, with K1 = 1 and K2 in the ranging from 1 to 0.25 (indicated by values of "Variation" ranging from 0 to 1), while Q1 = Q2 = 0.05 (dashed line);

(iii) Q and K vary asynchronously, with Q1 = 0.05 and Q2 ranging from 0.05 to 0.2, and K1 = 1 and K2 ranging from 1 to 0.25 ("Q#K, dotted line); and

(iv) Q and K vary synchronously, as in (iii) but with high values of Q2 coinciding with high values of K2 ("Q"K, dot-dashed line). (A-C) give the times

to control failure (when resistance allele frequency reaches 0.5) for models L, A, and I, respectively. (D-F) give the strength of selectionФt (Eq 1) for four

consecutive generations for models L, A and I, respectively, and for scenarios (i)—(iv). (G-H) give the densities of eggs (numbers/[QtKt]) in refuges before

density-dependent mortality and averaged over both generations for models L and A, respectively. (I) The predicted relative time to control failure from the

approximation giving Tc (Eq 2) and the observed time to control failure for all of the simulated runs for all three models shown in (A-C). Other parameter values

are: F = 50, s1 = 0.01, s2 = 0.01, and h1 = h2 = 0.05.

doi:10.1371/journal.pone.0169167.g004
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the time to resistance failure, the strength of selection Ф, and the density of eggs in the refuge

before density dependence occurs. The fact that Ф gives a good measure of the strength of

selection can be seen by plotting the simulated rate of resistance evolution against the rate pre-

dicted from Ф (Eq 2) for all of the models and cases depicted in Fig 4A–4C (Fig 4I).

Considering first the case of variation in Q (Fig 4, solid lines), for model I increasing varia-

tion increases the time to resistance (Fig 4C). This occurs because increasing variation in Q by

increasing Q2 increases the mean of Q from 0.05 to 0.1 when Q2 = 0.2; variation in Q if the

mean is kept the same has no effect on resistance evolution in model I. In contrast, in model L

increasing variation in Q decreases the time to resistance. This is caused by a spike in the

strength of selection over 60 (Fig 4D), compared to 20 in model I (Fig 4F). The greater selec-

tion in model L occurs because the large number of females produced when Q2 is high leads to

high density of eggs in the following generation when Q1 is low; the resulting increase in den-

sity-dependent mortality of larvae in refuges decreases the survival of susceptible larvae and

increases the relative fitness of resistant larvae. Model A shows the same results of varying Q as

model L, because in model A females cannot distinguish between refuge and Bt fields, and

therefore they lay the same number of eggs as in model L.

Variation in K (Fig 4, dashed lines) has no effect in model I, since this model does not

include density. In model L it also has little effect on the overall rate of resistance evolution

(Fig 4A) and the density in refuges (Fig 4G), even though it leads to fluctuations in selection

(Fig 4D). Selection increases in the generation when K is low, because this decreases the den-

sity in refuges and hence density-dependent mortality. Nonetheless, in the following genera-

tion when K is high, the density in the refuge is low so selection decreases, balancing out the

higher selection in the preceding generation. In model A, variation in K increases the time to

resistance (Fig 4B). This occurs because when K decreases, the number of eggs produced per

female decreases, leading to lower average densities in the refuge. When densities drop to

very low levels at high variation in K, there is little density dependence, and model A gives the

same times to resistance (Fig 4B) and selection (Fig 4E) as model I that contains no density

dependence.

When both Q and K vary, their net effect depends on whether they vary synchronously or

asynchronously, and on the model. For model I, because variation in K has no effect, the

results when both Q and K vary are identical to the results when only Q varies (Fig 4C and 4F).

For model L, when Q and K vary asynchronously (Fig 4, dotted lines), their effects on selection

(Fig 4D) largely cancel each other out, because the reduction in the proportion of refuge when

Q is low is compensated for by the increase in total area of breeding habitat when K is high.

Thus, there is little change in the density in refuges (Fig 4G; the dotted line and the solid line

for only Q varying are almost identical). In contrast, when Q and K vary synchronously (Fig 4,

dot-dashed lines) their effects are compounded, leading to both rapid resistance and high aver-

age densities in the refuge. Although for model L synchronous fluctuations in K compound

the effect of variation in Q, in model A the effects of synchronous fluctuations in Q and K
are intermediate between the cases of fluctuations in only Q and only K. This illustrates the

possible complexities arising from fluctuations in both Q and K, with their combined effects

depending on how pests respond behaviorally to changes in breeding habitat K.

Discussion

Our results lead to two broad conclusions about resistance evolution in a spatio-temporally

fluctuating environment. First, temporal variation in the proportion of refuge (non-Bt) hab-

itat Q and total breeding habitat K can lead to brief but intense bursts of selection, and the

overall rate of resistance evolution can be determined largely by the surges in resistance that
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these short bursts of selection generate. Second, the intensity of these bursts of selection can

be exacerbated by density-dependent mortality if (i) the bursts of selection coincide with

bottlenecks in the availability of breeding habitat and (ii) as a result insects in refuges expe-

rience an episode of greater-than-normal density-dependent mortality. Thus, when there is

potential density-dependent mortality in refuges, there can be an interaction between

changes in the proportion of breeding habitat that is refuge and changes in the density of

the pest insect that combine to increase surges in resistance evolution and diminish the

durability of a Bt crop.

Temporal variation in Q and/or K affect the rate of resistance evolution by causing large

numbers of insects generated in one generation to be crowded into small areas of remaining

non-Bt habitat in the next generation. This crowding will have little effect on rare resistant

insects in Bt fields, because most susceptible larvae will be killed by Bt toxins, thereby reducing

densities and density-dependent mortality. However, larvae within refuges, most of which are

susceptible, will suffer higher density-dependent mortality, resulting in higher survival of resis-

tant larvae in Bt crops relative to the rest of the populations, and consequently more rapid

resistance evolution.

We investigated the role of larval density dependence by comparing three models. In model

L (larval density) females deposit all of their eggs, and therefore larval density dependence is

the only form of density dependence in the population. In model L, variation in Q or K alone

can speed resistance evolution, and when they vary in synchrony, the time to resistance evolu-

tion can speed up greatly. In model A (adult oviposition limitation) females deposit their eggs

in proportion to the availability of breeding habitat; thus, if K drops from 1 to 0.25, fecundity

drops by 75%. In contrast to larval mortality in refuges, this density dependence acts uniformly

across the entire population, and because it is the same for resistant and susceptible genotypes,

it has no direct effect on resistance evolution. Because female pests (including Helicoverpa) tar-

geted by Bt crops are able to locate suitable breeding habitat, model A represents an unlikely

extreme, although models L and A likely bracket reality. In model A, variation in Q has the

same effect as in model L, because it does not change the proportion of breeding habitat. How-

ever, the effect of variation in K in model A slows resistance evolution because on average it

reduces the fecundity of females, which reduces the difference in densities between Bt crops

and non-Bt refuges. In model I that has no larval density dependence, variation in Q and K
have no effect.

In practice, understanding the consequences of temporal variation in Bt crops, mandated

refuges, and unmandated refuges is more complicated. Helicoverpa armigera and H. punctigera
on Bt cotton in Australia experience year-to-year and seasonal variation in Q and K. To inves-

tigate the consequences of this variation, we focused on resistance management when there is

the possibility of cotton being available either before or after planting windows. Even though

these times early or late in the growing cycle when Helicoverpa are be exposed to Bt might be

short, they could still drive surges in selection for resistance. This is because, in terms of larvae

killed by Bt, the strength of selection for resistance depends not on total numbers but instead

on proportions. If the overall population is small, a small number of larvae killed by Bt could

still be a large proportion of the population on the landscape.

The complications of spatio-temporal variation in cropping schedules are highlighted by

comparing results for H. punctigera and H. armigera (Figs 2 and 3) that differ in their use of

crops and natural vegetation. Late cotton has the potential to greatly speed resistance evolution

for H. punctigera, because with little unmandated refuge in generation 5, Q for H. punctigera is

low. In model L, this is exacerbated by high K in generation 4 which leads to high densities of

larval H. punctigera in refuges in generation 5 and consequent increased selection. In contrast,

early cotton has a greater impact on H. armigera than H. punctigera, because little unmandated
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refuge for H. armigera in generation 1 leads to a larger proportional decrease Q in generation 1

compared to H. punctigera. In model L, this is exacerbated by relatively high densities of H.

armigera larvae in refuges compared to H. punctigera in generation 1. Thus, the combination

of differences among cropping phenologies and differences in suitable breeding habitat for the

two species has a large impact on the consequences of imperfect planting windows.

What is the likely magnitude of density-dependent larval mortality in real systems? In mod-

els L and A, the effect of variation in Q and K on resistance evolution depends only on density

dependence in the mortality of larvae, because selection for Bt resistance acts on this life stage.

The key issue is the survival from egg to emergence of a resistant larva in a Bt field relative to

the survival of a susceptible larva in the refuge. Density-dependent mortality of eggs will not

affect resistance evolution if egg densities are the same in Bt crops and refuges, and density-

dependent adult survival and/or fecundity will not affect resistance evolution because it will,

like eggs, be independent of genotypes. Several sources of density-dependent larval mortality

likely affect Helicoverpa within refuges. Many parasitoids and predators show density-depen-

dent responses to larval prey. For example, Microplitis parasitoids and their associated viruses

can cause>50% larval mortality of H. armigera and H. punctigera in Australian cotton [53, 54]

and show increasing parasitism with host density at the scale of fields [55]. Similarly, viral and

fungal pathogens often show density-dependent spread through fields [56]. Helicoverpa, espe-

cially H. armigera, are cannibalistic at high density which can cause significant increases in

mortality [57, 58]. Finally, growers may cause density-dependent larval mortality in unman-

dated refuges if they take control measures against Helicoverpa when densities are high, or if

they take control measures against other pests that show population increases synchronously

with Helicoverpa and the latter are also killed.

The magnitude of the potential surges in selection seen in our Helicoverpa model if there is

available Bt cotton in insect generations 1 or 5, will likely depend on factors that are not realis-

tically incorporated into the model. For instance, the model assumes that insect generations

are non-overlapping, and does not account for changes in female oviposition during harvest-

ing and movement across the landscape which can affect whether eggs are deposited into

crops with sufficient time to reach the pupal stage. Instead, we tried to bracket the extremes of

the abilities of females to find breeding habitat using models L and A. Therefore, while the

models show that surges in selection are possible, it is hard to anticipate the magnitude of

these surges in reality.

Our results show that variation in the proportion of refuges Q or total habitat K can increase

the rate of resistance evolution for other pests and Bt crop systems. For some Bt crops, varia-

tion in Q and K occur due to market forces and annual climatic fluctuations [59]. This varia-

tion can speed resistance evolution and can lead to counter-intuitive recommendations. For

example, it might make apparent sense for growers to increase the amount of refuge in years

when pest pressure is low, since this would relax selection for resistance. Our results, however,

show that this strategy might speed resistance evolution if later reductions in refuge area cause

a surge in resistance evolution. Thus, growers trying to do the right thing might end up speed-

ing resistance evolution.

A particular concern highlighted by our results is that selection for resistance may be stron-

gest when the area planted in Bt crops is small rather than large; the surges in selection we

found in the models occurred when most of the Bt crop was not in the ground. Thus, the great-

est risk of resistance evolution might occur when Bt crops are rare rather than common. Resis-

tance management must be performed to avoid possible episodic surges in selection, although

this may be a challenge in complex and variable agricultural systems. Nonetheless, as resistance

failures would require reliance on less effective and more environmentally harmful pest con-

trol tactics, the costs of not meeting this challenge would be considerable.
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Supporting Information

S1 Fig. For the Cecil Plains, Pampas, and Nandi landscapes, selection for resistance in H.

armigera and H. punctigera under three scenarios about crop planting: (i) cotton (Bt and

conventional) is only available in generations 2–4 (black lines); (ii) like (i), but 10% of cot-

ton is also available for generation 5 (red lines and triangles); and (iii) like (i), but 10% of

cotton is also available for generation 1 (green lines and circles). See Fig 2 in the main text.

The relative contributions of different crops and native vegetation for each of six years are

based on field data from Cecil Plains, Pampas, and Nandi study areas. The top panels give K,

the total available breeding habitat (Bt cotton, mandated refuges, and unmandated refuges)

and the next-lower panels give Q, the proportion of breeding habitat that is refuge. Years are

demarcated by vertical dashed lines. The 6-year patterns in Q and K are repeated in the simula-

tions, so the values in first generation (first point on the left) arise from the values in the thirti-

eth generation (last point on the right). The next-lower panels are the log10 densities of larvae

in refuges, measured before density-dependent mortality. The bottom panels give the strength

of selection for resistance, Фt (Eq 1). For all simulations, F = 50 and survival of diapausing

pupae is 0.2. Habitat preferences are given in Table 1.

(TIFF)

S2 Fig. For the Cecil Plains, Pampas, and Nandi landscapes, the relative time to control

failure for H. armigera (A,B) and H. punctigera (C,D) versus the proportion of cotton crop

(Bt and conventional) that is either (A,C) available late to generation 5 or (B,D) available

early to generation 1. See Fig 3 in the main text. Results are for model L (black lines), model A

(dashed blue lines and +’s) and model I (turquoise dashed lines with x’s). Time to control fail-

ure is given relative to the case of strict cotton cropping that is available to only generations

2–4, with time to control failure given when the allele frequency of resistance to Cry2Ab

reaches 0.5; resistance to Cry2Ab occurs before resistance to Cry1Ac. Habitat proportions are

given by each landscape 2009/10-2013/14, and the habitat preferences for each species are the

same as S1 Fig.

(TIFF)

S3 Fig. After replacing Q and K in 2009 with their values from 2013, selection for resistance

in H. armigera and H. punctigera for model L under three scenarios about crop planting:

(i) cotton (Bt and conventional) is only available in generations 2–4 (black lines); (ii) like

(i) but 10% of cotton is also available for generation 5 (red lines and triangles); and (iii)

like (i) but 10% of cotton is also available for generation 1 (green lines and circles). This fig-

ure is identical to Fig 2 in the main text, except values of Q and K in 2009 are replaced with

their values in 2013. The relative contributions of different crops and native vegetation for

each of six years are based on field data from Cecil Plains. The top panels give K, the total avail-

able breeding habitat (Bt cotton, mandated refuges, and unmandated refuges) and the next-

lower panels give Q, the proportion of breeding habitat that is refuge. Years are demarcated by

vertical dashed lines. The six-year patterns in Q and K are repeated in the simulations, so the

values in first generation (first point on the left) arise from the values in the thirtieth genera-

tion (last point on the right). The next-lower panels are the log10 densities of eggs in refuges,

measured before density-dependent mortality. The bottom panels give the strength of selection

for resistance, Фt (Eq 1). For all simulations, F = 50 and survival of diapausing pupae is 0.2.

Habitat preferences are given in Table 1.

(TIFF)

S4 Fig. After replacing Q and K in 2009 with their values from 2013, relative time to con-

trol failure for H. armigera (A,B) and H. punctigera (C,D) versus the proportion of cotton
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crop (Bt and conventional) that is either (A,C) available late to generation 5 or (B,D) avail-

able early to generation 1. This figure is identical to Fig 3 in the main text, except values of Q
and K in 2009 are replaced with their values in 2013. Results are for model L (black lines),

model A (dashed blue lines and +’s) and model I (turquoise dashed lines with x’s). Time to

control failure is given relative to the case of strict cotton cropping that is available to only gen-

erations 2–4, with time to control failure given when the allele frequency of resistance to

Cry2Ab reaches 0.5; resistance to Cry2Ab occurs before resistance to Cry1Ac. Habitat propor-

tions are given by the landscape at Cecil Plains for 2009/10-2013/14, and the habitat prefer-

ences for each species are the same as Fig 2.

(TIFF)

S1 File. Compressed (zipped) file containing Matlab computer code and the input file used

to create S1 and S2 Figs.

(ZIP)

Acknowledgments

The authors would like to acknowledge Cotton Research & Development Corporation as an

investor in this project, for financial support to CP, AH, SD and NAS, and for travel funds for

ARI. In addition the authors would like to thank the numerous cotton growers for their collab-

oration and access to their properties.

Author Contributions

Conceptualization: ARI SD DAA RH NAS.

Data curation: CP AH.

Formal analysis: ARI.

Funding acquisition: NAS.

Investigation: CP AH SD MPZ NAS.

Methodology: ARI CP AH SD MPZ NAS.

Project administration: NAS.

Resources: CP AH NAS.

Software: ARI.

Validation: ARI CP SD MPZ NAS.

Visualization: AH.

Writing – original draft: ARI CP AH SD MPZ NAS.

Writing – review & editing: ARI CP AH SD DAA RH MPZ NAS.

References
1. Benbrook CM. Impacts of genetically engineered crops on pesticide use in the U.S.–the first sixteen

years. Environmental Sciences Europe. 2012; 24:1–13.

2. Huang J, Hu R, Rozelle S, Pray C. Insect-resistant GM rice in farmers’ fields: Assessing productivity

and health effects in China. Science. 2005; 308:688–90. doi: 10.1126/science.1108972 PMID:

15860626

Temporal Variation May Speed Resistance to Bt Crops

PLOS ONE | DOI:10.1371/journal.pone.0169167 January 3, 2017 17 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169167.s005
http://dx.doi.org/10.1126/science.1108972
http://www.ncbi.nlm.nih.gov/pubmed/15860626


3. Fitt GP. Have Bt crops led to changes in insecticide use patterns and impacted IPM? In: Romeis J, Shel-

ton TM, Kennedy G, editors. Integration of insect resistant GM crops within IPM programs Progress in

biological control series, vol 5. Heidelberg Germany: Springer-Verlag; 2008. p. 303–28.

4. Downes S, Mahon R. Successes and challenges of managing resistance in Helicoverpa armigera to Bt

cotton in Australia. GM crops & food. 2012; 3(3):228–34.

5. Lu Y, Wu K, Jiang Y, Guo Y, Desneux N. Widespread adoption of Bt cotton and insecticide decrease

promotes biocontrol services. Nature. 2012; 487(7407):362–5. doi: 10.1038/nature11153 PMID:

22722864

6. Storer NP, Peck SL, Gould F, Van Duyn JW, Kennedy GG. Spatial processes in the evolution of resis-

tance in Helicoverpa zea (Lepidoptera: Noctuidae) to Bt transgenic corn and cotton in a mixed agroeco-

system: a biology-rich stochastic simulation model. Journal of Economic Entomology. 2003; 96(1):156–

72. PMID: 12650359

7. Peck S, Gould F, Ellner S. Spread of resistance in spatially extended regions of transgenic cotton: Impli-

cations for management of Heliothis virescens (Lepidoptera: Noctuidae). Journal of Economic Entomol-

ogy. 1999; 92:1–16.

8. Ives AR, Glaum PR, Ziebarth NL, Andow DA. The evolution of resistance to two-toxin pyramid trans-

genic crops. Ecological Applications. 2011; 21(2):503–15. PMID: 21563580

9. Gould F, Tabashnik BE. Bt-cotton resistance management. In: Mellon M, Rissler J, editors. Now or

never: serious new plans to save a natural pest control. Cambridge, MA: Union of Concerned Scien-

tists; 1998. p. 67–105.

10. Gould F. Sustainability of transgenic insecticidal cultivars: Integrating pest genetics and ecology.

Annual Review of Entomology. 1998; 43:701–26. doi: 10.1146/annurev.ento.43.1.701 PMID: 15012402

11. Gould F, Anderson A, Reynolds A, Bumgarner L, Moar W. Selection and genetic analysis of a Heliothis

virescens (Lepidoptera, Noctuidae) strain with high levels of resistance to Bacillus thuringiensis toxins.

Journal of Economic Entomology. 1995; 88(6):1545–59.

12. Tabashnik BE, Brevault T, Carriere Y. Insect resistance to Bt crops: lessons from the first billion acres.

Nature Biotechnology. 2013; 31(6):510–21. doi: 10.1038/nbt.2597 PMID: 23752438

13. Gould F. Simulation models for predicting durability of insect resistant germ plasm: a deterministic

model. Environmental Entomology. 1986; 15(1):1–10.

14. Comins HN. Tactics for resistance management using multiple pesticides. Agriculture Ecosystems &

Environment. 1986; 16(2):129–48.

15. Tabashnik BE, Gould F, Carrière Y. Delaying evolution of insect resistance to transgenic crops by

decreasing dominance and heritability. Journal of Evolutionary Biology. 2004; 17(4):904–12. doi: 10.

1111/j.1420-9101.2004.00695.x PMID: 15271091

16. Mani GS. Evolution of resistance in the presence of two insecticides. Genetics. 1985; 109:761–83.

PMID: 3988040

17. Roush RT. Two-toxin strategies for management of insecticidal transgenic crops: can pyramiding suc-

ceed where pesticide mixtures have not? Philosophical Transactions of the Royal Society of London

Series B-Biological Sciences. 1998; 353(1376):1777–86.

18. Caprio MA. Evaluating resistance management strategies for multiple toxins in the presence of external

refuges. Journal of Economic Entomology. 1998; 91:1021–31.

19. Gould F. Impact of small fitness costs on pest adaptation to crop varieties with multiple toxins: A heuris-

tic model. Journal of Economic Entomology. 2006; 99(6):2091–9. PMID: 17195678

20. Gahan LJ, Ma YT, Coble MLM, Gould F, Moar WJ, Heckel DG. Genetic basis of resistance to Cry1Ac

and Cry2Aa in Heliothis virescens (Lepidoptera: Noctuidae). Journal of Economic Entomology. 2005;

98(4):1357–68. PMID: 16156591

21. Gould F. The evolutionary potential of crop pests. American Scientist. 1991; 79:496–507.

22. Zhao JZ, Cao J, Li YX, Collins HL, Roush RT, Earle ED, et al. Transgenic plants expressing two Bacillus

thuringiensis toxins delay insect resistance evolution. Nature Biotechnology. 2003; 21(12):1493–7. doi:

10.1038/nbt907 PMID: 14608363

23. United States Environmental Protection Agency. Biopesticides registration action document: Bacillus

thuringiensis (Bt) plant incorporated protectants. In: Office of Pesticide Programs B, and Pollution Pre-

vention Division, editor.: Environmental Protection Agency; 2001.

24. Matten SM, Hellmich RL, Reynolds A. Current resistance management strategies for Bt corn in the

United States. Transgenic Crop Protection: Concepts and Strategies. 2004:261–88.

25. Ives AR, Andow DA. Evolution of resistance to Bt crops: directional selection in structured environ-

ments. Ecology Letters. 2002; 5:792–801.

Temporal Variation May Speed Resistance to Bt Crops

PLOS ONE | DOI:10.1371/journal.pone.0169167 January 3, 2017 18 / 20

http://dx.doi.org/10.1038/nature11153
http://www.ncbi.nlm.nih.gov/pubmed/22722864
http://www.ncbi.nlm.nih.gov/pubmed/12650359
http://www.ncbi.nlm.nih.gov/pubmed/21563580
http://dx.doi.org/10.1146/annurev.ento.43.1.701
http://www.ncbi.nlm.nih.gov/pubmed/15012402
http://dx.doi.org/10.1038/nbt.2597
http://www.ncbi.nlm.nih.gov/pubmed/23752438
http://dx.doi.org/10.1111/j.1420-9101.2004.00695.x
http://dx.doi.org/10.1111/j.1420-9101.2004.00695.x
http://www.ncbi.nlm.nih.gov/pubmed/15271091
http://www.ncbi.nlm.nih.gov/pubmed/3988040
http://www.ncbi.nlm.nih.gov/pubmed/17195678
http://www.ncbi.nlm.nih.gov/pubmed/16156591
http://dx.doi.org/10.1038/nbt907
http://www.ncbi.nlm.nih.gov/pubmed/14608363


26. Onstad DW, Gould F. Modeling the dynamics of adaptation to transgenic maize by European corn borer

(Lepidoptera: Pyralidae). Journal of Economic Entomology. 1998; 91:585–93.

27. Tabashnik BE, Croft BA. Managing pesticide resistance in crop-arthropod complexes: interactions

between biological and operational factors. Environmental Entomology. 1982; 11:1137–44.

28. Caprio MA. Source-sink dynamics between transgenic and non-transgenic habitats and their role in the

evolution of resistance. Journal of Economic Entomology. 2001; 94:698–705. PMID: 11425026

29. Tabashnik BE, Gassmann AJ, Crowder DW, Carrière Y. Insect resistance to Bt crops: evidence versus

theory. Nature Biotechnology. 2008; 26(2):199–202. doi: 10.1038/nbt1382 PMID: 18259177

30. Zalucki MP, Adamson D, Furlong MJ. The future of IPM: whither or wither? Aust J Entomol. 2009;

48:85–96.

31. Titmarsh IJ. Mortality of immature Lepidoptera: a case study with Heliothis (Lepidoptera: Noctuidae) in

agricultural crops on the Darling Downs. Brisbane, Australia: University of Queensland; 1992.

32. Matthews M. Heliothine moths of Australia. In: CSIRO, editor. Collingwood, Australia: CSIRO Publish-

ing; 1999.

33. Kriticos DJ, Ota N, Hutchison WD, Beddow J, Walsh T, Tay WT, et al. The potential distribution of invad-

ing Helicoverpa armigera in north america: Is it just a matter of time? PloS One. 2015; 10(3).

34. Gregg PC, Fitt GP, Zalucki JM, Murray DAH. Insect migration in an arid continent. II. Helicoverpa spp.

in eastern Australia. In: Drake AV, and Gatehouse A.G, editor. Insect Migration: Tracking Resources

Through Space and Time. Cambridge: Cambridge University Press; 1995. p. 151–72.

35. Fitt GP, Dillon ML, Hamilton JG. Spatial dynamics of Helicoverpa populations in Australia—simulation

modeling and empirical-studies of adult movement. Computers and Electronics in Agriculture. 1995; 13

(2):177–92.

36. Gaston LK, Shorey HH. Sex pheromones of noctuid moths. IV. An apparatus for bioassaying the phero-

mones of six species. Annals of the Entomological Society of America 1964; 57(6):779–80.

37. Baker GH, Tann CR, Fitt GP. A tale of two trapping methods: Helicoverpa spp. (Lepidoptera, Noctuidae)

in pheromone and light traps in Australian cotton production systems. Bulletin of Entomological

Research. 2011; 101(1):9–23. doi: 10.1017/S0007485310000106 PMID: 20504387

38. Zalucki MP, Daglish G, Firempong S, Twine P. The biology and ecology of Heliothis armigera (Hübner)
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