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Abstract
The use of insecticides to control agricultural pests has resulted in resistance developing to most known insecticidal modes of action. Strategies by which resistance can be slowed are necessary to prolong the effectiveness of the remaining modes of action. Here we use a flexible mathematical model of resistance evolution to compare four insecticide application strategies: (i) applying one  insecticide until failure, then switching to a second insecticide (sequential application), (ii) mixing two insecticides at their full label doses, (iii) rotating (alternating) two insecticides at full label dose, or (iv) mixing two insecticides at a reduced dose (with each mixture component at half the full label dose).  The model represents target-site resistance.
Multiple simulations were run representing different insect life-histories and insecticide characteristics. The analysis shows that none of the strategies examined were optimal for all the simulations. The four strategies: reduced dose mixture, label dose mixture, sequential application and label dose rotation, were optimal in 52%, 22%, 20% and 6% of simulations respectively. 
The most important trait determining the optimal strategy in a single simulation was whether or not the insect pest underwent sexual reproduction. For asexual insects, sequential application was most frequently the optimal strategy, while a label-dose mixture was rarely optimal. Conversely, for sexual insects a mixture was nearly always the optimal strategy, with reduced dose mixture being optimal twice as frequently as label dose mixture. When sequential application of insecticides is not an option, reduced dose mixture is most frequently the optimal strategy whatever an insect’s reproduction. 
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1. Introduction
The development of resistance against chemical insecticides in insects appears to be inevitable, with most arthropod pest species having evolved resistance to at least one insecticide (Tabashnik et al., 2014).  Insecticide application strategies that can reduce the speed with which resistance builds up are therefore necessary. Since it is generally recognised that applying a single insecticidal mode of action repeatedly over successive applications will lead to the rapid build-up of resistance against that mode of action, using multiple insecticidal modes of actions is assumed to reduce the rate at which resistance builds up, keeping the insecticides effective for longer. However, the way in which two or more insecticides should be combined for optimum resistance management is not well understood. In this article we explore how best to combine two different insecticide modes of action to ensure their effectiveness for the longest possible time.
Four management strategies are frequently considered as ways to combine multiple insecticides (Bourguet et al., 2013). These are: mixtures, where insecticides are applied simultaneously; alternation of each insecticide in time, frequently termed a rotation; separation of each insecticide in space, often called a spatial mosaic; and applying a single insecticide until it becomes ineffective before switching to a different insecticidal mode of action, termed sequential use.
A variety of studies have been carried out in the past to try and determine which strategy (or strategies) can best prevent the development of resistance, including field studies (e.g. Parker et al. (2006)), laboratory studies (e.g. McKenzie and Byford (1993); Prabhaker et al. (1998)) as well as mathematical modelling (e.g. Argentine et al. (1994); Curtis (1985); Stratonovitch et al. (2014)). A recent review from the REX Consortium (Bourguet et al., 2013) that aimed to synergise the available experimental and theoretical studies in antibiotic, insecticide, herbicide and fungicide resistance research, concluded that mixtures in which each component was used at its full label dose (the registered maximum dose per application, specified on the label) was the optimal resistance management strategy. Indeed, for insecticides, 14 out of 16 studies showed that mixtures were the most effective resistance management strategy. The authors highlighted “multiple intragenerational killing” as the reason for this, also known as redundant killing.
There are two classical explanations for why mixtures of two insecticides, applied at full dose, should reduce the selection rate for resistance: redundant killing, and lowering the dominance of the resistant alleles (Curtis et al., 1978). With two modes of action being used simultaneously against an insect pest, redundant killing posits that individuals resistant to one mode of action would be killed by the other mode of action in the mixture and vice versa, thus reducing the level of resistance in the population. Reducing the dominance, on the other hand, posits that by using a high dose of insecticide, the heterozygote individuals in a population will be killed at as high a rate as the sensitive individuals, thus making the insect functionally recessive, irrespective of the true dominance of the resistance allele. With only resistant homozygote individuals surviving an application of insecticide, these resistant homozygote individuals will mate with the remaining sensitive individuals, again creating heterozygotes which will, again and recurrently, be killed by the high dose of pesticide applied (Curtis et al., 1978). 
Despite this insecticide mixtures are not often used.  There are several reasons for this. Firstly, that the use of mixtures of insecticides at their label dose increases the amount of active ingredient used compared to rotations of insecticides at their label dose, which leads to control above and beyond what is necessary, and greater environmental impact. Additionally, where the insecticides are targeting different insect species that can be damaging at different times in the crop life cycle, the application of insecticide mixtures at the wrong time would be wasteful. The Insecticide Resistance Action Committee (IRAC) advises that rotating different modes of actions is usually the best strategy (IRAC, 2012), and that if mixtures are to be used they should be used at their registered rates, be of different modes of action with no cross-resistance, have little resistance to either mode of action, and have similar periods of residual insecticidal activity (IRAC, 2012).
Most modelling studies either model a single insect and test for sensitivity in parameters (e.g. Stratonovitch et al. (2014), Argentine et al. (1994)), or start with a default parameterisation and perform a monofactorial parameter search from here (e.g. Curtis (1985)). While this provides insight around the initial parameter values, the parameter space in reality is considerably larger, and interactions between different life-cycle parameters may influence the effectiveness of different management strategies. A more comprehensive overview of the benefit of each management strategy for multiple insect pests requires a model that can test each strategy in a model pest with different life-history structures, genetics of resistance, life-cycle parameter values, and insecticidal traits. Such a model would enable a global sensitivity analysis from which general conclusions can be drawn.
Therefore we present a flexible, deterministic model describing the selection of target-site resistance in an insect pest population, in order to examine what features of an insect-insecticide system lead to different resistance management strategies being optimal. Four resistance management strategies are compared: application of one insecticide until failure, followed by application of the other (sequential application: SA); a mixture of two insecticides at their label dose (a label-dose mixture: LM); rotating two insecticides over a succession of years at their label dose (label-dose rotation: LR); and a mixture of two insecticides at a reduced dose that leads to a similar efficacy as a single insecticide at label dose (reduced-dose mixture: RM). 
To gain the greatest insight, we explore this model in two ways. Firstly, a monofactorial search, starting from two initial model parameterisations, in which the insect life-cycle parameters, genetics, reproduction, as well as the effect of the insecticide and the degree of resistance towards the insecticides are all varied. Secondly, a global analysis in which the model structure and parameter values are generated randomly. In all scenarios we are testing whether a SA, LM, LR or RM results in the slowest selection for resistance to the insecticides in each particular realisation. In a farming context, the success of a resistance management strategy can be measured as the ‘effective life’ of a mode of action against a particular pest species. ‘Effective life’ is used here to convert the effect of selection into a practically meaningful output, quantified as the number of years until loss of effective control.
The aim of the paper is to examine whether particular traits, either of an insect’s life cycle or of the insecticide resistance genes, determine which of the four strategies results in the longest effective control of a given insect pest.
2. Methods
We first describe the simulation model, before describing the approaches used to analyse the model, as well as the model parameterisations for each approach.
2.1 Model
2.1.1 Within-year dynamics
Within each year of a simulation the insect population grows according to the specified insect life history (see below) for 100 days. On day 50 of each year, one or both insecticides are added to the system. Although in field scenarios two or more pesticide applications may be made during a year, for simplicity of the analysis here we only consider one application per year. By making this assumption we ensure that the difference between strategies can be assessed at the end of each year, over a succession of years.
2.1.2.  Insect life history
The insect life history is described by one or more systems of equations. The exact structure of the system of equations is determined by the life-history of the insect in question. If the insect pest is holometabolous, then the lifecycle is described by Equations 1-4, which gives the density of each resistance genotype within the egg, larvae, pupae and adult stages (, , , , respectively). If, on the other hand, the insect is hemimetabolous, then only the larval and adult stages are modelled, as described in Equations 5 and 6.
The system of equations describes the change in the density of each genotype within each stage over time. For a diploid insect pest each stage consists of nine genotypes, whereas for a haploid insect four genotypes are modelled. Each genotype within the adult stage produces eggs (or, if hemimetabolous, larvae or nymphs)  at a rate  dependent on the genotype (a base birth rate affected by a genotype-dependent fitness cost, see below).  Note that we refer to the immature mobile stage as larvae irrespective of the pest. The birth rate is dependent on the total density of all stages in the population () so that the population is density dependent, and when the total density of all stages approximates the carrying capacity () the birth rate approximates to zero. The proportion of births that are of genotype  is given by , and is described in the reproduction section below. Each stage () transitions to the next stage at a certain rate (), giving an average lifespan of each stage of . Because the stage transition rates are not time-dependent, the insect stages are not discrete in time (this is a necessary simplification to enable comparisons between model simulations, as it allows insecticide to be applied at a fixed time, without missing the target stage in the insect life cycle). In addition, a natural mortality rate () is specified for each stage. Parameter descriptions may be found in the text or in Table 1.
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The previously undescribed parameters in the systems of equations above are briefly: the insecticide-induced mortality rate, ; movement from a population within the crop that is not contacted by insecticide, ; movement of adults from a population outside the crop, . The details of these model components are described in the sections below.
Reproduction
Reproduction may be asexual or sexual. In either case, the rate of production of new offspring is . These offspring are divided up into the different genotypes by calculating the proportion of offspring that are of genotype , denoted .
In a pest with asexual reproduction, the proportion of offspring that are of genotype  is simply the frequency of the adult genotype,  so that  where, as before, .
When undergoing sexual reproduction,  is calculated by incorporating sexual recombination. To do so the proportion of offspring that are genotype  are calculated from the pairing of each possible genotype combination, , where  and  are two genotypes of adults. So, for example, consider 3 genotypes for a single locus: SS, SR, RR. The proportion of offspring that are SS, , may be calculated by considering the density of each 2-way combination of all adult genotypes. For example, if we consider two adults,  and , then 50% of the offspring from this pairing will be genotype SS, such that . Similarly,  and . The proportion of new offspring that are genotype  can therefore be worked out by this proportion and the adult densities. With two loci, the genotypes are instead, for example SSAA, and the combinations between all nine genotypes are calculated.
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Haplodiploidy
The above systems of equations (1-4 or 5-6) represent a diploid insect pest population. However, several important insect pests are haplodiploid. In a haplodiploid pest population, males develop from unfertilized eggs and are therefore haploid, while females develop from fertilized eggs and are diploid. To simulate a haplodiploid insect, a second set of Equations 1-4 (or 5-6 if hemimetabolous) is simulated for the haploid males (albeit with only 4 genotypes rather than 9), with the diploid state variables thus representing the females.
Reproduction of a haplodiploid insect population therefore involves recombination between the male and female insects. As with diploid insects, the rate of production of offspring is , where , and superscripts  and  refer to the haploid and diploid insects. For simplicity, we assume that half of the offspring are haploid, and half diploid. 
For the haploid offspring, the proportion that are genotype , , is related to the frequency of the genotype in the diploid population. As with a sexual population, we calculate the proportion of haploid genotypes that come from all diploid genotypes. That is, we calculate  for each diploid genotype, and multiply by the density of that diploid adults.
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For diploid offspring, the calculation is the same as for diploid sexual recombination, except  instead considers recombination between diploid and haploid genotypes, . 
2.1.3.  Insecticide-free populations
The model includes two untreated populations, one within the field, , representing areas of the crop that are unexposed to the insecticide (a within-crop refuge), and one outside the crop representing movement from and to an untreated population, , representing immigration into and emigration from the treated crop (see Figure 1).
Within-crop refuge
The within-crop refuge, , is simulated by including an additional set of state variables (in an exact duplicate of Equation 1, except that  includes the density of insects in both the treated and untreated populations), and removing the insecticide-dependent mortality, , from the untreated population. Both the larvae and adults (the motile stages of the insect life cycle) move between the two populations at rate . 
External untreated population
An external untreated population is also included, , with immigration and emigration between the within-field population and the external population. Only the adults are assumed to move between the populations, since these are typically the winged (alate) forms of the insect pest species. The adults move between the two populations at rate . Unlike for the within-field refuge, the whole population of  is not simulated concurrently with Equations 2-5, but the resistance frequency changes depending on the movement from  into . The density of  within each year is simulated at the start of the simulation, by simulating the insect population from Equations 2-5 with no insecticide applied, and is assumed to be the same every year. We additionally assume that the external population is  times the size of the treated population, such that if , the untreated population is larger than the treated population and if  the untreated population is smaller than the treated population. The resistance frequency of the untreated population () is changed by the flux of individuals from the treated population and vice versa (Equation 1). 
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Finally, the larvae and adults within the treated population are killed by the dose of insecticide in the system, and the mortality rate is given by , described below.
2.1.3 Insecticide dynamics
On day  one or both insecticides are applied at a given dose (), which then decays at rate  over time, where  denotes insecticide 1 or 2 (Equation 6).
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The applied dose of insecticide results in a mortality rate () on the insect stages it affects (Figure 2). We have previously shown (Helps et al., 2017) that the mortality rate of a particular genotype due to a single insecticide at dose  may be calculated as , where  and  are the genotype specific intercept and gradient of the linear relationship between the log of the insecticide dose and the logit of the mortality, a traditional measure of resistance in the insecticide resistance literature. For two insecticides it follows that  (see Supplementary Information 1), where  is the genotype specific intercept for insecticide 1, and likewise for , , and .
The dose of insecticide applied to the insect population is, depending on the strategy, either a label dose or half the label dose. The label dose is found such that the density of the sensitive stages of the insect population within the crop (in both the treated and untreated areas) is reduced by a certain proportion, , relative to the population when not sprayed, giving a certain mortality. As the day on which the mortality is greatest varies according to the insecticide parameters, we use the largest mortality found between the day of application and twice the half-life of the insecticide. The mortality is varied when stated, with 90% mortality following a spray being the default value.
2.1.4 Insecticide resistance
In a diploid insect, each target-site resistance gene has three genotypes: , and therefore, when modelling resistance to two insecticides, the total number of genotypes modelled is nine (SS/SS, SS/SR, SS/RR, SR/SS, etc…); in a haplodiploid pest population nine diploid genotypes are modelled together with four haploid genotypes. Each genotype has an intercept () and gradient () which, together with the dose of insecticide, are used to calculate the mortality rate (see Insecticide dynamics, above); a lower intercept results in a more resistant genotype (Figure 3). The intercept of both homozygote genotypes for each insecticide is set at the start of the simulation, while the heterozygotes are specified as the weighted average of the homozygotes, determined by the genotypic dominance () of the resistant allele (), where  (N.B. this is not phenotypic (or effective) dominance in which the choice of dose would determine whether the mortality of heterozygotes was more similar or dissimilar to the homozygote genotypes, but simply specifies the genotypic intercept of the heterozygote individuals). With a haploid-diploid population, the haploid resistant genotypes () are assumed to be fully dominant, and therefore have the same intercept as the diploid resistant homozygotes (). While there is evidence that the resistance tolerance in both diploid and haplodiploid species can vary between sexes (Carrière, 2003), we have not incorporated this in this study.
A fitness cost () is modelled by assuming that resistance reduces the birth rate of the genotype. The fitness cost in the model is therefore specified as a percentage reduction in the birth rate (). The same genetic dominance applies here as to the resistance phenotype. That is, .
2.1.5 Between-year dynamics
At the end of each year, the proportion of each genotype in the overwintering stage is recorded, and determines the genotype frequencies carried through the overwintering stage into the next year; in the first year the genotype frequencies are determined by the initial frequency of resistance, . The in-field insecticide dose, as well as the densities of all insect stages are returned to zero; no insecticide or insect stages are assumed to survive overwinter except in the overwintering stage.
2.2 Analysis
To analyse which strategy performs best the metric used in this paper is the time (in years) until mortality of the insect stage(s) targeted by the insecticide fell below 50% (measured on the fourth day after application), the ‘effective life’, as control decreases over time as resistance builds up (Figure 4). We also considered the time until one of the two resistance genes increased to above 25% (T25); the results of the criteria are similar (see Supplementary Information 2), and so we only present the results for the effective life.
The model was programmed in C++ and simulated using the Dormand-Prince iteration method (Dormand and Prince, 1980).
2.2.1 Approaches
With the model described above we aim to obtain insight into what management strategy – a sequential application (SA) of the two insecticides, a label-dose mixture (LM), a label-dose rotation (LR), or a reduced-dose mixture (RM) – is the optimal strategy to slow the decline in efficacy of the insecticides due to selection for resistance, and whether the optimal strategy for a particular situation depends on the life-history characteristics of the insect in question.
We used three approaches to explore the influence of model processes and parameters on the optimal resistance management strategy:
1. Monofactorial analysis with the basic model. We use a simple parameterisation of the model (which we term the basic model, see below for exact description), and alter the model one factor at a time. With each change to the model, the four strategies (SA, LM, LR, and RM) are simulated and compared.
2. Monofactorial analysis with the typical model. We parameterised the model for a ‘typical’ insect pest, using parameters for each variable that seem typical of a range of insect pest species. Sources for each parameter may be found in Table 1. We then adjusted each parameter and factor in the model from this parameterisation – each parameter was adjusted up or down by 50% one at a time, and each factor was excluded from the model in turn. In addition, we carried out the monofactorial analysis with a sexual and a haplodiploid population, but keeping the other parameters the same as in the typical model (Supplementary Information 3).
3. Global analysis. The global analysis was performed by generating 10,000 realisations of an insect/insecticide interaction, by drawing each parameter (or transform of each parameter, see Table 2 for a list of all parameters included) from a uniform distribution from a range specified in Table 2 (justifications for the ranges given in Supplementary Information 4), and randomly choosing each factor. In order to ensure the combinations were not unrealistic, if the combined parameters gave an unrealistic intrinisic rate of increase (see Table 2 for range) the parameters were drawn again. Each realisation of the model was then run under each strategy (SA, LM, LR and RM) for 200 simulation years. 547 of these realisations were unsuccessful, due to the combination of parameters resulting in a population that could not be controlled to the desired efficacy. The remaining 9453 simulations were then analysed using a multinomial logistic regression model (details in Supplementary Information 2).
2.2.2 Basic model
The “basic” parameterisation of the model consists of a hemimetabolous (only larvae and adults), diploid, asexual insect life-history (equivalent to an asexual aphid population). The two insecticides affect both life-history stages of the insect pest. At the start of the year overwintering insects emerge as larvae, and there is no immigration or emigration, within-field refuge or fitness costs included in the model set-up.
The model is parameterised from Myzus persicae life history parameters in the UK, the values of which can be seen in Table 1.
2.2.3 Typical model
The “typical” model is parameterised similarly to the basic model, with the same life-history parameter values, but with the addition of each of the factors in the model, at parameter values drawn from various literature sources (Table 1). The insect model is hemimetabolous, diploid, and asexual, and includes immigration and emigration, a proportion within the population that is not contacted by the insecticide, and includes fitness costs of resistance.
2.2.4 Global analysis
The global analysis (described above) generated insect populations from parameter distributions (Table 2, more details in Supplementary Information 4). The simulation results (described above) were analysed using multinomial logistic regression to find which parameters, or interactions of parameters, had the largest effect on the categorical variable: the optimal strategy – being the strategy that resulted in the longest effective life. Details of the multinomial logistic regression can be found in Supplementary Information 2.
3. Results
3.1 Monofactorial parameter search – basic model
When parameterised as the basic model, applying the two insecticides at the same time as a label-dose mixture (LM) resulted in the fastest loss of efficacy with an effective life of 4 years. Sequential application (SA) of the two insecticides and label-dose rotation (LR) were intermediate strategies, with an effective life of 7 years, while a reduced-dose mixture (RM) was the optimal strategy, resulting in an effective life of 9 years (Table 3). The speed with which effective control was lost varied with changes to the reproduction system, the diploidy, adding either the external population or a within-field refuge, including a fitness cost, or making the adults not affected by the insecticide.  But all of the alterations to the model still resulted in a LM strategy resulting in the fastest loss of effective control, while a RM resulted in the slowest loss of control. The relative performance of the SA and LR strategies was only different for the inclusion of a fitness cost, which resulted in a LR having a greater effective life than a SA strategy.
3.2 Monofactorial parameter search – typical model
Parameterised with all the factors included in the model, the “typical model” resulted in LM leading to the fastest loss of control, and RM the slowest, with an effective life of 11, 9, 11, and 17 years for the SA, LM, LR and RM strategies respectively (Table 4, the full results of the parameter search can be found in Supplementary Information 3). While decreasing (or increasing) the birth rate or lifespan of the larval stage shortens (or increases) the effective life under each of the application strategies, the rank order of strategies does not change much, with LM being the worst strategy with respect to the effective life, and RM remaining the best strategy, and SA and LR being intermediate strategies. This is consistent with the pattern for most parameters. Only increasing the efficacy of a label dose of insecticide, decreasing the dominance of the resistant alleles (making both resistant alleles more recessive) or including sexual reproduction (either with or without haplodiploid genetics) changed the rank order of strategies. Increased efficacy of both insecticides (such that a label-dose resulted in 99% mortality after a spray) resulted in RM becoming the worst performing strategy and LR the best.  Decreased dominance (more recessive resistance genes) resulted in LM becoming the optimal strategy and LR the worst. The addition of sexual reproduction increased the effective life of LM without changing the effective life of the other strategies.
Carrying out the parameter search again, but now including sexual reproduction in the typical model from the start, SA results in the shortest effective control with an effective life of 11 years, while the other strategies result in effective lives of 20, 13, and 21 years for LM, LR and RM respectively (Supplementary Information 3, Table 2). While changing most parameters does not change which strategy is worst (always SA, occasionally equal to LR), the exclusion of immigration to and from an external population does result in LM being the worst strategy. The optimal strategy, however, for each model realisation is either LM or RM, although occasionally LR is also optimal.
When the parameter search was carried out on the typical model with sexual reproduction and haplodiploidy, the results were similar to the typical model with a diploid insect with sexual reproduction (Supplementary Information 3, Table 3). As before, SA is always the worst strategy except in the absence of immigration to or from an external population, and either LM or RM is the best strategy.
3.3 Global analysis
Of the 10000 simulations that began, 2191 did not finish, as it was not possible for the program to calculate a label dose that resulted in the mortality rate at the threshold for ‘effective control’. Of the remaining 7809 simulations, 6362 (81%) finished with effective control having been lost within the time of the simulation for at least three of the strategies, so that the optimal strategy of the four strategies could be calculated. For those strategies for which it was not possible to calculate the optimal strategy, a logistic regression was performed to test for differences between those simulations and those that did have an optimal strategy. The main variables determining whether or not effective control was lost within the time period of the simulation was whether or not the population underwent sexual reproduction (when asexual 7% didn’t lose effective control, versus 24% when sexual) as well as the fitness costs (higher fitness costs meant that effective control was more likely not to be lost).
Of those simulations that resulted in loss of effective control for at least three of the strategies, 49% had the longest effective life by applying two insecticides as a reduced-dose mixture (RM) (Figure 5). A label-dose mixture (LM) and sequential alternation (SA) were each the optimal strategy in 20% and 18% of simulations respectively, while a label-dose rotation was the optimal strategy in only 6% of the simulations. In the other 7% of simulations, the effective life was longest in a combination of two or more of the strategies.
With the 6473 simulations for which there was a single optimal strategy, stepwise model selection resulted in a final multinomial model consisting of 32 factors, parameters, and interaction terms (Supplementary Information 2, Table SI 2.2). The most critical parameter differentiating the strategies was whether or not the insect population reproduced sexually or asexually, with LM, LR and RM being more likely to be optimal in insects with sexual reproduction than in an “average” insect pest, and therefore SA being less likely. Dividing the optimal strategies of all simulations according to the reproduction strategy of the insect pest shows that of the 2160 simulations in which the insect reproduced asexually, SA was the optimal strategy for 51% of the simulations; of the 3769 simulations in which the insect population reproduced sexually, SA was the optimal strategy in only 1.7% of the simulations (Figure 6). 
While the other coefficients in the model were less extreme, the next largest coefficients were for sexually reproducing insects, and involved interactions between the efficacy of the insecticides, and the rate of immigration from the external population. Without sexual reproduction the next largest coefficients were the fitness cost of each insecticide resistance gene, which decreased the probability of SA being the optimal strategy for a single realisation compared to the other strategies, and whether or not the insect had a complete life-cycle, which increased the probability of SA being optimal compared to the other strategies. 
When, in a practical situation SA is not an option (see Discussion) a reanalysis without including the SA strategy shows that for asexual species RM was in most cases the optimal strategy (in 56% of simulations), followed by LR (43%) and then LM (7%, Figure 7). For sexual species, RM was optimal (in 65% of simulations) followed by LM (57%), while LR was only rarely the optimal strategy out of those considered.
4. Discussion
The use of multiple insecticide modes of action has often been proposed as a method by which intense selection for resistance might be avoided. However the way in which the insecticides are combined can alter the potential benefit (Roush, 1993). Current guidance recommends using rotations of different insecticidal mode of actions when targeting a single insect pest species with multiple insecticides (EPPO, 2012; IRAC, 2012), and, if using mixtures for resistance management, “each active substance should have a similar and preferably high level of activity against the target in its own right” (EPPO, 2018). Our results for the optimal management of two target-site resistance genes, suggest otherwise. Firstly, it is clear that there is not a single strategy in those we tested that provides the longest effective life for all parameterisations of this model, representing different pest life-cycle characteristics. Secondly, of the four strategies tested in this study, a rotation of two insecticides in alternating years was only rarely the optimal strategy for any given parameterisation of the model, being optimal in only 6% of the simulations run. Furthermore, of the two mixture strategies tested in this study, a mixture of two insecticides at reduced dose was more frequently optimal than mixing two insecticides at their label dose.
Despite many modelling studies carried out through the 1980s and 1990s, a conclusive picture of what application strategy works best to manage resistance has remained elusive. While several studies suggested that mixtures were always best (e.g. Mani (1985), Curtis (1985), Caprio (1998)), others have been equally convinced that alternations, and in particular spatial alternations, have been the best strategy (e.g. Muir (1977), Curtis (1981)). Our study demonstrates that the most crucial determinant of the optimal resistance management strategy is the reproduction mode of the insect. With asexual reproduction, sequential application of the two insecticides resulted in the longest effective control in over 50% of the simulations run. With an insect with sexual reproduction, however, a mixture of the two insecticides is most effective, resulting in the longest effective life in 95% of the simulations with sexual reproduction. Therefore, this study would predict that, of the strategies tested in this paper, a mixture would be best if the insect reproduces sexually, while sequential application may be best if asexual, but with reduced-dose mixtures and rotations being optimal in some cases. We cannot comment using this model on the benefit of spatial mosaics as the model used here was not spatial. It seems likely that whether a spatial mosaic acts more as a mixture or rotation is likely to be highly related the degree of inter-field movement; with high movement insect pests would be exposed to both insecticides, and so a mosaic would function more like a mixture.
[bookmark: _Hlk30602856]The mechanism for sexual reproduction being the main determining trait for which strategy is best at prolonging effective control is not clear from this analysis. However Georghiou and Taylor (1977a) proposed a mechanism for recombination aiding resistance management. They reasoned that when the frequency of resistance is low but increasing, most resistant insects (whether SR or RR) will mate with homozygote sensitive individuals, producing heterozygote individuals and not homozygote resistant individuals. Recombination therefore maintains the resistance allele in heterozygotes, and therefore allows insects to be controlled for longer. We have previously shown that this proposed mechanism does not significantly affect the choice of dose of a single MoA (Helps et al., 2017), since applying a high dose of a single MoA increases the selection for the RR insects whether there is recombination and immigration of sensitive insects or not. However, with multiple MoAs, recombination does allow the ‘heterozygotes’ – in this case insects that are resistant to one insecticide but not the other – to be controlled by the other MoA if present, thereby slowing selection. Therefore, with recombination, mixtures slow selection. Conversely, in an asexual insect, the insecticides select for each resistant genotype at the rate determined by the amount applied, there is no recombination. Consequently, if the insecticides are applied as a label-dose mixture they receive double the amount of insecticide compared to any of the other strategies, and select rapidly for resistance.
Few studies have looked at reducing the dose of a mixture of insecticides, however one that did suggested that a reduced-dose mixture (RM) would virtually double the effective life of each insecticide (Knipling and Klassen, 1984), a finding supported by the results presented here in the analysis of the basic and typical models (Tables 3 and 4). Indeed, for the majority of simulations tested herein, RM was the optimal strategy and considerably extended the effective life. While for a sexually-reproducing insect whether a reduced-dose or label-dose mixture was optimal was dependent on the particular simulation, as Caprio (1998) found, in specific circumstances such as the basic model (even with sexual recombination), a label-dose mixture can result in very rapid loss of effective control. This agrees with the conclusion of Georghiou (1994), who stated that “management by moderation should be the basic approach and should be supplemented to the maximum possible by integrated pest management strategies”.
With an asexual insect, the analysis shows that the optimal strategy is most frequently either applying the two insecticides at a reduced-dose mixture, or applying each insecticide sequentially until they are not effective. However, the sequential application of insecticide may be difficult to achieve in practice, as farmers are unlikely to continue using an insecticide as the efficacy drops if there is an alternate mode of action available. Because of this we additionally asked, if SA was not an option, which of the three other strategies was best (Figure 7). Of those simulations for which SA was the optimal strategy, RM was the optimal for ~50% of them in the absence of SA, LR for ~30%, while only 5% went to LM, with the remaining simulations resulting in a combination of the three strategies being optimal. Therefore, in practical circumstances, RM is even more frequently the optimal strategy than when SA is included.
The analysis of the typical model suggests that the gain in effective life resulting from the inclusion of sexual reproduction is lost if there is no immigration from and to an external population which remains more sensitive than the treated population. This was confirmed with a multinomial regression model looking at the traits that determine whether LM, LR or RM is optimal in a sexually-reproducing insect pest (Table SI 2.3); immigration was by far the most important trait increasing the likelihood of LM being optimal compared to LR or RM, although the efficacy of each insecticide and the interaction between the efficacy of each insecticide were also important determinants. The importance of immigration for a label-dose mixture being an effective control strategy has been found in many studies (Georghiou and Taylor, 1977b; Tabashnik and Croft, 1982), and forms the basis of the high dose-refuge strategy that has been effective in Bt crops (Huang et al., 2011), the theory being, as described above, that susceptible immigrants mate with resistant individuals within the treated population, creating heterozygotes which can then be controlled.
The size of the external untreated population, however, was not a major determinant of the optimal management strategy, suggesting that as long as there is some transfer of insects between a treated population and an untreated population, label-dose mixtures could be effective in a sexual insect population. Presumably in this model the size of the external untreated population was always enough to allow a label-dose mixture to slow the development of resistance. While the presence of an external untreated population seems reasonable, several studies have found that the consequences of management in treated populations can alter the population densities in untreated populations, with subsequent effects on the control of resistance (Adamczyk Jr and Hubbard, 2006; Caprio, 2001; Carrière et al., 2004). These consequences suggest that if high levels of control are applied to treated fields consistently over time, the effect of untreated populations could decline. While our model did not include this possibility, the fact that susceptible and resistant individuals emigrated from the treated population into the untreated population did render the refuges less effective over time. 
Perhaps as important as finding out which life-history or insecticide traits are determinants of the optimal resistance management strategy, is being aware which parameters are not. Most notably, the initial frequency of resistance, despite varying across three orders of magnitude, was not an influential factor in determining which strategy might be more important. Additionally, most life-history parameters of the insect pest, such as the lifespan of each stage, the carrying capacity of the population, or the natural mortality rates, were mostly not sufficiently influential to be included in the final regression model. While these traits do affect the rate of selection, they are not material in determining which resistance management strategy will be most appropriate to delay the build-up of resistance.
Other factors that have been thought to have a large effect on the ranking of resistance management strategies are the fitness cost of each resistance gene (having a fitness cost makes rotations more likely to be optimal), the initial frequency of resistance, and the decay rate of the two insecticides (which are thought to need to be similar for mixtures to work). While all of these appear to be true in our global analysis, they are relatively minor in comparison to the relative efficacies of the insecticides. Changing each of these in the basic or typical model did not change the rank-order of success of the strategies, suggesting they are not critical determinants of optimal strategies. While cross-resistance between two insecticides is thought to make mixtures less effective, we have not considered cross-resistance in this analysis since mixtures or rotations of insecticides within the same mode of action group is not recommended.
The results presented herein, as with the many modelling studies in the past, are purely theoretical. Despite attempting to parameterise the model as accurately as possible from literature sources, no experiments have been done to validate the results. While experiments have been carried out in the past looking at the benefits of different resistance management strategies (e.g. Macdonald et al. (1983)), laboratory experiments have been limited by the need to change the dose in order to maintain a viable population for sequential generations (e.g. Abbas et al. (2014); Prabhaker et al. (1998)).  Field experiments have tended to produce inconclusive results (e.g. Parker et al. (2006)). However, until experimentally verified, the results presented should be treated with appropriate caution.
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	Parameter
	Description
	Basic model
	Typical model
	Reference

	
	Starting density each year
	0.001
	0.001
	-

	
	Birth rate
	1.0
	1.0
	Sauvion et al. (1996)

	
	Carrying capacity
	100
	100
	-

	
	Life span of larvae
	7
	7
	Sauvion et al. (1996)

	
	Transition rate from adults to dead insects
	10
	10
	Sauvion et al. (1996)

	
	Natural mortality rate of larvae
	0.0
	0.005
	Sauvion et al. (1996)

	
	Natural mortality rate of adults
	0.0
	0.005
	Sauvion et al. (1996)

	
	Movement rate between external untreated population and treated population
	0.0
	0.01
	-

	
	Relative size of external population, U(t), compared to treated population
	-
	1.0
	-

	
	Proportion of crop that is not exposed to the insecticide
	0.0
	0.01
	-

	
	Movement rate between treated and untreated areas within the crop
	-
	0.1
	-

	
	Rate of emergence from overwintering population
	1.0
	0.5
	-

	
	Initial frequency of resistance
	1x10-5
	1x10-5
	Gould et al. (1997)

	
	Mortality (%) of a label dose following a spray (maximum reduction in density)*
	90
	90
	Personal comm. Chemicals Regulation Division, UK

	
	Half-life of insecticide (days)
	3.5
	3.5
	Li et al. (2008)

	
	Genetic dominance of the resistance gene
	0.5
	0.5
	-

	
	Fitness cost. The proportional reduction in the birth rate resulting from having resistance
	0.0
	0.05
	-

	
	Intercept of SS logit mortality – log dose line
	2.5
	2.5
	Martinez-Torres et al. (1999)

	
	Intercept of RR logit mortality – log dose line
	-0.5
	-0.5
	Martinez-Torres et al. (1999)

	
	Gradient of every logit mortality – log dose line 
	2.0
	2.0
	Martinez-Torres et al. (1999)

	
	Time at which insecticide is applied
	50
	50
	-


Table 1. Parameter descriptions and default values for the basic and typical model. 
* To set the mortality following spraying the dose is adjusted with an iterative routine until the mortality is within an acceptable threshold (⁺⁄₋ 1e-5).

	Factor
	Scale
	Elements

	Reproduction and diploidy
	Factor
	Diploid, sexual
	Diploid, asexual
	Haplodiploid, sexual

	Life cycle
	Factor
	Holometabolous
	Hemimetabolous

	Untreated stage
	Factor
	False
	True

	Parameter
	Scale
	Lower limit
	Upper limit

	Birth rate
	Uniform
	1.0
	20.0

	Lifespan (all stages)
	Uniform
	2
	60

	Mortality (all stages)
	Uniform
	5%
	90%

	Intrinsic rate of increasea
	
	0.05
	0.5

	Carrying capacity
	Uniform
	10
	10000

	Proportion of crop unexposed
	Uniform
	0
	0.33

	Movement rate between treated and untreated populations
	Uniform
	0
	0.02

	Untreated population size
	Uniform
	0.0
	10.0

	Initial frequency of resistance
	Power (10x)
	10-7
	10-4

	Immigration and emigration rate
	Uniform
	0.1
	2.0

	Emergence rate
	Power (10x)
	10-2
	10-1

	Dominance of each resistance gene
	Uniform
	0.0
	1.0

	Gradient of each resistance gene
	Uniform
	0.5
	6.0

	Resistance ratio
	Uniform
	10
	1000

	Insecticide half-life
	Uniform
	1
	10

	Fitness cost of each resistance gene (%)
	Uniform
	0.0
	10.0


Table 2. Parameter ranges for the global parameter search. Random parameters were chosen  uniformly between the values shown, except for emergence rate and initial resistance frequency, where the exponent was chosen uniformly.
a The intrinsic rate of increase was not randomly generated, but if the biological parameters did not result in a rate of increase within the range shown, the parameters were redrawn.
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	Parameter value
	Effective life

	
	
	SA
	LM
	LR
	RM

	Basic model
	
	7
	4
	7
	9

	+ Sexual
	-
	7
	4
	7
	9

	+ Haplodiploid
	-
	7
	5
	7
	11

	+ Immigration
	0.01
	9
	6
	9
	13

	+ Within-field refuge
	0.1
	9
	6
	9
	12

	+ Fitness cost
	10%
	10
	5
	11
	19

	+ Unaffected larvae
	-
	11
	9
	11
	12


Table 3.  The effective life under each application strategy in the basic model (top row), and when each model factor is included one at a time. Where including a model factor involves a continuous parameter, the value from the typical model is used.

	
	Default value
	New value
	Effective life

	
	
	
	SA
	LM
	LR
	RM

	Typical model
	-
	-
	11
	9
	11
	17

	Parameters

	Birth rate +
	1
	2
	7
	6
	7
	9

	Carrying capacity +
	100
	200
	12
	10
	13
	20

	Larval mortality rate +
	0.01
	0.02
	11
	9
	13
	18

	Adult mortality rate +
	0.01
	0.02
	11
	9
	13
	18

	Larval lifespan +
	7
	14
	18
	14
	21
	33

	Adult lifespan +
	10
	20
	9
	8
	9
	13

	Resistance ratio +
	32
	64
	11
	8
	11
	17

	Dominance +
	0.5
	0.75
	11
	9
	13
	20

	Insecticide half-life +
	3.5
	5.25
	11
	8
	11
	17

	Efficacy +
	0.9
	0.99
	29
	17
	45
	10

	External population size +
	1
	2.0
	11
	9
	13
	18

	Movement rate +
	0.1
	0.2
	11
	9
	12
	17

	Immigration rate +
	0.01
	0.02
	12
	10
	13
	18

	Initial resistance frequency +
	1x10-5
	5x10-5
	10
	8
	11
	16

	Proportion of crop untreated +
	0.01
	0.02
	11
	9
	13
	17

	Fitness cost +
	0.05
	0.075
	13
	12
	19
	30

	Model alteration

	Haplodiploid genetics
	-
	-
	12
	26
	17
	19

	Sexual reproduction
	-
	-
	11
	20
	13
	21

	No immigration
	-
	-
	10
	6
	9
	15

	No untreated crop
	-
	-
	11
	8
	11
	18

	No fitness cost
	-
	-
	9
	7
	9
	12

	Unaffected larvae
	-
	-
	37
	33
	67
	>100


Table 4. The change in the effective life using the typical model (top row), and subsequently when each parameter or factor is altered in the typical model from the default value to the new value.
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Figure 1. Within-season dynamics in the model. After overwintering, insects emerge (I0), and transition between life-cycle stages: eggs (E); larvae (L); pupae (P); and adults (A), with the average lifespan of each stage being , where  is the letter of each stage. Natural mortality of each stage at rate  is included, but not shown here. Some proportion () of the crop is untreated, and the insects in the untreated crop are modelled as a discrete population, with movement of the adult and larval stages between the treated and untreated populations at rate . Immigration and emigration of adults occurs between the crop and an external population (U) at rate .
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Figure 2. The density of an insect population (larvae + adults) modelled by the basic model (left) and the typical model (right), and treated with different doses of a single insecticide on day 50. A single label dose is specified to achieve 90% mortality in the days following application. Different spray applications result in different achieved mortalities.
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Figure 3. The mortality rate of each genotype by a certain dose of insecticide is modelled by a linear relationship between the mortality on a logit scale and dose on a log scale. One target-site resistance gene has three genotypes in a diploid insect (SS, SR, RR), each of which has an intercept () and gradient () specifying the linear relationship for each insecticide (C). The three solid lines show an example of the dose-response lines for three genotypes to insecticide 1, while the dashed line shows the dose-response line for the SS genotype to insecticide 2. The ratio between the x-intercept of RR to SS determines the resistance ratio (RR), while  specifies the genotypic dominance, and therefore the intercept of the heterozygote (SR). 
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Figure 4. The % control four days after a spray application, when each strategy is applied on the basic model (left), or the typical model (right). 
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Figure 5. Frequency distribution of the optimal application strategy of each simulation, where the optimal strategy was that which gave the longest effective life from those strategies tested. The strategies are: sequential application of each insecticide until failure (SA), a mixture with each MoA at label dose (LM), a rotation with each MoA at label-dose (LR); a mixture with each MoA at a reduced dose (RM). Simulations where the effective life was the same for two or more strategies are not shown (< 7% of all simulations).
[image: ]
Figure 6. Frequency distribution of the optimal application strategy of each simulation, divided into asexual / sexual, and diploid / haplodiploid. As before the strategies are sequential application of each insecticide until failure (SA), a mixture with each MoA at label dose (LM), a rotation with each MoA at label dose (LR), and a mixture with each MoA at reduced dose (RM).
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Figure 7. Frequency distribution of the optimal application strategy – out of only three of the four strategies considered in this paper (a mixture of each MoA at label dose (LM), a rotation with each MoA at label dose (LR), and a mixture with each MoA at reduced dose (RM)) – in simulations in which the insect pest is asexual.
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