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Abstract

It has long been recognized that pest population dynamics can affect the durability of a pesticide, but dose remains 
the primary component of insect resistance management (IRM). For transgenic pesticidal traits such as Bt (Bacillus 
thuringiensis Berliner (Bacillales: Bacillaceae)), dose (measured as the mortality of susceptibles caused by a toxin) 
is a relatively fixed characteristic and often falls below the standard definition of high dose. Hence, it is important 
to understand how pest population dynamics modify durability and what targets they present for IRM. We used 
a deterministic model of a generic arthropod pest to examine how timing and strength of density dependence 
interacted with population growth rate and Bt mortality to affect time to resistance. As in previous studies, durability 
typically reached a minimum at intermediate doses. However, high population growth rates could eliminate 
benefits of high dose. The timing of density dependence had a more subtle effect. If density dependence operated 
simultaneously with Bt mortality, durability was insensitive to its strengths. However, if density dependence 
was driven by postselection densities, decreasing its strength could increase durability. The strength of density 
dependence could affect durability of both single traits and pyramids, but its influence depended on the timing of 
density dependence and size of the refuge. Our findings suggest the utility of a broader definition of high dose, one 
that incorporates population-dynamic context. That maximum growth rates and timing and strength of interactions 
causing density dependent mortality can all affect durability, also highlights the need for ecologically integrated 
approaches to IRM research.
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Cases of pesticide resistance among agricultural insect pests 
increased dramatically in the latter half of the 20th century for 
both chemical pesticides (Mota-Sanchez et  al. 2008) and, more 
recently, transgenic insecticidal traits such as Bt (Bacillus thuring-
iensis Berliner (Bacillales: Bacillaceae)) (Van Rensburg 2007, Storer 
et al. 2010, Dhurua and Guar 2011, Gassmann et al. 2011, Zang 
et al. 2011, Farias et al. 2014, Gassmann et al. 2014, Huang et al. 
2014). The arsenal of strategies for resistance management is limited 
and relies to a great degree on dose. The durability of a pesticide, 
defined as the number of years until resistance, is generally expected 
to be high at both very low doses, where selection is weak, and very 
high doses, where selection is so strong that intermediate genotypes 
remain severely maladapted. Doses between these extremes produce 
relatively low durability (Comins 1977, Tabashnik and Croft 1982). 
One obvious consequence of the ‘durability valley’ is that increas-
ing dose does not always increase durability (Helps et  al. 2017), 

introducing the question of what dose optimizes the combination of 
control, durability, and cost (Comins 1979).

However, dose cannot be easily manipulated for transgenic pes-
ticidal traits, such as Bt proteins. As such, dose can be understood 
as a trait’s efficacy to cause susceptible mortality; the definition of 
high dose has been set at 99.99% mortality for single traits (US EPA 
FIFRA SAP 1998). Real-world efficacy of single Bt traits typically 
falls short of this ideal (Carrière et  al. 2015), potentially placing 
them low on the durability valley’s wall and increasing the relevance 
of any factors that influence the location of the valley’s bottom.

Population dynamics can have a large impact on durability, 
particularly if the potential for population growth decreases with 
increasing population density. Studies of the effect of negative den-
sity dependence in vital rates suggest variously that it can shorten or 
extend durability (reviewed in the study by Onstad et al. 2014). This 
variety of findings owes to the diversity of mechanism, timing, and 
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form (i.e., strength of competition) that density dependence can take. 
In general, negative density dependence may extend durability when 
it acts prior to selection for resistance (Heimpel et al. 2005) or incurs 
a fitness cost (Gassmann et al. 2012). Conversely, density depend-
ence shortens durability when it acts after selection (Comins 1977, 
Tabashnik and Croft 1982, Glaum et al. 2012). A higher maximum 
population growth rate increases this impact by promoting crowd-
ing on non-Bt host plants (Ives et al. 2011).

The form of negative density dependence can be classified into 
three general strengths. Perfect density dependence is a propor-
tional response to changes in density, as might occur in a species that 
competes for feeding sites. Undercompensation describes less-than-
proportional responses to changes in density. Plant defenses have 
been observed to cause undercompensation (Underwood 2010). 
Overcompensation describes a more-than-proportional change in 
population growth rate with changes in density. Overcompensation 
represents the potential for ‘stronger’ pest population responses to 
management actions. Larval cannibalism is one driver of overcom-
pensatory dynamics (Storer et al. 2003).

The strength of negative density dependence is inconsequential if 
efficacy is high and resistance alleles are rare, such that essentially all 
larvae on Bt hosts die (Glaum et al. 2012). However, considering a 
broader range of doses reveals that the form of density dependence 
can affect the rate of adaptation (Comins 1977, May and Dobson 
1986).

Despite extensive empirical research on density dependence in 
agricultural pests (Hibbard et al. 2010), phytophagous insects more 
generally (Stiling 1988, Cornell and Hawkins 1995), and broader 
taxa (Brook and Bradshaw 2006), the degree to which it affects 
populations on Bt hosts is unknown. Using a simple deterministic 
model of a panmictic insect population on non-Bt (refuge) and Bt 
host plants, we examine two gross scenarios of density dependent 
larval mortality as a function of intra-specific competition. First, 
larval mortality may be driven by interactions early in the larval life 
history and act simultaneously with selection. Alternatively, density 
dependent mortality could be determined by interactions later in the 
larval life history after selection. This subtle difference alters the rela-
tive contribution of density on Bt to total mortality. Under these 
two models of density dependence, we compare the sensitivity of 
durability of Bt to dose, maximum population growth rate, and the 
strength of density dependence.

Materials and Methods

A spatially explicit and deterministic model using a population-level 
approach to model evolution at up to bi-allelic loci was written in 
Java version 8.0 (NetBeans IDE 8.1) based on a previous insect 
model developed by Martinez and Caprio (2016). This model was 
used to explore the effects of the time and strength of density de-
pendence and the maximum population growth rate (Rmax) on the 
time to Bt resistance in a generic arthropod pest. Demographics, 
movement, and resistance evolution were modeled in a landscape 
consisting of a matrix of 10 × 10 fields. Each field was assumed to be 
50 ha in size and planted to 40 million corn plants (80,000 plants/
ha). The spatial structure of the refuge and nonrefuge plants within 
fields was implicit. The landscape had periodic boundaries (a torus) 
to eliminate edge effects.

Life History
Our objective was to explore very general interactions between 
density dependence and the evolutionary process. We, therefore, 

used a simple life history to simulate a generic arthropod pest. The 
population had one generation per year; generations did not overlap. 
Each generation consisted of two time steps, one for a larval stage, 
and one for the adult stage. All selection affected larvae only via 
differential survival. Density dependent mortality was modeled as 
1) simultaneous, occurring at the same time as selection, and 2) late-
acting, where any additional density dependent mortality followed 
selection prior to adult emergence. Male and female adults dispersed 
the same amount at the same time. Dispersal took place prior to 
mating and oviposition. Mating occurred at random and oviposition 
occurred uniformly in each field. We primarily investigated effects 
on durability of single Bt toxins and explored several analyses for 
pyramided traits.

Genetics of Resistance
Genetics reflected a diploid pest with sexual reproduction. Resistance 
was governed by one autosomal locus per Bt toxin, each having two 
alleles (R for resistance and S for susceptibility), producing three 
possible genotypes (RR, RS, and SS) for the one-gene model and 
nine possible genotypes for the two-gene model. We assumed resist-
ance was complete. Hence, survival of such individuals exposed to 
Bt, WRR, was 1.The survival of the heterozygous genotype (WRS) was 
assumed to be 1.5 times higher than that of the susceptible genotype, 
WSS, with the constraint that it could not exceed 1. Using a standard 
equation of dominance (Bourget et al. 2000, equation 1) and sub-
stituting WRS = 1.5WSS allowed us to solve for dominance, h, across 
efficacies (equation 2).

 W W h W WRS SS RR SS= + ⋅ −( )  (1)

 ( )
h

W
W
SS

SS

=
−2 1  (2)

For two-locus simulations, we assumed that total survival of Bt se-
lection was the product of survival conferred by each locus and that 
the egg population was always at Hardy–Weinberg equilibrium.

We modeled an efficacy range from low to high dose (Table 1). 
Although a cost to resistance has been found in approximately two-
thirds of the cases where it was measured (Gassmann et al. 2009), we 
omitted any cost in the interest of simplicity. Costs typically slow the 
evolution of resistance (Georghiou and Taylor 1976, Comins 1979, 
Tabashnik and Croft 1982).

Demographics
The maximum population growth rate, Rmax, was the product of the 
reproductive and survivorship potential. Rmax represents the max-
imum pest growth factor in the absence of Bt exposure and had the 
units adults/adults.

Realized population growth rates were reduced from Rmax by 
density dependent survival among larvae. We assumed that the 
population mean survival rate in the absence of Bt was given by the 
Hassell density dependence function (Hassell 1975).

 N N R aNt t t
b

+
−= +1 1max( ) , (3)

where N is the population density of eggs per plant at time step 
t and t+1, the constant a is a scaling parameter (units = density−1), 
and b is a unitless exponent that determines the strength with which 
population growth rate responds to departures from equilibrium 
population density. With b < 1, survival changes slowly with density 
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(undercompensation). With b  =  1, survival changes directly with 
population density (contest competition). Finally, with b > 1, changes 
in density bring amplified changes in survival (overcompensation or 
scramble competition). To ensure models with different values of b 
were otherwise comparable, we set the scaling constant, a to

 a
R

K

b

= −max

1

1
, (4)

which ensured that population densities were attracted to the car-
rying capacity, K (units of K = eggs/plant). Although the choice of 
K has little effect on dynamics in a deterministic model, we chose 
K = 4.5 eggs/plant. With 80,000 plants/ha in a 50 ha field, a field at 
carrying capacity had 18 million eggs.

We compared the effects of two distinct modes in which density 
dependence may operate on a Bt plant. In the first mode we tested, 
we imagined that selection and density dependence occurred simul-
taneously. Individuals fated to die from density dependence based 
on egg density might die from Bt, instead. If Equation 3 is restated 
as N N R NSt t t+ =1 max ( ) , where S Nt( ) is the average survival rate taken 
over all individuals as a function of population density, then simulta-
neous density dependence is given by

 S N
aN

Wt
t

b

( )
( )

=
+




−

Min
1

, (5)

where W  is the average survival of selection by Bt across all individu-
als. If Bt survival was less than projected from density dependence, 
then survival was not density dependent. Conversely, if fewer indi-
viduals were expect to survive density dependence than selection, 
an individual’s probability of survival was the product of density 
dependence, ( )( )1 1/W aNt

b+ − , and its genotype-specific survival rate 
on Bt. Hence, selection occurred in every generation regardless of 
density.

In the second mode, density dependence operated on the density 
of larvae surviving Bt. The population always experienced both 
kinds of mortality separately. We call this model ‘late-acting’ because 

the amount of density dependent survival was determined after Bt 
mortality occurred.

 S N W aNWt t

b
( ) = +( )−

1 . (6)

The two models performed identically in refuge crops (without 
mortality from Bt toxins, equations (5) and (6) reduce to equation 
(3)). But the models had different responses to density on Bt plants 
(Fig. 1). Survival on nonrefuge plants was generally higher under the 
simultaneous model, density dependence did not occur except under 
very crowded conditions (note in Fig. 1 that Bt survival and simul-
taneous density dependence overlap except at high density). When 
density dependence was weak (b < 1, Fig. 1A), the two models of 
density dependence could lead to very different survival on Bt plants. 
Under stronger density dependence (b > 1, Fig. 2B), the two models 
became more similar. The lack of study of population dynamics in Bt 
crops means that there is no direct evidence to support one of these 
models over the other.

Dispersal
Calculation of dispersal followed that in the study by Martinez and 
Caprio (2016). Interfield movements of dispersing adults were gov-
erned by a two-dimensional Gaussian redistribution kernel (Okubo 
1980), such that the proportion, v, of individuals moving, for in-
stance, x fields east and y fields north was

 v x y
D

x y D( , ) ( )/= − +1
4

2 2 4

π
e  (7)

where D is the diffusion constant with units of fields2/time step. 
For net adult movement in the model’s generational time step, D 
is related to the average total displacement of dispersing adults (d), 
by D d= 2 2 /π  (Andow et al. 1990). We assumed D = 1, implying 
an average dispersal distance 1.25 fields per generation. However, 
we assumed that only a fraction of the population, m, undertook 
inter-field movements. We set m  =  0.3 Postdispersal, we assumed 
that all adults mixed uniformly within fields via trivial movement 
(Southwood 1962), leading to random mating and a uniform distri-
bution of eggs on refuge and nonrefuge plants in each field.

Experimental design and analysis
Contributions of Bt and density dependence to resistance evolution
We examined the relative contributions of differential Bt survival 
and density dependence to the increase in resistance allele frequency 
over a range of conditions. The direct response to Bt was defined as 
the change in resistance allele frequency over the whole population 
measured immediately before and after genotype-specific Bt survival. 
The contribution of density dependence to resistance evolution was 
scored as the difference in resistance allele frequency measured im-
mediately after Bt survival and again after density dependence. The 
use of deterministic simulations with continuous abundance elimi-
nated any genetic drift. The influence of gene flow between fields 
was eliminated by simulating only a single field. Adult movement be-
tween Bt and refuge plants was implicit in the assumption of random 
mating and a spatially uniform distribution of eggs.

Simulations used single traits with a compliant 20% refuge. The 
simultaneous density dependence model was used with contest com-
petition. Parameters varied included trait efficacy and maximum 
population growth rate.

Table 1. Generic pest parameters, distributions, and values

Parameters Values

WSS 0.0001–0.999
WRS 1.5 × WSS

IRAF 0.001
D 1
m 0.30
Rmax 5, 10, 20, 40, or 80
Initial egg density/field 0.20 × KEggs for single and 0.05 × 

KEggs for dual traits
KEggs 4.5/plant or 18 million/50 ha*
b (UC) 0.5
b (CC) 1.0
b (SC) 2.0

b, the Hassell density dependent function (equation 3); CC, contest com-
petition; D, diffusivity; IRAF, initial resistance allele frequency; KEggs, carrying 
capacity per plant; m, adult dispersal proportion; Rmax, maximum population 
growth rate (unitless); SC, scramble competition; UC, undercompensatory 
competition.

*We assumed 80,000 corn plants/ha; fields were 50 ha; hence, K represents 
18 million eggs per field.
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The interplay of efficacy with population dynamic variables
A four-way factorial simulation experiment was performed to in-
vestigate the response of durability to Bt efficacy, maximum popula-
tion growth rate, and the strength and timing of density dependence. 
Bt efficacy ranged from 0.001 to 0.9999 mortality of susceptibles, 
encompassing a nearly ineffective dose and the EPA standard for 
high dose. Maximum population growth rate, Rmax, ranged from 5 
to 80 females/female/generation, encompassing slow growth similar 
to that of western corn rootworm (Szalai et  al. 2011) and explo-
sive growth observed in a broad range of arthropod pests (Hassell 
et al. 1976, Friedenberg et al. 2008, Caprio et al. 2009). The strength 
of density dependence was varied from undercompensation to 
scramble competition (b = 0.5, 1, 2). The timing of density depend-
ence was simultaneous with selection or late-acting, as described in 
Demographics.

Simulations used single traits and a 20% refuge. Grower non-
compliance with block refuge requirements was not considered in 
our simulations, but would lower the durability estimates (Caprio 
and Glaser 2010, Pan et al. 2011, Martinez and Caprio 2016).

Efficacy and population dynamics with pyramided traits
The time to resistance was measured in fields with pyramided traits 
and a 5% refuge, consistent with refuge guidelines for pyramids in 
corn planted in the northern Corn Belt of the United States (US EPA 
2010). Durability was measured in a three-way factorial design vary-
ing Rmax (20 and 80), efficacy per trait (survival = 0.001 to 0.2), and 
the strength of density dependence (undercompensation and over-
compensation) using the late-acting model of density dependence. 
Other parameters followed Table 1.

Quality control in model development
The main code for this generic model was based on a previously 
tested and published model. However, the current version was 
re-examined for programming errors and to verify equations. We 
validated that results were in the expected range (initial resistance 
allele frequencies, dominance, and Bt mortality) to verify that out-
put behaved as expected. The model was run without selection for 
100 generations to assure that the resistance allele frequency did 
not change. Hardy–Weinberg frequencies for the offspring genera-
tion were hand calculated and compared against model output. 
Exponential population growth was confirmed in the absence of 
density dependence. In addition, all simulations using late-acting 

Fig. 2. Contributions of density dependence and selection to the increase in 
resistance allele frequency under various dose and growth rate assumptions. 
Results shown for contest competition (b = 1.0) with simultaneous model; (A) 
and (B) HD = 0.9999 and (C) LD = 0.90. Heterozygote fitness was 1.5 times that 
of susceptible fitness (WRS/WSS = 1.5).

Fig. 1. Population change over one generation when mortality is driven by late-acting density dependence, simultaneous density dependence, Bt mortality 
alone, or density dependence alone as on refuge plants. (A) Undercompensating density dependence, b = 0.5. (B) Scramble competition, b = 2. For both panels, 
Rmax = 30, Wss = 0.01, K = 4.5 eggs/plant, and initial egg density was 0.2 × K. Heterozygote fitness was 1.5 times that of susceptible fitness (WRS/WSS = 1.5).
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density dependence were cross-validated with a reproduction of the 
model in RAMAS IRM, a commercially available modeling tool 
(Friedenberg et al. 2014).

Results

Evolutionary response to selection and density 
dependence
The relative importance of the two factors varied with the value of 
Rmax and the fitness of the susceptible genotype (dose = 1 – WSS). 
Density dependence was the main evolutionary force and contrib-
uted 0.55 (cumulative) to the rate of adaptation when Rmax was 40, 
susceptible dose was 0.9999 (Fig. 2A). The difference in contribution 
between density dependence and selection was exacerbated when re-
sistance levels increased (generation 30). In the last generation of the 
simulation, the increase in resistance from density dependent effects 
was 3.7 times higher than the contribution of selection to resistance 
(Fig. 2A). The cumulative contribution of density dependence and 
selection was 80% and 20%, respectively (Fig. 2A). In another high-
dose simulation with a lower growth rate, the impact of density de-
pendence was reduced and that of selection elevated (data not shown 
and similar to Fig. 2B).

The relative importance of density dependence in a selection envi-
ronment was diminished as a driver of resistance evolution when the 
dose was intermediate (0.90) with a high pest growth rate (Rmax = 40) 
(Fig. 2B). With this dose scenario, the evolutionary response was 
much less sensitive to population growth rate than in the previous 
scenario (Fig. 2A), and the cumulative contribution to resistance was 
0.3. Contrarily, the impact of selection rose to 0.3 compared with the 
high-dose scenario. Overall, selection on Bt caused 48% of the 0.59 
increase in resistance over 15 generations, whereas density depend-
ence accounted for 52%. The diminished importance of density 
dependence at an intermediate dose is expected given the reduced 
dissimilarity of density in refuge and Bt portions of the field.

Finally, when the population growth rate was low (Rmax= 5) and 
the dose intermediate (0.90), selection became the dominant evo-
lutionary force after generation 15 (Fig. 2C). Of the 0.73 increase 
in total resistance allele frequency in 25 generations, selection and 
density dependence accounted for 74% and 26%, respectively. The 
diminished importance of density dependence at lower growth rates 
can be understood as reduced impacts of crowding on fitness in the 
refuge.

The interplay of efficacy with population dynamic 
variables
Effects of pest growth rates on the durability of Bt
Durability displayed the typical U-shaped relationship with dose 
(Tabashnik and Croft 1982) at all but the highest growth rate tested 
(Fig.  3). In all cases, durability declined precipitously at very low 
doses (up to about WSS = 0.5). The degree to which durability then 
increased with further increases in dose depended both on maximum 
population growth rate and density dependence on Bt plants. The 
ability to prolong durability with increased dose diminished with 
increasing Rmax. Under contest competition, late-acting density de-
pendence produced lower durability at moderate to high dose than 
did simultaneous density dependence (Fig. 3A vs 3B).

In the case of late-acting density dependence and the highest 
maximum growth rate tested, Rmax = 80, increasing the dose never 
increased durability over the range of doses investigated (Fig. 3A). 
This particular result highlights two effects of density dependence. 
First, the fitness of individuals in the refuge is significantly depressed 
by crowding at high growth rates, and second, released from com-
petition by thorough removal of susceptibles and heterozygotes 
on traited plants, any fully resistant individuals will realize fitness 
greater than the refuge population. Our initial frequency of resist-
ance, 0.001, combined with our assumption of initial population 
density and plants per field, implied that simulations began with four 
fully resistant eggs, three of them on Bt plants. Additional simula-
tions produced greater sensitivity to dose at high population growth 
rate when resistance alleles were rare enough that less than one fully 
resistant egg was expected in the initial population.

Effects of strength of density dependence on the 
durability of Bt
The strength of density dependence only affected durability in the 
late-acting density dependence model (Fig. 4). Undercompensation 
increased durability. For our undercompensation scenario of b = 0.5, 
durability relative to contest competition increased with increas-
ing dose. This increase occurred at a lower dose when maximum 
population growth rate was higher. At high dose, undercompensa-
tion extended durability by 41, 61, and 55% at Rmax = 5, 20, and 
40, respectively. Scramble competition decreased durability in the 
late-acting density dependence model. For our scramble competition 
with b = 2, durability relative to contest competition decreased with 
increasing dose. As with the effect of undercompensation, scramble 

Fig. 3. The effect of growth rate Rmax on durability of Bt with (A) late-acting or (B) simultaneous density dependence for fitness ranging from 1 to 0.0001 (note 
that x-axis uses a Log scale of [1-dose]). Growth rates: Rmax = 5, 10, 20, 40, and 80; heterozygote fitness was 1.5 times that of susceptible fitness (WRS/WSS = 1.5).

Journal of Economic Entomology, 2017, Vol. XX, No. XX

Copyedited by: OUP

Downloaded from https://academic.oup.com/jee/advance-article-abstract/doi/10.1093/jee/tox323/4769330
by guest
on 24 December 2017



6

competition’s effect occurred at a lower dose when maximum popu-
lation growth rate was higher. At high dose, scramble competition 
shortened durability by 25, 21, and 10% at Rmax = 5, 20, and 40, 
respectively, suggesting that the effect of overcompensatory density 
dependence diminishes with increases in maximum population 
growth rate.

Efficacy and population dynamics with 
pyramided traits
As with single Bt traits, the durability of pyramids was a U-shaped 
function of dose; time to resistance was shortest for intermediate trait 
efficacy (WSS = 0.2–0.8). Higher maximum growth rates decreased 
durability of pyramids for WSS < 0.50 per trait (Table 2). For in-
stance, pests with a 20% refuge and scramble competition feeding 
on a pyramid with susceptible survival of 0.05 per trait had a 72% 
shorter time to resistance with a maximum population growth of 80 
rather than 20. This effect of size held true for 5% refuges, as well 
(Table 2).

The effect of the strength of density dependence on durability 
depended on maximum growth rate, trait efficacy, and refuge size. 
For instance, the strength of density dependence had almost no effect 

on durability of a pyramid with susceptible survival of 0.001 per 
trait regardless of refuge size or maximum growth rate (Table 2). 
However, the durability of a trait with more moderate efficacy of 
Wss = 0.1 was sensitive to the strength of density dependence when 
maximum population growth rate was high and the refuge was 
large, falling 47% as b was increased from 0.5 to 2 under an Rmax of 
80 and a 20% refuge (Table 2).

Discussion

Our simulations suggest that the influence of population dynamics 
on resistance evolution can be as substantial as that of dose for both 
single traits and pyramids. Of the factors investigated, maximum 
population growth rate had the greatest leverage on durability at 
any given dose and modulated the relative contributions of direct 
and indirect selection exerted by Bt toxins. These results corroborate 
prior studies of the role of density dependence in resistance evolution 
(reviewed in Onstad et  al. 2014). Additionally, we found that the 
strength of density dependence had a nontrivial effect on durability, 
but the presence of these effects depended on refuge size and how 
density dependence worked on Bt plants. With dose a central focus 

Fig. 4. Strength of density dependence expressed relative to contest competition for fitness ranging from 1 to 0.0001 (note that x-axis uses a Log scale of 
[1-dose]) when the pest exhibited undercompensating or scramble competition with different maximum growth rates. Rmax = 5, 20, and 40; undercompensatory 
competition, b = 0.5; SC, b = 2.0. Heterozygote fitness was 1.5 times that of susceptible fitness (WRS/WSS = 1.5). (A)–(C) Late-acting model; (D)–(F) simultaneous 
model.
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in the design of transgenic pesticidal hybrids and a major component 
of the high-dose/refuge strategy, it may be productive to broaden the 
concept of high dose to incorporate population context.

We observed the largest effects of density dependence at high 
maximum population growth rates, where crowding in the refuge 
and the high reproductive potential of survivors on traited plants led 
to rapid resistance evolution even for true high dose traits. The range 
of growth rates we examined has real-world relevance. Some insect 
pests have dramatic growth potential. For example, Leptinotarsa 
decemlineata (Say) (Coleoptera: Chrysomelidae) on potato may in-
crease its abundance 75-fold at low density (Hassell et  al. 1976). 
Other major pests have far more moderate growth rates, such as 
Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae), 
which may increase less than 5-fold per generation (Szalai et  al. 
2011). The same hypothetical trait would likely lead to radically dif-
ferent durability in these two species, even if it met the standard 
definition of high dose.

Previous studies have noted the influence of the strength of 
density dependence on resistance evolution, finding that undercom-
pensation generally gives greater durability than scramble competi-
tion (Comins 1977, May and Dobson 1986). We observed that this 
influence may not always exist. If the reduction of population density 
by Bt mutes density dependent processes on nonrefuge plants, then 
the strength of density dependence does not affect the rate of resist-
ance evolution. Our model of simultaneous density dependence is 
only one example of how survival on Bt plants could be insensitive 
to population density. Another example would be threshold density 
dependence, in which survival is constant in uncrowded conditions 
(Hibbard et al. 2010). Because density dependence can arise from a 
number of different ecological drivers, including competitors, host 
plant defenses, predators, and pathogens and at different points in 
the life history (Stiling 1988, Cornell and Hawkins 1995), it is pos-
sible that Bt mortality targeting, for instance, early larvae could ex-
pose density dependent processes among late-instar larvae that were 
previously obscured. Our results reveal a research need to determine 
the timing and mechanisms of pest density dependence on Bt host 
plants, especially when the intrinsic growth rate is high.

Pyramided traits displayed less sensitivity to the details of popu-
lation dynamics. While maximum population growth rate was still 
important, the strength of density dependence only affected pyramid 
durability in the larger refuge size we examined. In the United States, 
guidelines allow for a 5% refuge in pyramid corn with the exception 
of the southern US where a 20% block refuge is required (US EPA 
2010), which appear to be so small that severe crowding would not 
occur except at extreme population growth rates. Pyramids also nul-
lified the difference in durability between undercompensation and 
scramble competition when traits had higher doses. In the absence 

of an effect of the strength of density dependence, our study sug-
gests that insect resistance management does not need to consider 
the details of density dependence on nonrefuge plants for pyramided 
traits.

Given the importance of density dependent population growth, 
it is likely that innovations in IRM will arise from a greater empir-
ical understanding of population dynamics in agricultural pests. The 
standard for high dose, 0.01% survival of susceptibles, was codi-
fied in five recommendations provided by a scientific advisory panel 
to the EPA (US EPA FIFRA SAP 1998). While this level of efficacy 
proved durable in most scenarios we explored, real-world transgenic 
events do not appear to achieve formal high dose performance often 
(Carrière et al. 2015). Likewise, though we found in additional simu-
lations (not shown) that lower initial frequency of resistance reduced 
the sensitivity of durability to maximum population growth rate, 
IRM cannot rely on hoping for ideal conditions of susceptibility. 
Pyramids help to address the problem of resistance allele frequency 
by making full heterozygotes or resistance genotypes exceedingly 
rare (Ives et al. 2011). However, this theoretical benefit accrues only 
if resistance to the component traits is not already common.

Population dynamics present a difficult challenge for resistance 
management of Bt. A pest’s population growth rate can vary geo-
graphically (Chen et al. 2014) and temporally (Szalai et al. 2011), 
due to both random events and measurable factors such as tempera-
ture (Philipp and Watson 1971). Furthermore, the effects of diet on 
somatic growth and fecundity (Fleischer and Gaylor 1988, Chen and 
Parajulee 2010, Jha et al. 2012) can alter the population growth po-
tential of successive cohorts utilizing different hosts (Caprio et al. 
2009). The mechanism of density dependence may differ on different 
hosts, as well (Stiling 1988), leading to different strength and timing 
relative to selection. A sign of hope for the integration of predictive 
population dynamic models into IRM can be found in a meta-anal-
ysis of several D. virgifera virgifera studies (Hibbard et al. 2010), 
which showed a consistent pattern of density dependent immature 
survival despite differences in maximum survival among studies.

Previous studies have suggested that dose could be tailored to 
the agricultural context. Tabashnik and Croft (1982) proposed that 
low-dose pesticides should be preferred over intermediate and high-
dose treatments in the absence of a refuge. A low-dose Bt product 
may not be an attractive option for growers, however, because of 
greater risk of crop damage or the need for additional chemical 
spraying to control pest densities. For traditional sprayed pesticides, 
the lowest dose to achieve target pest densities is optimal in terms 
of cost, control, and resistance management (Comins 1979). But the 
dose of a Bt hybrid is fixed from the grower’s perspective and can-
not be manipulated to respond to pest outbreaks. Transgenic pesti-
cidal traits are prophylactic strategies by definition and meant to 

Table 2. Durability (years) of a pyramid as a function of maximum population growth rate, strength of competition, and trait efficacy under 
late-acting density dependence

Efficacy per trait

Refuge Rmax Strength 0.2 0.1 0.05 0.01 0.001

20% 20 Undercompensation 30 59 170 2,178 47,843
Scramble competition 23 56 169 2,179 47,844

20% 80 Undercompensation 28 36 61 554 11,953
Scramble competition 16 19 47 548 11,952

5% Undercompensation 17 19 37 454 10,055
Scramble competition 15 17 40 462 10,063

Efficacy of the two traits was equal. Resistance was conferred by a single bi-allelic locus per trait. The relative fitness of single heterozygotes was 1.5 for each 
trait. Undercompensation, b = 0.5. Scramble competition, b = 2. Simulations began with egg abundance at 0.05 × KEggs.
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provide control at all possible pest population levels, making high 
efficacy essential.

In some cases, the same insect in different crops might experience 
very different regimes of density dependent mortality. For example, 
in conventional cotton, Heliothines (Helicoverpa zea (Boddie) 
[Lepidoptera: Noctuidae] and Heliothis virescens (Fabricius) 
[Lepidoptera: Noctuidae]) are treated at levels as low as 4 larvae 
per 100 plants, thereby avoiding most density dependent mortality. 
In contrast, H. zea is unlikely to be sprayed on conventional corn. 
If multiple larvae infest the same ear, cannibalism may result (Storer 
et al. 2001), usually with only one to two survivors. This extensive 
density dependent mortality could hasten the evolution of resistance 
in H. zea to transgenic corn, leading to resistance in cotton hybrids 
with similar traits.

If high levels of density dependent mortality threaten resistance 
management strategies for some species, then one potential answer 
would be to reduce the net growth rate of the species, otherwise 
known as IPM or integrated pest management. Strategies such as 
crop rotation, trap crops, mating disruption, natural enemy releases, 
sterile male release, etc., as long as they impact populations in Bt 
fields and refuges equally, would reduce the net growth rate of tar-
geted species and potentially extend durability of transgenic crops 
(Carrière and Tabashnik 2001, Crowder et al. 2005, Onstad 2008, 
Onstad et al. 2011). Even insecticidal oversprays would act to lower 
the net growth rate of the species, though they introduce cost, envir-
onmental concerns, and struggles with resistance to chemistry that 
plant-incorporated-protectants were meant to avoid. Finally, control 
of refuge densities, even if its goal is to increase the fitness of suscep-
tible pests, may appeal to growers concerned that refuge plants are 
a sacrificial investment. Hence, the tenets of IPM are still relevant in 
an age of transgenic crops) (Onstad et al. 2011).
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