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Stored-grain insect control costs in varying climates

and levels of insects’ phosphine resistance
Introduction
Insect resistance to phosphine, the primary fumigant used to combat stored grain pests, is a major
problem in many countries such as Australia, Brazil, China and India (Collins et al. 2005;
Daglish 2004; Rajendran 1999; Sartori and Vilar 1991; and Zeng 1999). The development of
resistance in these countries is believed to have resulted from poor fumigation practices over
time. Inadequate insect exposure to phosphine made multiple treatments necessary, allowing
pests to develop resistance (Semple et al. 1992). Once the genes responsible for resistance were
present in an insect population, increased phosphine use resulted in higher proportions of
resistant pests (Emery, Collins and Wallbank 2003; Collins et al. 2005; Daglish 2004; Newman
2010; Schlipalius et al. 2008). As the levels of resistance increase, the frequency, concentration,
and/or duration of fumigation must also increase. Additionally, the problem of pest resistance
developing has been compounded by the Montreal Protocol which mandated that methyl
bromide be phased out (Van Graver and Banks 1997). For many uses, phosphine has been the
only economically available alternative.

Although there currently are no economical alternatives to phosphine as a stored grain fumigant
(Collins et al. 2005), other grain management strategies, such as integrated pest management
(IPM), have been adopted that help slow the development of phosphine resistance (Lorini and
Filho 2004; Mori et al. 2006). IPM combines different tools in a way that is intended to reduce
need for fumigation. IPM is a balanced use of multiple control tactics — biological, chemical, and
cultural — as is most appropriate for a particular situation in light of careful study of all factors
involved (Way 1977).

For example, a storage manager may sample grain to determine if fumigation is necessary
instead of using a calendar-based approach of routinely and automatically fumigating. In some
countries where insect resistance is problematic, stored grain managers have had success
combating resistance by using IPM (Lorini and Filho 2004; Mori et al. 2006).

Although concerns about phosphine-resistant pests have been primarily focused on Australia,
Brazil, China, India and a number of other developing nations, recently, phosphine resistance has
been detected in the US (Opit et al. 2012). Stored grain managers in the U.S. can learn from the
experience gained in countries currently combating phosphine resistance by adopting some of the
available IPM tools. In order to determine whether IPM is cost effective, however, a model that
includes the costs associated with increased pest resistance to phosphine is needed. It is
hypothesized that accounting for resistance costs will increase the economic attractiveness of
IPM approaches relative to conventional fumigation approaches.

Objectives
The overall objective is to determine how phosphine resistance affects cost of controlling
Rhyzopertha dominica, or lesser grain borer (LGB), in stored grain.
The specific objectives are to:
1) Determine the effect of reduced fumigation frequency on costs of LGB control in stored
grain when resistance genes are present.



2) Determine how assumptions about emigration to refuge populations and immigration
from secondary populations affect growth of resistant populations of LGB and their
control costs in stored grain.

3) Determine how alternative rates of fumigation effectiveness affect control costs of LGB
populations in stored grain when resistance genes are present.

4) Determine how alternative beginning levels of phosphine resistant phenotypes affect
control costs of LGB populations in stored grain.

5) Determine how weather affects LGB control costs in stored grain when phosphine
resistant populations are present.

In this study, additional costs associated with changes in pest resistance are modeled and
included in the cost-benefit analysis of a calendar-based fumigation strategy, sampling-based
IPM, and aeration-based IPM. The model is applied to the weather and grain conditions in two
climates representative of those in major US wheat-growing areas, Oklahoma City, OK, and
Goodland, KS.

Literature Review

Pest Resistance Models

Most researchers recognize that pest resistance is a global problem (Collins et al. 2005;
Laxminarayan 2003; Semple et al. 1992); however, the economic costs of pest resistance remain
unclear. Many view pest susceptibility to an insecticide as a common property resource (Carlson
1977; Cowan and Gundy 1996; Hueth and Regev 1974; Fleischer 1998; Laxminarayan 2003).
Since many firms contribute to the resource depletion over time, it is difficult for individual
firms to internalize their contribution to the total cost. However, much of the work leading to the
view of pest susceptibility as a common property resource has occurred with crop pests.
Campbell et al. (2007) has provided evidence that individual stored grain firms bear a large
portion of the cost associated with resistant LGB because LGB do not migrate far. Thus, there
may be an incentive for stored grain firms to manage levels of phosphine resistance within their
firms.

Several conceptual models have been proposed to explain how pest management strategies
impact pest resistance. For example, Hueth and Regev (1974) demonstrated how farm level
decision makers can influence changes in the resistance levels of a crop-pest population. Their
model included a single crop with one pest and one gene responsible for resistance. Analysis
centered on the economic threshold for pesticide application, the known point when a pesticide
must be used to prevent economic loss from crop damage. They showed that the economic
threshold is variable depending on decisions made in the current year. In some cases, however, it
increases in succeeding years. Therefore, pest resistance should be modeled dynamically because
changes in resistance are the direct result of previous choices. This result was supported by
Lichtenberg and Zilberman (1986) who showed that use of products contributing to resistance
increases the future amounts of product needed to achieve earlier results. This increased product
use leads to increased treatment costs.

Hurley, Babcock, and Hellmich (2001) incorporated the Hardy-Weinberg principle (which states
that the proportion of particular genotypes remain constant in a population unless there is a
disturbance) into an economic model that was designed to determine optimal crop refuge size.



Refuge is the designated portion of the crop land where pesticide application does not occur. The
purpose of the refuge is to maintain some level of pest susceptibility as a means to control the
development of pest resistance. They found that the levels of susceptibility are significantly
affected by pest mobility and the ability of refuge and non-refuge pests to mate.

Genetics of Pest Resistance

To date, economic models used to demonstrate the development of pest resistance have assumed
that a single gene (or allele at two levels) is responsible for resistance to a fumigant. However,
these conceptual models may oversimplify the problem of resistance in stored grain pests. For
example, Daglish (2004) identified two levels of LGB resistance to phosphine. Collins et al.
(2005) found that LGB exhibiting strong resistance to phosphine had an additional mechanism
not present in the weak resistant LGB. These two results led to the discovery by Schlipalius et al.
(2008) that two different alleles are responsible for LGB resistance. Further, the genotypes
possible from each allele interact in such a way that LGB exhibit four different levels of
phosphine resistance (phenotypes) which range from about 2.5 to more than 250 times the
resistance of susceptible LGB. These three studies are of potential significance for economic
modeling, especially since the level of fumigation effectiveness impacts the surviving
phenotypes. In other words, when fumigation effectiveness is low, weak resistant pests would
dominate the population; when fumigation effectiveness is high, strong (and some moderate)
resistant pests would dominate.

A common finding reported by Collins et al. (2005), Daglish (2004), and Schlipalius et al. (2008)
is that phosphine resistant LGB did not suffer any fitness cost associated with the increased
resistance. In essence, fitness costs are the tradeoffs that result when one genetic trait is given up
for another. However, Sousa et al. (2009) reported that resistant LGB, in the absence of
phosphine exposure, may indeed suffer fitness costs compared to susceptible LGB. Further, the
fitness costs associated with resistant pests may allow previous levels of susceptibility to be
regained once phosphine use is substantially reduced. Therefore, use of phosphine-reducing
strategies such as IPM may do more than slow resistance development: they may actually reverse
it.

Conceptual Framework

This paper estimates the cost of controlling LGB in stored wheat under alternative specifications
of phosphine resistance and insect population dynamics. According to Schlipalius et al. (2008),
LGB resistance is the result of two different alleles, each at two levels, which leads to the five
possible phenotypes (susceptible LGB, plus four different levels of resistance). They found that
one of the alleles responsible for resistance can occur as a heterozygote (weak 1 resistance level,
which is 2.5-12.5 times more resistant than susceptible LGB), while the other must occur as
homozygote in order for resistance to be expressed (weak 2 resistance level, which is 12.5-25
times more resistant than susceptible LGB). When no resistant genes are present, or when the
alleles responsible for the weak 2 resistance level occur as a heterozygote, then the LGB
phenotype is susceptible. Schlipalius et al. also found that when the alleles responsible for weak1
resistance level occur as a heterozygote and those responsible for weak 2 resistance level occur
as a homozygote, moderate resistance results (25-50 times more resistant than susceptible).
However, they discovered that an interaction between the two alleles occurs when the genes



responsible for weak 1 and weak 2 resistance levels both occur as homozygotes. This results in a
strong resistance (250 times more resistant than susceptible LGB).

One consideration made in this study is that differences in fumigation effectiveness may affect
which of the five phenotypes dominates the population and, therefore, has the strongest impact
on costs. For example, where fumigation effectiveness is high enough to eliminate the
susceptible and weak resistant pests, strong resistant LGB (and potentially some moderately
resistant LGB) would eventually dominate the population, and be the main driver of changes in
cost. However, if fumigation effectiveness were low enough, only some susceptible pests and a
small fraction of weak and moderate pests would be eliminated. The result in this case would be
that weak and moderately resistant pests would eventually dominate the population (the primary
driver of changes in cost) and strong resistant pests would remain in relatively small proportions.

This paper also considers the impact of three grain management strategies on levels of LGB
resistance, and the effect that changes in resistance have on the strategy costs. In particular, costs
of calendar-based fumigation, sampling-based IPM, and aeration-based IPM resulting from LGB
resistance are compared. A typical practice used for wheat in the U.S. Great Plains region is
calendar-based fumigation, under which a grain elevator manager fumigates all structures at
approximately the same time every year. In contrast, a sampling-based IPM approach is to
periodically sample the grain in a storage structure, and to fumigate only if the information,
combined with known insect growth patterns, possibly using decision support software, suggests
that insects are likely to cause damage in the future (Flinn et al., 2007). The assumption with this
IPM strategy is that some or all bins within a storage structure might have sufficiently low insect
population growth that fumigation is not required.

Insect population growth in a grain storage structure depends on environmental conditions
(particularly grain temperature and moisture), condition of the grain, and rate of immigration of
grain-damaging insects into the structure (which itself depends on environmental conditions such
as wind and temperature as well as cleanliness and structural integrity of the facility). The
effectiveness of insect control treatments depends on environmental conditions, cleanliness and
structural integrity of the facility, and on how thoroughly and carefully a particular practice is
implemented.

If the insect population in stored grain is not controlled effectively, the insects will damage grain,
which in turn triggers large discounts. Rhyzopertha dominica. in particular, cause insect damaged
kernels (IDK). R. dominica larvae feed inside the kernel until they mature into adults and burrow
out of the kernel, which results in an IDK. The life cycle of R. dominica is approximately five
weeks at 32°C, so there is approximately a five-week lag between immigration of an adult insect
until appearance of new adults.

Also, if two or more live insects are detected in a one-kilogram grain sample at time of sale, the
U.S. Department of Agriculture (USDA) does not permit the grain to be sold for human
consumption. Since this prohibition can be overcome by fumigating to kill the live insects, this
results in a live insect discount that is commonly larger than the cost of fumigating itself. Often,
in practice, this discount is imposed by commercial firms even if only one live grain-damaging
insect is detected in a one-kg sample.



The model specified below includes costs of discrete insect management and control activities
that can be combined into both IPM and non-IPM strategies. Using the model together with a
population dynamics model, we simulate and compare costs of alternative insect control
strategies, including conventional, calendar-based fumigation approaches and IPM sampling-
based approaches to managing stored-grain insects.

Cost Model
The strategy cost of insect control in time p can be expressed as
1(a) SC, = C(E,, Sy, Ay, IDK,, INE,),

where C(+) is a function of the number of fumigations (F), number of samplings (S), use of
aeration (A), insect damaged kernels (IDK), and infestation discount (INF) at the end of period p.
The net present value (NPV) of costs over P periods is:

P

1(b NPV = SCp
b - Z A+dyp T’
p:

where d is the discount rate.

The cost of treatment is estimated using economic engineering methods in a partial-budgeting
approach, and the cost of failing to control insects is estimated by simulating insect growth under
various environmental conditions and treatments. Adding these costs provides an estimate of the
total cost of using each insect control strategy (IPM vs. calendar-based).*

The elevator manager using calendar-based fumigation is assumed to fumigate at nearly the same
time every year. Under a sampling-based approach, however, it is assumed a manager samples
the grain, and fumigates a particular bin only if the number of insects from a sample of that bin
exceeds a threshold level.

Population Dynamics Model

The development of LGB resistance to phosphine in Australia (see Emery, Collins, and
Wallbank 2003; Newman 2010) appears more similar to scenarios of crop-pest resistance
development when a refuge population is present (see Hurley, Babcock, and Hellmich 2001),
than to scenarios with no refuge (see Hueth and Regev 1974). However, there are currently no
economic studies in the context of stored grain that depict the potential movement of LGB
populations with different proportions of resistance phenotypes.

Implementing a model based on this proposition is difficult, though, because there is uncertainty
regarding: 1) how many LGB with each level of resistance exist in and around a stored grain
facility; and 2) the manner in which insects from each of these levels combine in and around the
storage facility. For example, after fumigation the population inside the stored grain would have
proportions of phosphine resistance different from those of the population nearby the facility.
There may also be LGB that linger within the stored grain facility after grain is removed and that
population would have proportions of resistance levels different from those of the population
nearby the facility. Further, when grain is moved there may be an opportunity for some LGB in

! In a partial budgeting approach, only cost components that might differ between approaches are evaluated. For
example, although the cost of loading and unloading grain is an important storage cost, it is not considered here
because it is assumed to be the same for both the calendar-based and the sampling-based approaches.



the grain to flee back outside the facility. Finally, when new grain is received, LGB immigrating
into the stored grain could be coming from populations of LGB that potentially have different
proportions of resistance levels.

Consider the following model:

2(a) a, = (a,_1 + wy,)(1+w)™t
2(b) Yp =4, [ITAI[,]_1
2(0) =0 =F)"[1+8) " (ay-1 +5¥p-)]"R™

sit. A < (1 +8) (-1 + 6¥jp-1)

e a, isavector of the resistant proportions of the LGB population (based on Schlipalius et
al. 2008)

e pis the storage period (only one period is allowed per year), forp =1, ..., P

* a,_, isavector of the resistance proportions at the end of the previous period and
represents the refuge proportion of the pest population

* a;,_1 isthe proportion of LGB with resistance level j, for j = 1,..,5,and ¥ ; @j,—1 =1

e Y, isavector of the resistant proportions inside the stored grain at the end of period p

e w is the ratio at which the inside and refuge populations mix

e A, isavector of the proportions of the j resistance levels remaining at the end of the
period

e Jjp isthe proportion of resistance level j surviving fumigation, and 4, is not standardized
toone, ie. Yjd, <1

e Fis the fumigation effectiveness and is defined as the proportion of susceptible LGB that
are eliminated during fumigation; and the proportion of resistant LGB eliminated is based
on their level of phosphine resistance relative to susceptible pests

e n, is the number of fumigations

e ¢ is the ratio by which the two populations inside the stored grain mix

e R, is adiagonal matrix of the resistance levels based on Schlipalius et al. (2008) and each

level, 73, is defined in terms of a distribution such that rj, ~N(u;, ajz),wherej is the
lower limit j+upper limit; upper limit;—lower limit;
12 J and 0; = 16 J

resistance level, u; =
e | is a vector of ones

The insect population dynamics model presented here is sufficiently general to permit three
different scenarios about refuge populations. The first scenario identifies three distinct LGB
populations (see Figure 1). The primary (refuge) population (a,,) is similar to a refuge population
described by Hurley, Babcock, and Hellmich (2001) and exists within a region where one or
more stored grain facilities operate. A portion of this refuge population immigrates into new
grain after it is stored. A secondary population (y,,—;) remains inside the stored grain facility
after grain is moved. When new grain shipments arrive, this population also immigrates into the
new grain. A tertiary population (y,) grows inside newly stored grain and is a mix (at rate ) of
the refuge and secondary populations. When grain is sold and removed from storage, a portion of
the tertiary (in-bin) population emigrates (at rate w) back to the refuge population, and the
remaining portion of the population makes up the secondary population.



A distinction between the three populations is important when proportions of resistance are
considered since each population would have different proportions of resistance levels. The
tertiary (in-bin) population is the only population exposed to phosphine; therefore, that
population would have the highest levels of resistance. The secondary population only exists
after the storage-bin is emptied and would have the same levels of resistance as the tertiary
population in the previous period. The refuge population would have the lowest levels of
resistance.

This first scenario appears to best model the situation in Australia. Without the presence of an
“accidental” refuge of LGB near Australian stored grain facilities as suggested by Emery,
Collins, and Wallbank (2003) and Newman (2010), the Hueth and Regev (1974) model predicts
that susceptible LGB would have disappeared much more rapidly (in just a few seasons) and
LGB populations would only be composed of weak and strong phosphine resistant LGB (see also
Hurley, Babcock, and Hellmich 2001). Avoiding this type of occurrence was the primary
motivation behind utilizing crop refuges (Hurley, Babcock, and Hellmich 2001). Further, as the
number of fumigations and/or the concentrations of fumigant increased, the proportion of weak
resistant LGB would have dwindled, allowing strong resistant LGB to dominate the population.
Based on the evidence provided by Emery, Collins, and Wallbank (2003) and Newman (2010),
this was not the case.

The second scenario considers only two populations, the refuge and the tertiary population. In
this case, no secondary population exists (and § = 0). The third scenario considers three
populations but assumes that no portion of the tertiary population returns back to the refuge (i.e.
w = 0). Instead, it makes up the secondary population. This scenario allows for a steady state of
resistance level proportions since the refuge acts to continually dilute the tertiary population,
while the proportion of the resistant levels in the refuge population never change.

Factors Driving Resistance and Costs

Higher frequencies of phosphine application by stored grain managers result in more rapid
development of resistant LGB (Collins et al. 2005; Hueth and Regev 1974; Lichtenberg and
Zilberman 1986). As the resistance to phosphine increases, more frequent applications are
needed to control economic damage. Therefore, factors that contribute to more rapid resistance
development should also contribute to higher costs. There are five different factors considered in
this study that potentially affect the speed of resistance development, which in turn impacts
insect control strategy costs: fumigation effectiveness, the relative proportion of the tertiary
population returning back to the refuge (w), the relative proportion of the secondary population
entering the grain (o), starting proportions of resistance levels, and the weather.

Schlipalius et al. (2008) identified four different levels of resistance and depending on the
fumigation effectiveness (and potentially the weather which drives LGB growth) rapid
development of resistance could occur by one of two ways. If fumigation effectiveness was high
enough, only strong (and some moderate) resistant LGB would survive. Therefore, the costs
associated with increased resistance would be the result of increased strong resistance LGB. On
the other hand, if fumigation effectiveness was low enough then higher portions of weak
resistant LGB, relative to strong resistant LGB, would survive. In this case, the costs associated



with resistance would initially be attributed to weak resistant LGB, and later with strong resistant
LGB (as the number of fumigations per period increased).

Under scenarios 1 and 2, the higher the rate of emigrating (w in Figure 1) tertiary LGB, the faster
the refuge develops resistance. This also depends on the fumigation effectiveness (i.e. the
surviving proportions of resistance levels) as well as the weather. Similarly, under scenarios 1
and 3, higher rates of immigration (J in Figure 1) of the secondary population would lead higher
proportions of strong and moderate resistant pests inside the grain. This would also potentially
lead to faster rates of resistance development. Again, this will depend on the fumigation
effectiveness and weather. The rates of emigration and immigration are potentially important
considerations if other conditions, such as fumigation effectiveness and weather, are such that
one grain management strategy is more cost effective than the other. However, the specific
threshold for each of these other considerations (fumigation effectiveness, and weather) must
also be determined.

When the proportion of weak, moderate and strong LGB resistance is very low in the LGB
population, there is a potential opportunity for cost differentiation between grain management
strategies that fumigate at different rates per period. In other words, it may be possible that the
strategy which fumigates the least would also cost the least if LGB resistance is not well
established. This is one of the motivating factors for using sampling-based IPM (Adam et al.
2006). However, the difference in the frequency of fumigations under each strategy, in this case
calendar-based and sampling-based, would have to be such that the costs associated with the
sampling-based IPM would be less than those associated with calendar-based fumigation over a
limited time horizon.

In general, warmer weather encourages LGB growth in stored grain (Flinn et al. 2004).
Therefore, strategies that are cost effective in cooler climates may not have the same costs and
benefits in warmer climates. For example, Adam et al. (2010) demonstrated that sampling-based
IPM was only cost effective in cooler climates, or when grain was stored for a shorter period of
time. This was because LGB growth was high enough in the locations considered that fumigation
was always necessary. Although the present study only considered a single storage season (1989-
1990), it may be the case that using sampling-based IPM will never be cost effective in warmer
climates (where LGB growth is potentially higher) when storage periods are longer. However, in
warmer climates with moderate storage periods and once LGB resistance is introduced into the
model, sampling-based IPM may be cost effective over a time horizon.

Methodology

The objective in this study is to determine how the cost of grain management is impacted by the
proposed LGB population dynamics model, fumigation effectiveness, starting proportions of
LGB resistance, and weather. The proposed LGB population dynamics model considers three
scenarios: (1) after grain is sold, LGB surviving fumigation emigrate (at rate ) to a refuge
population, and then immigrate into new grain while a secondary population remains in the
storage facility that also immigrates (at rate J) into new grain, (2) after grain is sold, LGB
surviving fumigation emigrate to a refuge population and no secondary population exists

(¥Yp-1 = 0,6 = 0), (3) after grain is sold, LGB surviving fumigation do not emigrate (w = 0) to
the refuge population, but become the secondary population (se Figure 1). It is important to point



out that the impact on cost from immigration of a general LGB population into stored grain was
demonstrated by Adam et al. (2010). In their study, the term “immigration” referred to the rate at
which LGB entered the stored grain. Their immigration rate generated an actual number of pests
per kg and was based on the Flinn et al. (2004) model. In this study, immigration and emigration
are relative terms and used to describe the proportions of each LGB populations relative to the
refuge population.

Since the same LGB growth model (Flinn et al. 2004) is used in this study, immigration based on
the Adam et al. (2010) definition is considered part of the LGB growth rate. Additionally, a fixed
immigration rate of “low,” based on the Flinn et al. (2004) model was used for all LGB growth.
The reason this “low” rate was used is because Adam et al. (2010) had previously demonstrated
that fumigation was always necessary in warmer climates and when immigration into the grain
was “normal.” Therefore, when LGB resistance is included in the model, the only case where
calendar-based fumigation and sampling-based IPM impact changes in the development of
resistance differently is when the immigration rate used in the Flinn et al. model is low.

To accomplish the objective set out in this study, a simulation was designed such that each
scenario could be examined given variations of the five factors (model parameters). In the
simulation, grain is received and stored shortly after harvest. LGB enter the grain according to
what the Flinn et al. (2004) model predicts, and based on the specific scenario and set of factors
(model parameters) used.

Under calendar-based fumigation, grain is fumigated at the same time each season. At the
conclusion of the storage period, grain is moved. Since the development of LGB resistance is
included in the model, at some point in time the residual LGB remaining after fumigation will
trigger the need for additional fumigation. In the simulation, if residual LGB population is
greater than the acceptable threshold at the time grain is sold, the simulation adds an additional
fumigation for all subsequent crop years. Once an additional fumigation event is added, under
calendar-based fumigation it will always occur, so the number of times fumigation occurs per
period only increases and never decreases.

Under sampling-based fumigation, the process of receiving grain and LGB growth is the same as
under calendar-based fumigation. In place of automatic fumigation, however, grain is
automatically sampled. Fumigation will only occur if sampling determines it is necessary to
avoid LGB growth reaching the acceptable threshold. Similar to calendar-based fumigation, at
some point in time additional sampling and fumigation becomes necessary due to the increase of
LGB resistance. In place of one additional sampling event occurring automatically, the initial
sampling will determine if fumigation and the further sampling is necessary. Once the threshold
is reached, if sampling determines fumigation is necessary then one an additional sampling is
also necessary. However, if the initial sampling determined fumigation was unnecessary then no
further action is taken during the particular period. As was the case with calendar-based
fumigation, this is a stepwise process. Therefore only the addition of one sampling and
fumigation is allowed per period.

The specific simulation parameters and the sources for model inputs are described in the next
section (Data and Simulation Parameters). What follows in this section is the specification and



explanation of the general model used in the simulation as well as a discussion about how LGB
population genetics were handled in the simulation.

Change in Levels of Resistance from Fumigation

Determining periodic changes in grain storage costs from corresponding increases in LGB
resistance to phosphine depends on identifying how resistance increases the number of
fumigations (or fumigations and sampling) needed per period. Hueth and Regev (1974)
demonstrated that use of a pesticide in period P to control crop pests would reduce the
proportion of susceptible pests in period P 4+ 1 making pesticide use in successive periods less
effective. Greater amounts of pesticide would be necessary to achieve the same level of pest
control obtained in previous periods thereby increasing the cost of crop pest control. Similarly,
an increase in the cost of stored grain management during any period would result from
additional fumigation or additional fumigation and sampling.

Although fumigation selects for resistant pests, the impact of a single fumigation also depends on
the effectiveness of pesticide application (fumigation effectiveness), the proportions of pest
resistance levels in the population, and the genetic mechanisms responsible for resistance. The
analysis by Hueth and Regev (1974) assumed that a single allele was responsible for resistance.
However, for R. dominica Schlipalius et al. (2008) have identified two loci, each with two
alleles, responsible for resistance. The possible combinations of their alleles result in four levels
of LGB phosphine resistance, plus full susceptibility.

As previously discussed, the specific population dynamics that account for LGB phosphine
resistance levels within the framework of stored grain management are unclear. The model
proposed in equations 2(a)-2(c) is similar to what Hurley, Babcock and Hellmich (2001) have
described with crop-pests: that LGB surviving fumigation in a given period mix with another
population not fumigated (refuge population) in the same period. In this case, the overall change
in resistance is diluted down, relative to what Hueth and Regev (1974) predicts. To set up the
model following the proposed LGB population dynamics, an initial LGB refuge population with
specific proportions of each resistance level is defined, a,, (also see Figure 1). Then LGB
immigrate into the stored grain, potentially from two sources if the secondary population (y,-4)
exits, and are defined by, y,,. This population in the stored grain will potentially have different
proportions of resistance levels relative to a,,. If fumigation occurs, then the surviving pests
inside the grain will have different proportions of resistance levels relative to a,. Once grain is
sold and depending on the particular scenario considered, a portion of the population inside the
stored grain may return to the refuge (at rate w), while the remainder will make-up the secondary
population for the next period.

Based on the model’s construction, the secondary population and the refuge will mix at rate o
during the fumigation step in equation 2(c). This is simply for convenience. The restriction in the
model assures that the proportion of a particular resistance level after fumigation is not greater
than what is actually possible. Additionally when § = 0, the model fits scenario 2, and when

w = 0and § > 0 the model fits scenario 3. Equation 2(a) is used to develop the recursive model
that is used to identify changes in proportions of resistance over the time-horizon of P periods:



P
2(d) ap = ag(1+ )" + z ¥p(1+ @) F+r-1

p=1
where a, is a vector of the initial resistance proportions at the start of the simulation.

Determining the Number of Fumigations

A distinction is made between the number of fumigations for calendar-based fumigation and
sampling-based IPM. Under a calendar-based approach, fumigation occurs regularly and the
number of fumigations will increase by up to one per storage period, as the number of LGB
surviving fumigation is at, or above, a predetermined economic threshold. This threshold is
based on the acceptable number of pests that are found in the grain on a per kg basis (Adam et al.
2010). Under a calendar-based strategy the number of fumigations per period is determined as

follows:
3) 0, = n,_;+1 if c;,f,_llT,l,,_1 >1

n,_1 otherwise
where G, is the LGB growth based on Flinn et al. (2004) and 7 is the economic threshold.

For sampling-based IPM, the number of fumigations is determined by sampling in the current
period as well as the number of fumigations in the previous period and whether or not pest
growth exceeded 7 in the previous period, that is:

3(a) my, = m(Ny,|Sp, Ny_q,T)

where m,, is the number of fumigation under sampling-based IPM and s,, is the number of
samplings. As n,,_; increases, the number of potential sampling and fumigation increases. For
example, if n,_, = 3 and Gp_llTAp_l > 7 then the possible number of sampling is s,, €
{1,2,3,4}, while the possible number of fumigations is n, € {0,1,2,3,4}. Note that n, < s, V p.
For this same example of n,_; = 3, if the first sampling determines that fumigation is not
necessary during period p, then s, = 1 and n,, = 0. On the other hand, if the first sampling
determines fumigation is necessary, then the number of samplings in period p will continue to
increase until s, = 3 (and the number of fumigations will also continue to increase until n,, = 3)
or until sampling determines no more fumigation is necessary.

Aeration-based IPM

In this study, aeration-based IPM is also examined in the context of resistance and compared to
the other two strategies. Under an aeration-based strategy, grain is cooled shortly after it is
received in order to suppress pest growth. Previous simulations of LGB growth under aeration-
based IPM and with a “low” rate immigration (based on the Adam et al. 2010 definition of
immigration), demonstrated that fumigation would not ever occur (see Adam et al 2006; Flinn et
al. 2004). This is the case because aeration, under the conditions given above, is able to
suppresses pest growth well below . Since fumigation is not needed under these particular
circumstances, LGB resistance remains constant. Therefore, the costs associated with aeration-
based IPM are also constant.

Adam et al. 2010 also pointed out that many grain storage facilities in Oklahoma and Kansas (the
course of weather data used in this model) are not properly equipped to aerate grain. Therefore
the costs associated with aeration under the conditions or low aeration is simply for comparison.



Estimating Costs

The specific cost for calendar-based fumigation in period p is determined as follows:

4(a) SC, = Cgn, + ChyD1, + Ch, D2,

where SC,, is the strategy cost, Cr is costs of fumigation, Cp4 and Cp, are vectors of IDK and
infestation costs respectively, and D1, and D2, are vectors of indicator variables for IDK and
infestation respectively. Similarly, the cost of IPM is given by:

4(b) SC, = (1 —A)Cem, + (1 — A)Cssy + C4A+ Cpy D1, + €1, D2,

where Cj is the cost of sampling, C, is the cost of aeration, and A is an indicator variable for the
use of aeration.

In this study, changes in the NPV of costs are examined under three different pest population
scenarios, w > 0 and § > 0 (scenario one), w > 0 and § = 0 (scenario two), and w = 0

and 6 > 0 (scenario three), and utilizing one of three grain management strategies (calendar-
based fumigation, sampling-based IPM, and aeration-based IPM). In the third scenario, the
primary population (refuge population) is unchanged after grain is sold and only the secondary
population experiences changes in resistance levels. This allows for a potential steady state of
resistance level proportions which are dependent on F and §.

Stabilizing Allele Frequencies after Fumigation

In the basic Hueth and Regev (1974) model the effect of the remaining allele frequencies, after
fumigation, on the genetic make-up of future pest population is not a necessary consideration
since the model only considers one gene responsible for resistance. Since the findings of
Schlipalius et al. (2008); however, there is a need for a two-allele (each at two levels) economic
model to determine the impact of changes in LGB resistance on the cost of stored grain
management over a time horizon. One of the challenges in developing such a model is
determining how quickly the LGB population stabilizes after fumigation based on the remaining
allele frequencies. The main concern is that stabilizing the population under the circumstances of
fumigation and different groups of populations mixing violates the Hardy-Weinberg principle
(Lush 1994). Additionally, Hurley, Babcock and Hellmich (2001) demonstrated how a violation
of the Hardy-Weinberg principle, non-random mating, might also occur when pest populations
made up of different resistance levels (the refuge population and the population where
fumigation has occurred) are unable to combine due to their proximity to one another.

In the case of stored grain in this study, it is assumed that mating only occurs inside the stored
grain and after the population has sufficiently mixed (random mating). Further, fumigation
effectiveness is not 100% successful meaning that some susceptible LGB will remain after
fumigation. The distribution throughout the grain of all LGB, both susceptible and resistant is
assumed to be random. Since the allele frequency stabilization after fumigation and potential
violations of the Hardy-Weinberg principle are beyond the scope of this paper, two extreme
cases will be examined: 1) no stabilizing and 2) stabilization after every shock.

If one were to assume that allele frequencies remain constant after fumigation and until the next
round of pesticide is applied (one extreme), then the increase in resistance occurs much faster
compared to when allele frequencies in the population are stabilized after each shock (fumigation
or mixing) (see Lush 1994). Stabilizing the population after each shock also assumes that at least
one generation of reproduction occurs and that the population is large enough for stabilization to



occur. In the first extreme, the five proportions of resistance levels only change when fumigation
occurs or when the two populations mix. However, the levels of resistance are never stabilized
based on allele frequencies (Lush 1994). For the second extreme, the allele frequencies are
assumed to stabilize after each shock (fumigation or populations mixing). In this case, the
genotypes have a multinomial distribution (see Lush 1994) and are grouped into their respective
phenotypes based on the results of Schlipalius et al. (2008).

Data and Simulation Parameters

LGB growth was simulated with the Flinn et al. (2004) model for Oklahoma City, OK, using
NOAA weather data for years 1961-1990 and Goodland, KS, using NOAA weather data for
years 1997-2004. The storage facility and grain condition inputs for the growth model as well as
grain management costs and t were identical to what Adam et al. (2010) (see Tables 1 and 2)
specified. The rate of LGB immigration (based on the Adam et al. 2010 definition) into the grain
was assumed to be low. Although w is unknown, pre-test simulations with large values of w
(>0.5) resulted in development of resistance that far exceeded what was observed by Emery,
Collins and Wallbank (2003) and Newman (2010). However, parameter values in the model
were still determined ad hoc since there are no other studies to support choosing different values.

The particular parameter values selected in this study were based on pre-testing attempts to
replicate the development of resistance in Australia, given the model presented in equation 2(a)-
(c). During pre-testing, it was determined that the rate at which the development of resistance
occurred was due to a combination of all parameters considered (including weather). Therefore,
it was possible to replicate the Australian data presented by Emery, Collins and Wallbank (2003)
and Newman (2010) by different combinations of parameters and parameter values. The range of
values used in this study includes these values, as well as values that result in resistance
developing more slowly (specifcally low w and &). The reason for the use of low values in this
study is because resistance in the U.S. has potentially occurred more slowly than in Australia.
Therefore, parameters reflecting this possibility were selecting and included.

Values for w of 0.05, 0.20 and 0.35 were used in scenarios 1 and 2. For each scenario, low
(0.65), medium (0.80) and high (0.95) values of F were used. For scenarios (1) and (3), low
(0.20) and high (0.80) values for § were used. Additionally, starting values for the allele
frequency of the gene responsible for resistance at each locus were set at either 1% for each
resistant gene (lower levels of resistance) or at 3% for each resistant gene (higher levels of
resistance).

Two methods were considered to simulate grain management cost and changes in LGB
phosphine resistance. The first method utilized a non-parametric bootstrap and simulated LGB
growth for two different storage periods in each location, June 1 - February 1 and June 1 - April
1. An LGB growth year was selected at random and with replacement from the pool of simulated
values for each city to create a 25-year period of estimated changes in phosphine resistance.
Then, 1,000 25-year periods were generated and used to estimate a mean NPV of costs for each
location and under each strategy, scenario and set of model parameters.

For the second method, a frequency of fumigation (i.e. having to fumigate about 71% of the
time) given 7 was selected and the distribution of LGB growth for each location that matched the



frequency of fumigation was estimated. The storage periods that matched the frequency of
fumigation were June 1-January 27 (Oklahoma City) and June 1-February 9 (Goodland). Using a
parametric bootstrap procedure, the growth distribution was used to create a 25-year period.
Again, 1,000 25-year periods were generated and used to estimate a mean NPV of costs for each
location and combination of strategy, scenario, and model parameters.

Results and Discussion

Impact of Fumigation Effectiveness

In general, higher fumigation effectiveness resulted in lower cost relative to moderate and low
fumigation effectiveness (see Tables 3-14). However, the type of LGB resistance driving costs
was different depending on fumigation effectiveness. To demonstrate this difference, three plots
(one for each level of fumigation effectiveness) were generated showing the proportions of
resistance levels and the corresponding average period costs over a 35-season time horizon (Data
in Tables 3-15 are based on a 25-season time horizon, but this extended time horizon for the
three plots was necessary to clearly see what happens when the fumigation effectiveness level is
high.) Figures 1-3 show how average costs per period change as the proportions of the five
phenotypes (susceptible plus the four resistant levels) under a calendar-based strategy. The
specific parameters used to generate these figures are based on scenario 1: LGB population
stabilized after each shock, Oklahoma City weather, a storage period July 1 to February 1, high
(Figure 2), medium (Figure 3) and low (Figure 4) values of fumigation effectiveness (F), high
tertiary population emigration (w), high secondary population immigration (), and a 3%
beginning frequency of each gene responsible for resistance (also see Figure 1).

When fumigation effectiveness is high (Figure 2), a change in the average cost does not occur
until the end of the time-horizon (about period 25). The main driver for these changes is the rapid
increase in the proportion of the strong resistance phenotype (and to a lesser extent the moderate
resistance phenotype). The changes in cost under calendar-based fumigation are the result of an
increase in the number of fumigations each period. The change in the number of fumigations per
period is triggered once the residual LGB (LGB renaming after fumigation) and their offspring
are at or above the acceptable number of pests per kg of grain (z). When fumigation effectiveness
is high, only strong resistant LGB can survive in large proportions and it’s the strong resistant
LGB that are responsible for the increase in residual LGB.

When fumigation effectiveness is moderate and low (Figures 3 and 4, respectively), the weak 1
resistant phenotype is driving the increase in the average cost per period. In fact, the other
resistant phenotypes (including strong resistance) do not account for a significant proportion of
the total LGB resistance. This is the case since large proportions of weak 1 resistant LGB are
able to survive fumigation when the effectiveness is low or moderate. It is also important to point
out in Figures 3 and 4 that by season 20, the simulation reaches its preset maximum limit of
possible fumigations per period (10 fumigations).

In all three figures the proportion of susceptible LGB falls substantially within the first 5-10
seasons (below 25%). Further, susceptible LGB are replaced by weak 1 as the dominant
phenotype by period 5. This is an important point, especially when fumigation effectiveness is
high, since this shift dramatically increases the rate at which strong resistant LGB are produced.



Although these snapshots (Figure 2-4) may not accurately characterize how grain managers in
Oklahoma would respond over the time horizon, piecing together these figures can potentially
explain, at least in part, what occurred in Australia as well as other countries where LGB
resistance is problematic. The development of pest resistance is believed to have occurred as the
result of low and repeated pest exposure to fumigants (Semple et al. 1992). As weak LGB
resistance became problematic (as demonstrated in Figures 3 and 4), improvements resulting in
increased fumigation effectiveness occurred (see Emery, Collins and Wallbank 2003; Newman
2010). Based on the results in Figure 2, high proportions of weak resistant LGB combined with
high fumigation effectiveness resulted in a rapid increase in the proportions of strong resistant
LGB.

Impact of immigration (w) and/or emigration (o)

When values for immigration () and/or emigration (J) were increased, costs also increased (this
result is a generalization that can be seen in Tables 3-14). However, the rate at which costs
increased depended on fumigation effectiveness as well as on the interaction between
immigration (w) and emigration (o). For example, as emigration (0) is increased from zero to
high and/or when immigration (w) is increased from low to high, weak 1 resistance is able to
develop much more rapidly for low and moderate values of fumigation effectiveness. However,
under scenario 3 when immigration () was zero, a steady state of resistance proportions was
possible and per period costs stabilized (or began to stabilize, since in some cases a time horizon
longer than 25-season was needed to see this result). In this third scenario, costs were lowest
when the fumigation effectiveness was high.

In cases when the residual LGB and offspring remained consistently below the acceptable
threshold 7 (see results for Goodland with the storage period of July 1 to February 1), the effect
of immigration () and/or emigration (o) on costs were negligible. This result occurred
regardless of the fumigation effectiveness or grain management strategy. Given the 25-season
time horizon and low LGB growth in these cases, resistance was not able to develop in sufficient
proportions to necessitate additional fumigation.

Comparison of Scenarios

Scenario 1 resulted in the highest potential costs since the combination of immigration () and
emigration (o) allowed for the most rapid development of resistance. However, when
immigration (w) and emigration (o) are low, the costs across the three scenarios are very close to
one another. This cost similarity occurred especially when the phenotype population was
stabilized in the model. Costs for all three scenarios are also relatively close when the storage
period is July 1 to February 1, and the fumigation frequency was high. When the storage period
was expanded (July 1 to April 1), resistance was able to further develop and the costs under each
scenario diverged.

Distinguishing the highest cost scenario between scenarios 2 and 3 is not as straightforward.
Under scenario 2, costs, in some cases, are higher (relative to scenario 3) when the storage period
is July 1-February 1. Under scenario 3, costs are frequently higher (relative to scenario 2) when
the storage period is extended to April 1.



Grain Management Strategy, Location, and Sale Date

In this study, selecting an optimal grain management strategy supported many of the findings of
Adam et al. (2010). When the storage period was July 1 to February 1 (February 28 in Adam et
al. 2010), sampling-based IPM was optimal when Goodland weather data was used (relatively
cooler weather). Calendar-based fumigation was frequently optimal when Oklahoma City
weather data was used (with relatively warmer weather). In some cases under scenarios 1 and 2,
however, use of a sampling-based IPM strategy with Oklahoma City weather data resulted in
enough slowed LGB resistance development (compared to calendar-based fumigation) that the
costs between the two strategies were very close. This was even true with the higher discount
rate (10%). This occurrence can be seen in the results tables with both the stabilized and non-
stabilized LGB population models as well as allele frequencies of 1% and 3%.

Regarding aeration-based IPM, the findings in this study support the results of Adam et al.
(2006) and Adam et al. (2010). With a “low” immigration rate used to determine LGB growth,
aeration frequently cost less than sampling-based IPM and always cost less than calendar-based
fumigation (see Table 15). However, many storage facilities in Oklahoma and Kansas are not
equipped with aeration.

Comparing Costs at the Two Locations

The non-parametric results (Tables 3-10) demonstrate that, in general, locations with cooler
weather will experience lower grain management costs regardless of the strategy employed. This
result occurs because LGB growth is lower where weather is cooler and the rate at which
additional fumigation is needed is also lower relative to where weather is warmer. However,
these results do not distinguish between the impacts of mean LGB growth and the frequency of
pesticide use on the development of resistance. To make this distinction, the use of a common
fumigation frequency, 71% (or 0.71 probability that fumigation was needed), was used to
compare strategies and scenarios across the two locations (see Tables 11-13). The common
fumigation frequency was based on the distribution of the LGB growth data for each location
(the corresponding storage periods were June 1 to January 27 for Oklahoma City, and June 1 to
February 9 for Goodland).

The average untreated LGB growth is higher in Oklahoma City (1.17 LGB per kg) than in
Goodland (1.11 LGB per kg). Therefore, the number of LGB surviving fumigation needed to
trigger additional fumigation is lower in Oklahoma City than Goodland (holding other factors the
same). As a result, resistance (and costs) develop more rapidly in Oklahoma City. As was the
case with many earlier results, when fumigation effectiveness, immigration (») and emigration
(0) are low, costs in the two locations are very close. However, as immigration () and
emigration (9) are increased, the difference in costs between the two locations also increases.
This observance is most pronounced under the parametric scenario 1 and less so in the
parametric scenario 2. In the parametric scenario 3, the costs for the two locations remained
close despite the increase in immigration (w) and emigration (). This is because LGB growth is
still low enough that very little resistance develops over the 25-season time horizon.

Allele Frequencies and Population Stabilization
A stark contrast can be drawn between the results where the proportions of resistant allele
frequencies were stabilized and those where they were not stabilized. Where allele frequencies



were not stabilized, LGB resistance developed much faster, especially as the immigration (w),
emigration () and fumigation effectiveness were increased. The increased rate of resistance
development between the stabilized and non-stabilized allele frequencies was also reflected in
increased costs.

For example, the discounted cost of $22.52 reported in Table 7 reflects the impact of stabilized
allele frequencies after every shock, under a calendar-based fumigation strategy, with a starting
allele frequency of 1%, a storage period of July 1 to February 1, and with high levels of
immigration (w), emigration (o) and fumigation effectiveness. The corresponding cost when
allele frequencies were not stabilized (but all other parameters remained the same) is $67.82 (see
Table 3). When the starting allele frequency was increased to 3%, the difference between costs
of stabilized and non-stabilized allele frequency results is much greater. On the other hand, when
the model parameters are adjusted such that resistance development occurs slowly due to low
levels of immigration (w) and emigration (o) the cost differences between the stabilized and non-
stabilized allele frequency results are very small. Additionally, the costs diverged much more
rapidly when the allele frequencies were not stabilized and as the rate of resistance increased
compared to when allele frequencies were stabilized.

Summary and Conclusion

The primary motivation for this study is that recently pest resistance in stored grain has been
detected in parts of the US (Bonjour 2010). Significant economic damage from LGB resistance
to phosphine has already occurred in countries such as Australia and Brazil (Emery, Collins, and
Wallbank 2003; Collins et al. 2005; Daglish 2004; Newman 2010). Currently there are no
economical alternatives to phosphine as a fumigant against stored grain pests (Collins et al.
2005). The main challenge is to extend the useful life of phosphine by developing and adopting
strategies that can reduce pest exposure to the fumigant. However, grain managers in the US
have been reluctant to adopt many of these strategies potentially since many of these strategies
have not been shown to be cost effective, especially in warm climates (Adam et al. 2010).

The overall objective of this study was to determine how the cost of controlling LGB in stored
grain is affected by LGB resistance. Three scenarios were proposed that depicted LGB
population dynamics. Under each scenario, changes in specific parameters were examined in the
context of their individual impact on LGB resistance and the corresponding change in the costs
of controlling LGB. The particular parameters considered were: rates of LGB emigration from
the stored grain to a refuge population; rates of LGB immigration from a secondary population
into stored grain; levels of fumigation effectiveness; weather; grain storage periods; and starting
levels of the frequency of alleles responsible for resistance. Additionally, changes in costs
resulting from changes in LGB resistance were modeled and incorporated into the cost benefit
analysis of three grain management strategies (calendar-based fumigation, sampling-based IPM,
and aeration-based IPM).

When costs associated with LGB resistance are incorporated into the cost model, results from the
simulation suggest that in Oklahoma, where the weather is considered warm relative to what
encourages pest growth, sampling-based IPM is only cost-effective when the development of
LGB is much slower than what occurs under calendar-based fumigation. In Kansas, where the
weather is relatively cooler, sampling-based IPM is cost-effective much more frequently.



Additionally, aeration-based IPM was found to be the most cost-effective strategy since LGB
growth was suppressed enough that fumigation was never found to be necessary. Although these
results only reflect the case of “low” immigration (based on the definition used by Adam et al.
2010 and Flinn et al. 2004), they justify further research into the application of different IPM
technologies and the impact of such technologies on LGB resistance and the corresponding costs
from changes in resistance.

The results also indicate that high fumigation effectiveness has a potential long-term externality
associated with the type of LGB resistance that develops. In short, large portions of strong
resistant LGB survived when the fumigation effectiveness was high. Given a particular value for
“high” fumigation effectiveness (in this study 95%), once strong resistant LGB have a foothold,
the value of “high” will have to be increased in order to maintain the same level of effectiveness.
However, increasing fumigation effectiveness will only delay the development of strong resistant
LGB.

Another strategy may be to incorporate alternative means, such as aeration, to suppress pest
growth. Although aeration will not eliminate the need for fumigation in all regions (especially
where weather is favorable to insect growth), it could further extend the useful life of phosphine.
The use of aeration may also make sampling-based IPM more useful in warm and hot climates.
Combined, these two strategies could potentially extend the useful life of phosphine further than
either strategy alone.

Another important consideration is the population dynamics of LGB in and around stored grain
facilities. Although the impacts on resistance development from emigrating LGB back to a
refuge population and the immigrating LGB into grain from a secondary population are intuitive,
they present another area that could be exploited by grain mangers to control pest populations.
For example, when emigration and immigration were low, the development of resistance
occurred much slower compared to when these levels were high. Controlling the entry and exits
of pests as well as controlling the potential multiple pest populations may have added benefit
when resistance is taken into account. Although the proposed scenarios of LGB population
dynamics are hypothetical, the potential cost savings from reduced resistance development
justify more research into this area.

For grain managers, one symptom of increased pest resistance is the need for increased
fumigation effectiveness (via more frequent fumigations or higher concentrations). If controls are
in place such that the fumigation effectiveness is relatively high (see the example in Figure 2),
then the symptoms of pest resistance may be initially over looked. In warmer climates where
sampling-based IPM has been shown to be too expensive, grain managers may be unaware of
current levels of resistance. If the development of LGB resistance is on the threshold, such as the
example of Figure 2 near the end of the 35-season storage period, then the current strategies
employed may lead to significant economic loss. Once past this threshold, the options for grain
managers to make alternative strategy decisions are further reduced.



References

Adam, B.D., M. Siaplay, P.W. Flinn, B.W. Brorsen and T.W. Phillips. 2010. “Factors
Influencing Economic Profitability of Sampling-based Integrated Pest Management
of Wheat in Country Elevators.” Journal of Stored Products Research 46(3): 186-196.

Adam, B.D., Phillips, T.W., Flinn, P.W., 2006. “The Economics of IPM in Stored Grain: Why
Don’t More Grain Handlers Use IPM?” Paper presented at 9th International
Conference on Stored-Product Protection, Campinas, Sao Paulo Brazil, 15-18
October.

Bonjour, Edmond. 2010. Department of Entomology and Plant Pathology. Personal
communications.

Carlson, G.A. 1977. “Long-Run Productivity of Insecticide.” American Journal of Agriculture
Economics 59(3): 543-8.

Collins, P.]., G.J. Daglish, H. Pavic, and R.A. Kopittke. 2005. “Response of Mixed-Age
Cultures of Phosphine-Resistant and Susceptible Strains of Lesser Grain Borer,
Rhyzopertha dominica, to Phosphine at a Range of Concentrations and Exposure
Periods.” Journal of Stored Products Research 41(4): 373-385.

Cowan, R,, and P. Gundy. 1996. “Sprayed to Death: Path Dependence, Lock-in and Pest
Control Strategies.” The Economic Journal 106:521-42.

Daglish, G. J. 2004. “Effect of exposure period on degree of dominance of phosphine r
esistance in adults of Rhyzopertha dominica (Coleoptera: Bostrychidae) and
Sitophilus oryzae (Coleoptera: Curculionidae).” Pest Management Science 60(8):
822-826.

Emery, R.N,, P.J. Collins and B.E. Wallbank. 2003. “Monitoring and Managing Phosphine
Resistance in Australia.” Paper presented at Australian Postharvest Technical
Conference, Canberra Australia, 25-27 June.

Fleischer, G. 1998. Okonomische Ansdtze in der Pflanzenschutzpolitik—Das Beispiel der
Zulassungspriifung. Kiel, Germany: Vauk Verlag, Landwirtschaft und Umwelt,
Schriften zur Umweltokonomie, 15.

Flinn, P.W., D.W. Hagstrum, C. Reed, T.W. Phillips. 2004. “Simulation Model of Rhyzopertha
dominica Population Dynamics in Concrete Grain Bins”. Journal of Stored Products
Research 40(1): 39-45.

Hueth, D. D. and U.U. Regev. 1974. “Optimal Agricultural Pest Management with Increasing
Pest Resistance.” American Journal of Agricultural Economics 56(3): 543-552.

Hurley, T. M., B.A. Babcock. and R. Hellmich. 2001. “Bt Corn and Insect Resistance: An
Economic Assessment of Refuges.” Journal of Agriculture and Resource Economics
26(1):176-194.

Laxminarayan, R., ed. 2003. Battling Resistance to Antibiotics and Pesticides: An Economic
Approach. Washington, DC: Resources for the Future.

Lichtenberg, E. and D. Zilberman. 1986. “The Economics of Damage Control: Why
Specification Matters.” American Journal of Agricultural Economics 68:261-273.

Lorini, I., and Filho, F. 2004. “Integrated Pest management Strategies Used in Stored Grain
in Brasil to manage phosphine resistance.” Paper presented at the International
Conference on Controlled Atmosphere and Fumigation in Stored Products, Gold-
Cost Australia, 8-13 August.

Lush, ].L. 1994. The Genetics of Populations. Ames: lowa State University.



Mori, C.D,, I. Lorini, A.F. Filho and M.Z. de Miranda. 2006. “Impact of Integrated Pest
Management (IPM) Technology on the Organizational Attitude of Stored Grain
Facilities in Brazil.” Presented at the Ninth International Working Conference on
Stored Product Protection, Sao Paulo Brazil, 15-18 October.

Opit, G. P., T. W. Phillips, M. J. Aikins, and M. M. Hasan. 2012. Phosphine resistance in
Tribolium castaneum and Rhyzopertha dominica from Stored Wheat in Oklahoma.
Journal of Economic Entomology 105: 1107-1114.

Newman, C.R. 2010. “A Novel Approach to Limit the Development of Phosphine Resistance
in Western Australasia.” Paper presented at the Tenth International Working
Conference on Stored Product Protection, Estoril Portugal, 27 June-2 July.

Rajendran, S., 1999. “Phosphine Resistance in Stored Grain Insect Pests in India.” Paper
presented at the Seventh International Working Conference on Stored-product
Protection. Beijing China, 14-19 October.

Sartori P. and R. Vilar. 1991. “Resistance to Phosphine in Stored Grain Insects in Brazil.”
Paper presented at the Fifth International Working Conference on Stored-product
Protection. Bordeaux France, 9-14 September.

Schlipalius, D. I, W.W. Chen, P.]. Collins, T.T. Nguyen, P.B. Reilly and P.R. Ebert. 2008. “Gene
Interactions Constrain the Course of Evolution of Phosphine Resistance in the Lesser
Grain Borer, Rhyzopertha dominica.” Heredity 100(5): 506-516.

Semple, R.L., P.A. Hicks, ].V. Lozare, and A. Castermans. 1992. Towards Integrated
Commodity and Pest Management in Grain Storage. Rome: Food and Agriculture
Organization of the United Nations.

Sousa, A. H., Guedes, R. C., Pimentel, M. G., & Faroni, L. A. 2009. “Developmental and
population growth rates of phosphine-resistant and -susceptible populations of
stored-product insect pests.” Journal of Stored Products Research 45(4): 241-246

U.S. Department of Commerce, National Climatic Data Center. 2011. Local Climatologically
Data for Goodland, Kansas 1997-2004. Washington DC.

U.S. Department of Commerce, National Climatic Data Center. 2011. Local Climatologically
Data for Oklahoma City, Oklahoma 1961-1990. Washington DC.

Van Graver, J.E. and H.J. Banks. 1997. “Grains Post-Harvest without Methyl Bromide in
Developing Countries.” Paper presented at the Australian Center for International
Agricultural Research GASGA Executive Seminar 9, Canberra Australia, 17
September.

Way, M.J. 1977. “Integrated Control - Practical Realities.” Outlook on Agriculture 9:127-135
Zeng, L., 1999. “Development and countermeasures of phosphine resistance in stored grain
insects in Guangdong of China.” Paper presented at the Seventh International

Working Conference on Stored-product Protection. Beijing China, 14-19 October.



Table 1. Treatment Cost for Stored Wheat

Treatment Cost ($/t)
Fumigation 0.911
Sampling 0.345
Aeration 0.671

source: Adam et al. (2010)
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Table 15. Discounted Aeration-Based IPM Costs

1% Discount 10% Discount

14.93 6.70
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Figure 1. Hypothesized Population Dynamics of Lesser Grain Borer in Stored Wheat.
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Figure 2. Resistance Development and Costs of Calendar-Based Fumigation for Oklahoma City,
Under Scenario 1, Stabilized, Non-parametric Model, with 95% F,
o =0.35, 0 =0.8, and 3% Allele Starting Frequencies
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Figure 3. Resistance Development and Costs of Calendar-Based Fumigation for Oklahoma City,
Under Scenario 1, Stabilized, Non-parametric Model, with 80% F,
o =0.35, 0 =0.8, and 3% Allele Starting Frequencies
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Figure 4. Resistance Development and Costs of Calendar-Based Fumigation for Oklahoma City,
Under Scenario 1, Stabilized, Non-parametric Model, with 65% F,
o =0.35, 0 =0.8, and 3% Allele Starting Frequencies
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