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Abstract: Insect control is a key concern for hamslbf grain and grain-based products
during storage. Traditionally, storage manageia resects one or more times per year to
control insects on a pre-determined schedule withidd evaluation of overall pest
population dynamics, which can cause both unnepets@tment costs and more rapid
evolution of insect resistance to the fumigantsn8®PM strategies, such as sampling in
storage bins, are intended to gain more accurédemation of insect population in order
to apply more appropriate insect control treatmeBits IPM strategies depend on
sampling, and choosing the frequency and timingaofipling is difficult. Also, sampling

is costly. Storage managers need guidelines tatsetenomical insect control strategies.

Here, an economic model is formulated and a sinmatonducted to identify insect
control strategies in wheat storage that are ratoushanging weather conditions and
alternative insect immigration rates. Costs of aag®ntrol include both treatment costs
and costs of failing to control insects. Two difet weather environments were
considered, represented by Oklahoma City, Oklaha@ama Wichita, Kansas. The model
shows how weather conditions, insect immigratide ead cost of insect control
influence storage managers’ insect managemenégiest The insect control strategies
considered include doing nothing, one or two raafemigations, and fumigation based
on sampling. Several sampling protocols were camnetl

Simulation results show that under most situatfonsvhich insect immigration rate was
known, the optimal strategy (one that achieves &twest of insect control) was one or
two fumigations. In contrast, when insect immigvatrate is not known, a strategy of
one fumigation plus sampling after that became damti for Oklahoma City. For
Wichita, no one strategy became dominant, becausgétion was not needed in every
year in that environment.

If cost of sampling was reduced by 50%, strategsasg sampling became the least cost
strategy under a greater range of scenarios. AlBee insect discount was doubled,
there was greater incentive to conduct more samppliter fumigating, to increase
confidence that insects were, in fact, controlled.
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CHAPTER |

INTRODUCTION

Background

Insect control is a key concern for handlers ofrgaad grain-based products during the
storage, processing, and packing processes. limdestations and insect fragments in food
product can cause product damage and human healtinds (Larsen at al. 2008), which can

cause direct and indirect economic losses.

Traditionally, grain storage managers have reliefumigations with specific
insecticides. They often treat one or more timesypar to control insects on a pre-determined
schedule, which is called calendar-based fumigatiaendar-based applications with limited
evaluation of overall pest population dynamics camse both unnecessary treatment costs and
more rapid evolution of insect resistance to thmiflants, particularly phosphine. Phosphine is a
commonly used fumigant for cereal grain storagé sbme believe it may be declining in

effectiveness for some applications because otiaskeveloping resistance.

At the same time, consumers increasingly desird fsoducts that are wholesome,
chemical free and insect free. Suppliers face Hesige to find effective methods and techniques

as alternatives to produce high quality agricultpraducts without substantially increasing costs.

Integrated pest management (IPM) programs are paitefternatives that reduce

indiscriminate use and environmental impacts ofipeles. Unlike calendar-based fumigations,



IPM is a balanced use of multiple control tactidsielogical, chemical, and cultural — as it is

most appropriate for a particular situation in tighcareful study of all factors involved (Way,
1977). Grain storage managers can utilize a vaokiysect controls within an IPM approach,
such as obtaining insect population by samplinghonitoring to make combination use of
several applications after an insect infestatianlieen detected. Some other IPM techniques like

sanitation practices can help to reduce insect gration in order to reduce the insect population.

However, managers may not easily accept IPM stiegdgpcause there are risks of
failing to control insects. Many uncertainties ¢xssich as insect pressure in the surrounding
environment, local weather conditions, or storagectures with varying levels of insect
permeability. Although sampling and monitoring ¢enused to address these uncertainties, if
sampling or monitoring fails to provide accurat®mmation on insect population, food suppliers
may face a large risk of making incorrect insesatment choices, which can cause ineffective

insect control.

If insect population is not controlled effectiveifile grain is in storage, live insect
populations will damage it, resulting in large pridiscounts. For wheat, in particular, insect
populations, particular lesser grain bofehyzopertha dominigaause insect-damaged kernels
(IDK), and resulting large price discounts. Furtliethe number of IDK exceeds 32 IDK per
1,000g sample, the wheat cannot be sold as hunaaln fesulting in a large discount. For value-
added processed products, such as flour, insesgtatfon causes damage in the form of
undesirable taste or smell. The costs to supphiecensumers disliking these tastes or smells, or
discovering insects or insect fragments, can bg laege. Food companies may suffer harm to

their reputations in the market along with costpraiduct recalls.



On the other hand, if storage managers apply too/rimsect-control applications,
treatment cost increases. Also, too many applicatéan build insect resistance to that chemical,

which over time decreases the effectiveness ofnreat.

Some IPM strategies such as sampling in storageibiend to gain more accurate
information of insect population in order to appigre appropriate insect control treatments. But
IPM strategies require more management time andrégg, and it has not been clear that
benefits of IPM are greater than its costs, so nfiamg have not adopted IPM (Adam et al.,

2010).

IPM strategies depend on sampling and monitorind,cnoosing the frequency and
timing of sampling is difficult. Improper samplirigcreases the risk of failing to get accurate
information. More frequent sampling can increagedhality and timeliness of that information,
but it also increases expense in a low-margin immguBalancing the cost of insect control

strategies, including sampling, with the poteribak due to insect damage is important.

Decision making with IPM strategies is complicabetause of the variety of choices.
“Rules of thumb” are difficult to prescribe becauséividual firm conditions vary widely, and
insect populations depend heavily on weather cmmditthat are dynamic and uncertain as well
as on factors peculiar to each facility. For thesme reasons, building a general economic model
that can be used to analyze specific situationfffisult. Food suppliers may hesitate to adopt
IPM methods when facing too many uncertaintiesyTieed accurate information about cost and

effectiveness of IPM and non-IPM alternatives tdkengood insect control decisions.

A study is necessary to provide managers econoigioated guidelines to choose
proper methods for controlling insects. This stedgmines a range of costs that grain storage
managers who store wheat face in their insect ebdécisions, and attempts to identify key

factors affecting their decisions. It combines thiesa general economic model that includes both



treatment costs and costs of failing to controkats, considering varying weather conditions and
insect population pressure. A key goal of thisaede is to identify insect control strategies that
are robust to varying weather conditions and insagtigration rates (a key component of insect

pressure), both of which have large effects onangepulation.

If strategies that are robust to varying weatheriasect immigration rates can be
identified, grain storage managers can have greatdidence in choosing insect control
strategies even with limited information. This ¢aduce costs of providing safe, wholesome

food.

Objectives

The general objective is to identify insect consivhtegies for stored wheat that are

robust to varying weather conditions and insect ignation rates.

The specific objectives are:

1) Determine treatment cost for appropriate inseatrol strategies.

2) Determine insect damage cost for each strategyarange of weather conditions and
immigration rates.

3) Determine optimal insect control strategies #ratrobust to varying weather

conditions and insect immigration rates.

Conceptual Assumptions

The key factor that influences treatment strategi@ssect population. However, insect

population is uncertain. Insect growth and insewhigration is mainly affected by humidity and



temperature conditions. Insect populations growoegrptially without any treatment, and
economic loss due to insect infestation can be kigly. Failing to control insects effectively can
lead to large discounts in the product price beeafiseduced quality, reduction in quantity as
insects destroy grain, and loss of key marketsekample, a lot of wheat may be designated as
unfit for human consumption, or buyers may rejagments of wheat with more insects or

insect damage than a specified minimum amount.

For wheat in storage, damage includes live insscodnt and an Insect Damaged
Kernels (IDK) discount. Treatment cost includest@dshemicals, labor, and application. For
IPM methods, key costs are extra management rebaird cost of sampling and monitoring. A

big part of these costs is labor cost.

If treatment is applied, insect population will teeluced and the damage will decrease.
But there is a cost of treatment. The total cos$heéct management is the sum of both damage
and treatment cost. As number of treatments inegdeatment cost increases while damage

decreases.

IPM strategies are based on information about tnsggulation from sampling or
monitoring while non-IPM strategies rely on calentdased applications. Sampling and
monitoring can help determine insect populationergmecisely, but there is also risk that

sampling may fail to detect insect populations thagntually cause damage or discounts.

Cost of insect damage and cost of insect treatmene in opposite directions. The
optimal result occurs at the point where additiaeast of insect damage and additional cost of
insect treatment are equal. It is possible thabtitamal strategy is to treat insects more thareonc
in a period of time. It is also possible that tipimum strategy is no treatment at all because
insect population is not large enough to cause Tdss optimal strategy is assumed here to be the

strategy with the lowest total cost among all tresit strategies.



Outline of Work

An economic model is constructed to identify insaanitrol strategies in wheat storage
that are robust to changing weather conditionsadtednative insect immigration rates. Two
different weather environments are consideredsimalation analysis: Oklahoma City,
Oklahoma, and Wichita, Kansas. Oklahoma City ihanSouthern Plains of the U.S., and
although some might consider Wichita in the Ceralns, it is only 160 miles north of
Oklahoma City. Even though the distance betweem tikenot large, the weather conditions are
sufficiently different between them to cause défeces in insect population growth. The model
shows how weather conditions, insect immigratide eand cost of insect management influence
food supplier’'s insect management strategies. fi$ect control strategies considered include
doing nothing, one or two routine fumigations, &mchigation based on sampling. Several

sampling protocols are considered.

A simplified version of an insect growth model fréfiinn and Hagstrum (1990) is used
to estimate insect population for grain storagsetn immigration rate is an important component

of this model.

An economic engineering approach is used to estithat specific cost components —
labor, management, materials, chemical, and invastnSampling cost is the main treatment cost
for IPM strategies, composed mainly of labor c@e cost of failing to control insects, including
discounts, will also be measured. Insect populatigiimates are used to calculate insect damage

costs, or discounts.



CHAPTER Il

LITERATURE REVIEW

Insects in Stored Product

Tribolium castaneunHerbst), the red flour beetle amdbolium confusunfdu Val), the
confused flour beetle are two of the major beetigtpof stored and processed products,
especially for milled grain (Arthur and CampbelD(08). For wheat storage, the most

economically-damaging insect pest is the lessen ¢parer (LGB) in the US (Arthur et al. 2009)

Insect activities directly cause grain damages ssclvoring holes into the kernels and
reducing grain quality through weight, nutritionat,quality loss; spreading and encouraging
mold germination; adding to the fatty acid contefnthe grain; and leaving quantities of uric acid
that cause grain rancidity (Mason and McDonoughi220For instance, the red flour beetle and
the confused flour beetle produce pheromones atic @uinone compounds that will cause a

foul odor and taste in the food products (Kriscauiid Burkholder, 1991).

The presence of insects in a grain sample (twoiigects in 1,000 grams of wheat)
causes the grain to be graded as “infested”, asudtsain significant cash discounts for the grain
sellers (Mason and McDonough, 2012). Actual morwydtases due to stored-grain insects are
generally considered to be in the range of 5 to b@%e bulk commodities stored in the USA
(Flinn et al. 2007). In 1990, postharvest lossegbects in the United States were estimated to

be $500 million (Harein and Meronuck, 1991).



Integrated Pest Management

Unlike calendar-based treatment, IPM conceptsssjtgicious use of pesticide with the
objective of maximizing its efficiency. After obtang information on insect population,
chemical efficacy, treatment cost, and risk ofui@lto control insects, integrated pest
management tactics can help managers to make Hettisions regarding insect management
strategies (Fields and White, 2002). Uncertaintyudlinsect population is one of the significant
barriers of decision-making. If the insect populatthreshold is not well defined, unnecessary
treatments can increase costs and environmentakisipAlso, inadequate information of insect

population increases both risk of failing to cohtnsects and cost of extra treatments.

There are many ways to obtain insect populatioludicg: sampling or monitoring
information, expert systems, consultants, and thdiptions of computer simulation models
(Hagstrum and Flinn, 2012). However, these metaalg not provide accurate information.
Sampling storage grain is taking a sample frongtiaén for live insect observation. When
sampling a grain product, managers have to dedmelvsampling device to use; the size,
location, and number of samples to take; and the &ind frequency of sampling (Hagstrum and
Subramanyam, 2000). Pheromone trapping progranes been widely used to monitor insect
population and distribution. However, pheromon@piag on insect monitoring usually provide
inaccurate information on insect population becansects’ footprints and harborage are hard to
assess due to the lack of uniform distribution (flefl, et al., 2002). When Campbell et al (2002)
used pheromone trapping with contour mapping andkmecapture to assess the spatial
distribution and movement patterns of some spexfistored-product insects; it was determined
that trap type, trap location and the number gis¢naere difficult to decide because different

decisions could cause different results of spdigttibution of pest infestation.



In addition, IPM strategies are costly. The cossarhpling includes the amortized cost of
an investment in a PowerVac sampling machine, labed to set up and take down the sampling
equipment, and labor used in sampling (Adam, e28l0). Also, insect monitoring programs are
some components of costs, which mainly include ebstaps, cost of mark and cost of data
collecting. There might also be risk of losing fidtaps leading to both economic costs and costs
in term of information loss (Campbell, et al., 2D02dam et al (2010) compared cost of insect
control in hard red winter wheat storage for sangpliased IPM and calendar-based approaches
and estimated that if fumigation eventually becameessary in all the bins, sampling was just an
extra cost. So IPM has more risk of failure to colnhsects thus it may not be economically

profitable to be accepted by suppliers.

However, IPM also may have benefits that are nsityequantified, such as increased
environmental and worker safety and reduction sfipiele residual. Successful IPM programs
need to define the balance between the costs n§dalditional IPM and the gains in information
obtained and the potential economic benefits aficedy the amount of chemical use (Campbell,

et al., 2002).

Cost and Risk Analysis on IPM and non-IPM

The goal of both IPM and non-IPM approaches is éamage insect population and
damage in a storage structure most cost effectiialam and Alexander, 2012). In other words,
the goal is to minimize the total insect cost, whiacludes insect treatment cost and insect

damage cost.

Treatment cost increases while damage cost desréadam and Alexander, 2012). The
authors show that both costs are directly or imtliyeaffected by insect population. Flinn,

Hagstrum, and Phillips (2007) developed an expaakinsect growth model to calculate insect

9



population based on starting insect numbers, weathaitions, and immigration rate. Adam et
al (2010) used that insect growth model togethén amn economic-engineering model to measure
economic cost of treatments to control insectduding both treatment costs and failure-to-

control costs.

Also, there are published economic models of codtresk attempting to identify a
strategy with minimum risk-adjusted cost. For examnpilley et al (2007) measured risk as
deviations below target mortality (Target MOTAD)threir study of cost and risk of heat and
chemical treatment. In addition, two previous sésdiAdam, et al., 2006, Adam, et al., 2010)
found that for elevators in the Central and Soutl#ains calendar-based fumigation is likely a
lower cost strategy than sampling-based fumigatonPM strategy. Their simulation showed
that in warmer, more humid climates, insects grovek]y enough that fumigation is always
necessary and the results of sampling seldom arradhange that prescription, but simply add
unnecessary costs. The results also showed, ththajlsampling-based IPM is economical in
cooler climates, if managers can reduce immigratide of insects in at least a portion of their

storage bins and store the grain a shorter amduime.

However, those results were based on limited weakhi. If the data overestimated
temperatures and humidity in a typical growing sea# is possible that considering additional
years would decrease the probability that fumigetiould be required, increasing the relative
attractiveness of a sampling-based IPM approadis.stady builds on Adam et al (2010), using a
simulation analysis to identify best strategiesifisect control with a longer period of weather

data to determine if their finding is consistentditiernative time periods.
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CHAPTER IlI

PROCEDURES AND METHODOLOGY

Conceptual Framework

Costs and Benefits

Suppose that a grain storage manager’s goal ietdify a treatment or a set of
treatments to maximize his expected profit. To ibbfaat goal, a manager needs information on
weather conditions to make a decision. The bestnmdtion about weather is historical weather.
With 29 previous years’ weather data about tempegand humidity, we assume each year's

historic weather is equally likely in predictingxtegear’s weather, as in a uniform distribution.

If each year is a random sample from a unifornrithgtion of marketing years, sampling
years from that uniform distribution has the effetcsampling from a more normal-looking
distribution of temperature and humidity conditiombe more normal-looking distribution is
because many of the individual years have temperatud humidity patterns similar to those of
other years, so more observations may be concedtngiar the average of temperature and
humidity than toward the extremes. As a resultuse a set of historical weather observations as
representative of the future distribution of tengtere and humidity. For a given immigration

rate scenario, the objective, which is optimizedhgosing strategy is

(3.1) Max; E(m) = [[f (m)dm|ImmR]
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In order to focus on costs of insect control, weuase that revenues and other costs do
not vary. Thus, to maximize expected profit, thenfmaximizes a constant expected revenue

minus a random insect control cost.
(3.2) E(mr)=E(R—C)=E(R)—E(C)=R—-E(C)

whereE (m) is the expected profik; (R) is the expected revenue of the elevator, whidgisl to

R as constant, anél(C) is the expected cost of insect control in theagjerperiod.

Insect control cost is composed of two parts: datinent costsIC), and 2) insect

damage costdC), or costs due to insect infestation, so that
(3.3) C=TC+DC

The insect damage cost includes discounts duenbagied grain (IDKd), which is IDK
discount, and discounts due to live insects at bfimaarketing (LVd), which is live insect

discount, so that
(3.4) DC = IDKd + LVd.

If no treatment is applied, there is no treatmest dut likely a cost of damage by insect
infestation. Otherwise, any treatment applicatigthimcur treatment cost. Treatment cost for

insect control is the sum of costs of all treatraeab that
(3.5) TC = ¥ k;cost;
whereTC is treatment cosk; is number of treatmenisandcost; is cost for treatmerit

From equations (3.3), (3.4) and (3.5), insect adminst for each strategyduring each

storage period is:
(3.6) C; = XI3: kigeost; + X4 IDKA(Ny) + LVd (Ny)
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where( is cost of insect control stratedy,is number of treatments for applicatiares timed
andcost; is cost for treatmerit IDKd(N;) andLVd(N;) are both functions of random insect
populationN; at time of marketing (end of storage peridd)N; is random insect population

based on temperature and humidNy,= f (Tem, Hum).

Optimization

Insect population is the key factor in total casinsect management, affecting both
treatment choices and product damage loss fronstingfestation.TC andDC should be
inversely related. Any application adds to treathomst but can reduce insect population, which
in turn reduces damage loss. Unnecessary treatinenease the total cost of insect management
by increasing treatment cost without reducing daerlags. Too little treatment reduces treatment
cost, but raises damage loss. Normally, risk ofafgerioss from too little insect control
outweighs risk of spending too much on treatmestahse insect populations grow exponentially

if not adequately controlled.

A profit-maximizing company will spend more on tient if it can reduce damage
costs by at least as much as treatment costse 8mtPM insect control strategies use sampling
to prescribe treatments, uncertainty about inseptiation could lead to excessive or inadequate

insect control, both raising costs above the stgitanum.

The optimization objective is to determine the typétreatments) and the proper

timing of those applicationgl] in order to get the minimum total insect manageincest.
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(3.7) Objective:  min; E (C;) = TC; +E (IDKd;(Nr)) + E (LVd;(Nr))
Subject to: Ny = (Ny_1+ Gg +ImmRy) * (1 — Fx xTRy)
TR;=00r1
SP;=0o0r1
FC; = Vcostsym * Y4TR, + Fcostfym
SC; = Vcostg, * Y4s5P, + Fcostygy,

TC; = FC + SC

whereE (C;) is the expected cost of insect control stratedi(C; is the treatment cost associated
with the f" insect control strategyDKd; is the discount due to damaged kernelsidnd is the
discount due to live insects at time of marketisgaziated with thé"jinsect control strategyN,

is insect number per kg on ddyG, is insect growth per kg from day— 1 to dayd, ImmR,; is
insect immigration rate into the grain storagectrte from day d-1 to di(; andimmR, are
explained as below) anfl; represents the kill factor of the treatmdiR,; is set to be one at
certain time ¢) to represent fumigating on that d&y, is set to be one at certain tim# (o
represent sampling on that d&y; is fumigation cost an8iC; is sampling cosT TR, and

YT SP, represents the number of fumigations or samplésnumber is days in storage period.

Vcost; andFcost; are variable and fixed cost of treatmi(fumigation or sampling).

Insect Population: Insect Growth Model

The first step is to predict insect population elctspopulation on a particular day is
determined by population on the previous day, ingemwth from the previous day to the current
day and insect immigration into the storage facgince the previous day. Flinn, Hagstrum, and

Phillips (2007) describe an exponential insect ghowodel that is simplified for use here. In

14



their model, 10 weather variables, including déélynperature and humidity, are used to model
insect growth in a grain storage bin. This studgs a simplified version of Flinn, Hagstrum,
and Phillips (2007)’s model, with temperature andchdity as the only weather variables
determining insect growth. The full model uses Hather variables in addition to equations
modeling temperature exchange between the eximbthe interior of the grain bin, but the
simplified model was calibrated to match the fubldel’s predictions of insect population in a

24-ft. diameter concrete grain silo. The simplifiaddel is:

(3.8) Gg = Ny x aExp (,8

Temd*Humd)
100

whereG, is insect growth per kg from dayto dayd + 1, N, is insect number per kg of day
Tem,; andHum, are average Temperature and average Humidityyofl da is an adjusted

parameter on exponential afids an adjusted parameter as Intrinsic Rate otchrg®wth.

We adjustedr andf to most closely match the insect numbers at tdeoéstorage from
Flinn et al. (2007) model. In this study, the beadtbration with the Flinn et al. (2007) model is

with @ = 0.044328728 andf = 0.00035.

Immigration rate of insects into the storage faciiepends on weather conditions,
facility-specific factors such as integrity of th®rage structure and cleanliness of the facihity a
grounds, and characteristics of the natural habitabunding the facility grounds (Campbell et
al. 2002). These factors are simplified here inte¢ different immigration rates: High, Medium

(Normal) and Low (Table 3.1).

Table 3.1 Insect Immigration Rate Factors

Immigration Rate Immigration Rate Factor
High 0.0001

Medium (Normal) 0.00001

Low 0.000001

Source: Adam et al. 2010
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Equation 3.9 expresses insect immigration ratefaaaion of temperature and

immigration rate factor.

(3.9) ImmR,; = MAX (0, (1 * Exp(Temg * ImmRF) — 1)/10)

wherelmmR, is immigration rate into a grain storage strucfuoen dayd to dayd + 1, Temy,

is average Temperature of ddynd/mmRF is the immigration rate factor.

As a result, daily insect population is,

(310) Nd = Nd—l + Gd—l + [mde_l

whereN, is insect number per kg of ddyG,_4 is insect growth per kg from daly— 1 to day
d, andimmR,_, is immigration rate into grain storage structumnf dayd — 1 to dayd. In the

model, starting insect populatioN) is assumed to be 0.000002 per kg.

Objective 1: Determine treatment cost for appropriate insect cotrol strategies.

Treatment cost: Economic Engineering Model

The second step is to estimate treatment costobfieaect control strategy. An economic
engineering model developed by Adam et al. (20@0g$timating costs of insect control
treatments in a grain storage facility was adaptzé. Table 3.2 illustrates the possible types of
treatment costs that may be incurred. The magnibbiéach possible cost depends on the specific
approach. Variable costs include labor, chemicdlraaterial costs, and value of product lost,
since those costs depend on the amount of graitetter the number of treatments. Fixed costs,
those not varying with amount of grain treated|ude equipment costs, liability insurance, and

training costs.
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Table 3.2 Insect Treatment Cost Components

Possible costs Formula

Labor cost (various kinds) Wage ($/hr)*hours*number of workers

Costs paid to vendors (e.g. training(Training hours per worker*hourly labor cost +

workshop fees) registration fee)*number of workers

Electricity cost Electricity cost ($/kwh)*operation time (h)*power
(kw)

Equipment cost Amortized equipment cost ($/yr) #ntemance

cost (% of equipment cost, $/yr)

Chemical cost Chemical price ($/unit)*units used

These cost components are combined in variousguafiions depending on the
particular treatment used. For example, cost oidation includes fumigation equipment cost,
fumigation labor charge, fumigation training cdatigant chemical charge, and turning charge
including grain lost from turning (Table 3.3). Albsts are calculated as cost per tonnes stored,
which is total cost spent for each component davidg total amount of storage. We assume all

ten bins are full, at 760 tonnes per bin.
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Table 3.3 Economic-engineering Costs of FumigatinQne Time in Stored Wheat

Fumigation cost components Rate $/tonne
Fixed

Liability insurance $200/yr $0.0263/t
Fumigation training $434/yr $0.0570/t

(training hours/employee) x # employees x
labor cost + training fee)

Fumigation equipment $998/yr $0.1311/t
($3800 amortized at 10% over 10 yrs +
insurance + maintenance)

Variable

Labor

2 people, 3 h per bin, @$16/h $96/fumigation/bin  $0.1261/t
Fumigant

(120 tablets/27.19 t) x $0.04286/tablet $0.1892/t
Grain lost in turning

0.25% x grain price ($150/t) $0.3750/t
Turning electricity

0.10/kWh x 250 kWh/bin (3 h x 83 kW/h) $25/bin $0.0327/t
Average cost (10 bins each 760 t) $0.937/t

Source: Adam et al. (2010)

Fumigation equipment cost can be calculated asti§liequipment cost/PVIFA) +
maintenance costs per year + insurance costs per/yennes stored. Initial equipment cost
includes initial purchase cost of all safety angl@ption equipment needed to apply fumigants
within regulatory guidelines. Expected equipmefet is approximate life of the equipment.

PVIFA is present value interest factor for an atyhaf n years at percent interest, calculated as

[1-(L/(1-))V/i.

The fumigation equipment maintenance factor isvested percent of initial equipment
cost spent on annual equipment up-keep and consesnaxpressed as a decimal. Maintenance

cost per year is the equipment maintenance facattiptied by initial equipment cost. Similarly,
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equipment insurance factor is the estimated pexfenttial equipment cost spent on insurance
annually, expressed as a decimal. Insurance cogepeis equipment insurance factor multiplied

by initial equipment cost.

Fumigation labor charge is calculated as (persamshper fumigation*hourly labor
cost*# fumigation*# bins)/tonnes stored, where plabor cost represents hourly wage plus
taxes and benefits such as insurance and bonusesypihe employer. For the base case a wage
rate based on minimal management abilities was. iBsrdon-hours required per fumigation
include hours used to seal the facility, adminisied prepare fumigant, check concentrations, and
operate the equipment, from the time the procestsatntil the storage facility is completely

aerated.

Fumigation training charge can be calculated anftrg hours per employee*hourly
labor cost + registration fee)*# of employees)nites stored. Training hours per employee is

number of hours required per employee for certifore continuing education, and safety training.

Fumigant cost can be calculated as (price perttablgellet*(dosage per tonne)) /tonnes

stored.

Turning is often required for effective fumigatidarain is transported on a moving belt
from one storage bin to another while fumigant fisas aluminum phosphide tablets) is added
into the moving grain (Adam et al. 2010). Turnirggtincludes cost of electricity and value of
grain lost in turning (Table 3.3). During turnirgrain weight lost is assumed to be 0.25% based
on Adam et al. (2010). Electricity cost is calcathis: electricity cost ($/kWh)*operation time

(h)*power usage rate (kW/h) (Table 3.2).

The cost of sampling includes fixed cost of a P&@aersampling machine, labor used to

set up and take down the sampling equipment, dud far sampling (Table 3.4) (Adam, et al.
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2010). PowerVac cost is: ((initial POWERVAC costiPX) + maintenance costs per year +

insurance costs per year)/tonnes stored.

Table 3.4 Economic-Engineering Costs of One Sampdrfor Insects in Stored Wheat

Sampling cost components Rate $/tonne
Fixed
PowerVac ($8,000 amortized at 10% over $2,102/yr $0.276/t

useful life of 10 yrs + insurance +
maintenance)

Variable

Setup/takedown labor

3 people, 3 h each, @$16/h $144/sampling $0.0189/t
Sampling labor

3 people @$16/h, 0.08 h/sample, 10 $38/fumigation/bin  $0.0504/t
samples/bin

Average cost (10 bins each 760 t) $0.345/t

Source: Adam et al. (2010)

The amortized fixed cost of fumigation is $0.23/8nd variable cost is $0.723/t (Table
3.2). Fixed cost for sampling or fumigation is im&d if the elevator ever needs to purchase
equipment for those operations. Here, it is assutmeicthe elevator has purchased that
equipment or, if sampling or fumigation is conteatthat the contract rate includes the
contractor’s fixed cost. Thus, cost is $0.214ftaffumigation occurs, $0.937/t if one fumigation
is done, and $1.66/t if two fumigations are dona irear. Similarly, since fixed sampling cost is
$0.2760/t and variable sampling cost is $0.0693ble 3.3), sampling cost is $0.2760/t if no
sampling is done, $0.3454/t if one sampling is damel $0.4147/t if two samplings are done in a
year. If monthly sampling is contracted, the ratassumed to be $0.0845/t/month, including

fixed and variable costs as well as profit.

Methods besides fumigation, such as aeration, efmdontrol insects in storage bins. An
automatic aeration controller can run fans autarafl§i when the outside air temperature is lower

than the grain temperature by some specified amaémation works by slowing insect growth
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and development by reducing temperature. Since rkewators in Oklahoma do not have
aeration capabilities, we assume no aeration octiuisg the storage period and use natural

temperature data to predict insect growth and imaatign.

Objective 2: Determine insect damage cost for eadtrategy over a range of weather

conditions and immigration rates.

Insect Damage

Insect populations could grow to levels that cale®age if there is insufficient control,
or if the control is ineffective. For wheat, theoaomic damage is in the form of a discount for
live insects, and a discount for IDK, with discouaites set by the buyer. Buyers may impose
additional discounts of their own; these would tgtly be specified in a purchase contract. The
seller may incur additional costs of re-transpartim sale at a lower price if a load is rejected
because of insects or insect damage, or demurirageuick or rail car is delayed because of a
required fumigation. Weight loss due to insect dgenaay occur, but its economic cost is small

compared to the other costs mentioned, so it isrgghhere.

Federal grain standards for wheat assign an “iedéstesignation when two or more live
grain-damaging insects are observed in a sampeadi to be sold. In practice, an “infested”
discount is likely to be applied when only one iide observed, sometimes even when the insect
is not considered a grain-damaging insect. Muchengostly, grain buyers may refuse to accept a

shipment of grain if they detect even one inseet gample.

In this study, it is assumed that grain to be solgenalized with a discount of $1.837/t

(Adam et al., 201)0if there is one or more live grain-damaging iriseéc a 1000g sample,
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(3.11) LVd; = 1.837 if Ny > 1
or

LVd; =0

whereLVd is live insect discount and; is insect population at the end of a storage desfo
lengthT. However, sensitivity analysis is conducted tedeine the effect on optimal insect
control strategies of alternative assumptions abdmaunts or rejection for infestation.
Specifically, higher insect damage costs are censdt| as well as a constraint that number of live

adult insects must be less than one in a 1kg sample

In addition, adult LGB lay their eggs in a crevifea wheat kernel. After an egg hatches,
the larva eats the inside of the kernel until ieeges as an adult, resulting in an ‘Insect Damaged
Kernel' (IDK). Such damage is permanent, and IDKaredecreases, even if treatment kills all

insects and no new IDK result.

Equation 3.12 expresses IDK on day d+1 as a fumctigrevious IDK and insect growth.

(3.12) IDK,,, = IDK; + max (0,G4/10) * Fipg

wherelDKj; is insect damage kernel on d&yG, is insect growth per kg on day andF;,x is
an IDK factor §;px = 3.2). The starting IDK, IDk, is assumed to be zero because there are no

insects present at the beginning.

Table 3.5 shows a typical schedule of IDK discduna terminal elevator to country
elevator. In this model, the prediction of inseatrdhge kernels at time of sal® k) is used to

calculate IDK discount/DKdr).
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Table 3.5 Discount for Insect Damage Kernels (IDKg)
# of insect-damaged kerneldK;) per 100gram  Discount ($/t)

sample

1<IDK1<5 0

5<1IDK+< 20 0.367*IDK+

20<IDK1< 31 0.735*(IDK+-20)+0.367*20
31< IDK <70 14.70 cleaning charge
70< IDK+<100 22.05 cleaning charge
100< IDK <140 33.07 cleaning charge
140< IDK ¢ 0.367*(IDK7 - 140)+33.07

Source: Central Oklahoma terminal elevator

We used cost data provided from Adam e8ll() and Dr. Reed, an adjusted cost with double
live insect damage, and an adjusted cost with sagpbst halved to estimate cost and benefit
for each scenario of doing nothing, routine fumigatsampling-based fumigation and a

combination of routine and sampling-based fumigatio

Objective 3: Determine optimal insect control straggies that are robust to varying weather

conditions and insect immigration rates.

Optimization Model Statement

We use 29 years of historic weather data as remiasee of the future distribution of
temperature and humidity to find insect contrahtggies (combinations of treatments) that

maximize the storage firm’'s expected profit.

We do this in a simulation analysis by first chogsihe lowest cost strategy as an

optimal strategy for each storage period. Sincasgime revenue is constant, the lowest cost
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strategy gains maximum net profit. Then for eachtsgy, we calculate average cost over 29 year

Finally, we choose strategies with lowest averagg, ainder each immigration rate scenario

(same as equation 3.1).
(3.1) Max; E(nt) = [[f (m)dr|ImmR]

To complete objective 3, the general optimizatiaydsl is revised from equation 3.7:
(3.13) Objective:  min; E (C;) = TC; +E (IDKd;(Nr)) + E (LVd;(Nr))

SubjeCt to: Nd = (Nd—l + Gd + Imde) * (1 - FK * TRd)

,3 Temd*Humd)

Gg =Ny * aExp( 100

ImmR; = MAX (0, (1 * Exp(Temy * ImmRF) — 1)/10)
TR;=00r1

SP;=0o0r1

FC; = Vcostgym * X1 TRy + Feostpym

SC; = Vcostg, * Y] SP4 + Fcosty,

Adult insect population is the number of adult ztseon dayd, Ny, depends on number
of adult insects on day d-N{;) change in insect population from day d-1 tdsg)( insect

immigration rate into the grain storage structwosf day d-1 to difnmR,), and the amount of

insects remaining after a treatment such as fuinigat

TR, andSP, is a dummy variable representing treatment cheigth, 0 = no treatment

and 1 =treatment. Fumigation cas€; or sampling costyC; or both of them can be zero,

depending on the strategy chosen.

Fy represents the kill factor of the treatment. Galgra highly-effective fumigation

kills 90% of insects in the pupae and adult stagk39.9% of eggs and larvae over a 5-day
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period (Mah, 2004). We assume that all the fumigatieatments are highly effective, as 99%

effective Fy = 0.99). Starting insect populatioNy() is assumed to be 0.000002 per Kg.

Table 3.6 lists all the insect control strategirdar consideration here.

Table 3.6 List of Insect Control Strategies Consided
Strategies Description
I Doing Nothing

Calendar-based Strategies
I One Routine Fumigation on Decembér 4
1] Two Routine Fumigation that firstly on Oct 3héthen on Mar 31

Sampling-based Strategies

v One sampling-based fumigation

\% Monthly Sampling with 0.5 insects/kg thresholceaery end of the
month from September to March

Vi Monthly Sampling with a 0.75 insects/kg threshoh every 19 of

the month from September to April

Combination Strategies

Vi Routine Fumigation on Oct 31, then one sampieviar 31
Routine Fumigation on Oct 31, Monthly Sampling wit®

VI insects/kg threshold at every end of the month fikmaember to
March

Routine Fumigation on Oct 31, Two Samples withifsgcts/kg

X threshold on February 28 and March 31

Doing nothing

The total cost when using no treatment is usedpasra of comparison. If no sampling
and fumigations are appliefiR; = 0 andSP,; = 0, and since treatment costs are zero as

TC; =FCi+SC; =0, the total cost will include live insect and IDKsdounts, as

(3.14) Cy = X$IDKA(N;) + LVd (Ny)
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Routine fumigation

Figure 3.1 shows the relationship between inseetaus,N,;, which is determined by
TR (fumigation). Fumigation reduces insect growthjch in turn reduces live insect and IDK
discounts. Meanwhile, TR increases fumigation cosesult increases. Since there is no sample,
in the set of constraints in equation 3.9B; = 0 andSC = 0. TR, is set to be one when
fumigation is scheduled and treatment cost ocduesatment cost is equal to fumigation cost,

For one fumigation, we set up TR =1 on each daythen compare the total cost at the
end. The day on which the lowest cost (considebimty) treatment cost and discounts due to
insects) occurs is the optimal choice among allifaton dates considered. For some
immigration rates (particularly high immigratiofijymigating one time may not be sufficient to
reduce damage cost; spending a small amount ameaacost may not be optimal. Conversely,
for some immigration rates (particularly low immagjon), no fumigation is necessary to

eliminate insect damage so fumigation may not liebthan doing nothing.

The results will show whether the optimal fumigattame range contains the selected
routine fumigating schedule. Adam, et al. (2018%uming a storage period from June 20 to
April 19, analyzed fumigating on December 20 fdendar-based fumigation and sampling on
December 20to determine whether to fumigate or not in a samgghased fumigation strategy.
However, there may be reasons to try differentdftesampling than for treatment. This study
will adjust the fumigation date earlier to Dec 4sbd on the result of the window range of
optimal fumigation dates. Also, it will considerdfumigation dates: one on Oct 15 and one on

March 15.
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Figure 3.1 Relationship between Variables in the Miel for One Fumigation Optimization
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Sampling-based fumigation

In the sampling-based decision model, a dummy bkeigP,; is added to the model: 0 =
not to sample, 1 = sample in equation 3.13. Sityildigure 3.2), SP is to set up to choose the
date of sampling, whe$P; = 1, sampling cost occurs. Choice of fumigation is TREV, is
greater than sampling thresholt®; = 1 if N; > 6 in equation 3.13, whemis Sampling

threshold to determine fumigant or not.

Treatment cost is equal to fumigation c@¥l; = FC; + SC;. Sampling may indicate that
no fumigation should occur. In that case, varidbieigation cost is zero and there will be only
fixed cost of fumigation. SRcould equal to 1 for any ortkd = 1 to T, with the optimal date for

sampling thed that gives the lowest total cost for that parécylear.

For monthly sampling, we set up $P 1, wheran=1,2,...j,Since fumigating one time
may be not enough to reduce the damage cost fighdrhmigration rate, the model could
suggest no, one or two fumigations during the gi@r®uring the storage period from Jurf' 20

April 18", we started sampling in September.

Sampling threshold and time is an important deteamt for a successful insect
management. Adam at a2Q10 suggested that the criterion must be low enowgthat no grain
damage would occur before sampling was conductédyigh enough so that there is some
possibility fumigation would not always be preseib They suggested 0.5 insects/kg as a

reasonable criterion.

A threshold that is too low might lead to unneceséamigations, while a high threshold
might lead to excessive insect damage. If the sagplate is too late, fumigation based on that

information might allow too much insect damage.
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Sampling more frequently (monthly, for example) \bprovide more reliable
information on insect population. Cost of samplmgnthly might be higher, but it could

potentially reduce the cost of failing to contno$eécts.

We consider two scenarios for more frequent sargplip Sample with threshold
of 0.5 insects/kg at the end of each month front&eper to March during the storage
period, 2) Sample with threshold of 0.75 insectsfkghe 18 of each month from
September to April on the end of each month. We edmsider the effect of reducing

sampling cost by 50%.

Routine and sampling-based fumigation combination

With a high insect immigration rate, we discovetieat at least one fumigation is
necessary. Therefore, we considered a strateggdatiines a routine fumigation on
October 3Wwith sampling-based fumigation afterwards. Witlstsirategy, the sampling
component took the form of one sample on MarcloB&,sample on Feb 28 and one on

March 31, or monthly samples from November 30 todeB1.

The reason for multiple year objective estimat®inidetermine if considering
varying weather conditions across years influetice®ptimal decision compared with
using a single year’s weather. The differenceas the objective in multiple estimation
models should be the average of single objectiwesr(aps of single years’ best
strategies). It is possible for there to be no layger for certain locations and immigration

rates.

The insect immigration rate is unknown and it isyygossible that a storage

facility has several bins with different insect imgnation rates. We will expand these base
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results for cost and damage estimation for a siimglect immigration rate (assuming all
bins have the same insect immigration rate) to meabistic scenarios in which a storage
facility’s bins vary in their insect immigrationtess. Assuming there are ten bins in a
storage facility, we consider the following inséuotnigration rate scenarios: 1) 1/3 of the
bins have a low immigration rate, 1/3 have a nonmahigration rate, and 1/3 have a high
immigration rate; 2) 40% of bins have a low immigra rate, 40% have a normal
immigration rate, and 20% of bins have a high inmatign rate, and 3) 50% of the bins
have low immigration rate and 50% have a normalignation rate. Particularly, we are
interested in determining the costs a manager wioald by choosing the best strategy
while assuming 100% of the bins have a normal imatign rate, when the actual

proportions are one of these three possibilities.

Data

This study simulates grain storage for ten morftsy harvest in June until
marketing in April. Dr. Paul Flinn, retired from D&-ARS-CGAHR, provided weather
data, as well as an EXCEL version of the insecivtitonodel (Flinn et al.). Twenty-nine
years (1961 to 1990) of temperature and humidigytaken from daily observations in two
locations: Oklahoma City, OK (OKC) and, for comgan, Wichita, KS. The temperature
of OKC is higher than Wichita and the relative hdityi of OKC is lower than Wichita

(Figures 3.3 and 3.4).
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Figure 3.3 Comparison of Daily Temperature (€) of 29-year Average, Maximum and Minimum between ®ahoma City and
Wichita from 1961 to 1990
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The data for cost components for routine fumigatind sampling-based fumigation are

from Adam et al. (2010 For monthly sampling, Dr. Carl Reed, who ownmigate grain storage

management consulting company, provided cost dfracting for monthly sampling. We used

the software MATLAB to optimize the models.

34



CHAPTER IV

RESULTS

Objective 1: Determine treatment cost for appropride insect control strategies.

Objective 2: Determine insect damage cost for eadtrategy over a range of weather

conditions and immigration rates.

Table 4.1 summarizes costs of the sets of treatwamisidered. Both treatment cost and
damage costs are included. For the strategy “duairiging,” the only costs are live insect

discount, IDK discount, or both.

For the strategy “one routine fumigation,” in yeatsen no damage occurs, the cost is
$0.937/tonne, but in years when live insect dist@imcurred, the cost increases to $2.74/tonne
or $4.61/tonne. For the strategy “two fumigatiorthg cost is simply the treatment cost,

$1.66/tonne, with no live insect or IDK discounts.

For “sampling-based fumigation,” a range of cossuits depending on weather. Cost of
sampling one time is $0.559/tonne. One fumigatimmdeicted as a result of sampling raised the
cost to $1.282/tonne if no insect discounts occuead up to $3.12/tonne if insect discounts

occurred even after a fumigation ($4.96/tonne aittoubled live insect discount).

If sampling is conducted monthly, sampling by itesists $0.592/tonne (if sampling is

conducted on 19of every month, one extra sampling is done antlis®0.676/tonne). The
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other lines show the effect of varying weather éomas which might lead to one or two

fumigations, or live insect discount, IDK discourds both.

Table 4.1. Summary of Cost ($/tonne/storage perioddr Insect Control Treatments

Strategy/outcome Standard discounts Doubled live insect =~ Sampling cost halved
and sampling cost discounts

Doing nothing

Live insect discount 1.84 3.67 -

Live insect and IDK discounts* 3.69~97.2 5.53~99.0 -

Oneroutine fumigation

One fumigation, No damage 0.937 - -

One fumigation, Live insect 2.77 4.61 -

discount

One fumigation, IDK discount 2.77~98.1 - B

One fumigation, Live insect and 4.61~94.0 6.45~95.84 -

IDK discounts$

Two routine fumigation

No damage 1.66 - -

Sampling-based fumigation

No treatment, no discount 0.559 - 0.387

No treatment, live insect discount 2.40 4.23 2.23

No treatment, live insect and IDK 4.25~97.76 6.09~99.6 4.08~97.6
discounts

One fumigation, no discount 1.28 - 1.11

One fumigation, live insect 3.12 4.96 2.95
discount

One fumigation, IDK discount 3.12~10.8 - 2.95~10.6

One fumigation, live insect and 4.26~98.5 6.10~100 4.09~98.3
IDK discounts$

(Standard sampling cost = 0.345)

Monthly Sampling-based fumigation (Two scenarios: a. end of month, bt month*¥)

end 19 end 19" end 19"

No treatment, no discount 0.806 0.890 - - 0.510 0.552

No treatment, live insect discount 2.64 - 4.48 - 2.35 -

One fumigation, no discount 1.53 1.61 - - 1.23 1.28

One fumigation, live insect 3.37 - 5.20 - 3.07 -
discount

Two fumigations, no discount 2.25 2.34 - - 1.96 2.00

(Standard sampling cost = a.0.592 and b. 0.676)

One fumigation + sampling based fumigation (Three scenarios: fumigation on Oct®34ith: a) sample on Mar 31,
b) sample on Feb 28 & Mar31, c¢) end-of-month samfstem Nov to Magr

a) b) c) a) b) C) a) b) c)
One fumigation, no discount 1.28 1.35 1.36 - - - 111 1.14 1.15
One fumigation, live insect 3.12 3.19 3.20 4.96 5.03 5.03 2.95 2.98 2.99
discount
One fumigation, plus one indicated 2.01 2.07 2.08 - - - 183 1.87 1.87

by sampling, no discount
(Sampling cost for the three scenarios: a) 0.3%8,415 and c) 0.423)

*varies depending on location, weather and imatign rate
**one extra sampling is conducted in the 19th acfrgvmonth
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For an approach of conducting one fumigation oro@et 31 and then either: a) sampling
once on March 31; b) sampling at the end of Felgrand March; or c) sampling at the end of
every month from November to March;, the costs eainfgom $1.11~1.36/tonne for sampling
cost alone to $5.03/tonne when live insect discoNd insect damage cost occurred when an
additional fumigation was indicated by sampling tbtal cost for that was from

$1.83~2.08/tonne.

Doing Nothing

Figures 4.1 and 4.2 show total costs with a low ignation rate if there was no treatment
during the storage period from 1961 to 1990. Trescavere composed of live insect discount
and IDK discount, although IDK discounts were ®@ath OKC and Wichita for all the years due

to the low immigration rate. Live insect discoufitsd.837/tonne occurred in each year in OKC.

In Wichita, though, live insect discounts occurogdly in approximately half of the
storage periods. For 12 out of 29 years, there wereosts of insects at all. Those years were:
1961/62, 1963/64, 1964/65, 1966/67, 1967/68, 19(&869/70, 1970/71, 1974/75, 1976/77,

1977/78, and 1978/79. The best strategy for thesesywas to do nothing.
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Figure 4.1 Total Cost of Doing Nothing: Low Immigraion Rate, Oklahoma City, 1961 to
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Figure 4.2 Total Cost of Doing Nothing: Low Immigraion Rate, Wichita, 1961 to 1990
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Figures 4.3 and 4.4 show total cost with a normmahigration rate if there was no
treatment during the storage period from 1961 @01%Vith a normal immigration rate, a live
insect discount of $1.837/tonne occurred every yrehoth Oklahoma City and Wichita. An
additional IDK discount occurred every year in OK®e highest IDK discount in OKC was

$9.56/tonne (1986/87), and the lowest was $2.16&¢h977/78).

IDK discounts in Wichita were typically lower thamOKC. IDK discounts were zero in
15 out of 29 years (1961/62, 1963/64, 1964/65, B¥¥6L967/68, 1968/69, 1969/70, 1970/71,
1974/75, 1975/76, 1976/77, 1977/78, 1978/79, 198 HA 1983/84). Among the remaining
years, the highest IDK discount in Wichita was $&ahne (1973/74) and the lowest was

$1.85/tonne (1988/89).
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Figure 4.3 Total Cost of Doing Nothing: Normal Immgration Rate, Oklahoma City, 1961 to
1990
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Figure 4.4 Total Cost of Doing Nothing: Normal Immgration Rate, Wichita, 1961 to 1990

Figures 4.5 and 4.6 show total cost with a high ignation rate if there was no treatment
during the storage period from 1961 to 1990. Is tase, the highest value in the y-axis is 10
times the highest value for the low and normal ignaiion rate graphs. As with a normal
immigration rate, a live insect discount of $1.88ihe occurred every year in both Oklahoma

City and Wichita.

The magnitude of the IDK discount was significartigher than with a normal
immigration rate and occurred every year in bothG20d Wichita. The highest IDK discount in
OKC was $95.35/tonne (1986/87) and the lowest \2ds3 /tonne (1977/78). The IDK discount
in Wichita was typically lower than in OKC. The higst IDK discount in Wichita was
$27.47/tonne (1973/74) and the lowest was $6.72&¢h976/77). The insect-related costs under

a high immigration rate were roughly ten times thaeder a normal immigration rate.
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Figure 4.5 Total Cost of Doing Nothing: High Immigration Rate, Oklahoma City, 1961 to
1990
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Figure 4.6 Total Cost of Doing Nothing: High Immigration Rate, Wichita, 1961 to 1990
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For the other treatments and approaches to bédeved, we are looking for dates for
which resulting costs are lowest; these may beidates for the most robust treatments and

treatment dates.

Routine Fumigation

One Routine fumigation

Figures 4.7-4.12 show the cost of conducting onéime fumigation during each storage
period. Each day of the storage period is consitlasea possibility to be that one day; each point
in a particular line on the graph represents thed twst (both treatment cost and insect damage
cost) of fumigating on that day. As before, thehlieigt value in the y-axis for high immigration

rate is 10 times the highest value for normal awdimmigration rate.

With a low immigration rate (Figures 4.7 and 418§ total cost can be separated into
only two different ranges. First, in every yeaQKC and 17 out of 29 years in Wichita,
fumigating at the beginning of each storage pewodld result in an IDK discount of zero. The
cost of $2.774/tonne contained the live insectalist and treatment cost (table 4.1). This period

is too early to fumigate, since live insect disdooecurs.

Then, in the second range, the total cost stasecedsing to $0.937/tonne, which equals
the cost of fumigation. This cost is an optimalueaith fumigation on any of those dates the
optimal strategy. In OKC, the earliest date tifer@nge began was June(@vthe 1987/88
storage period). In Wichita, the earliest ddfer@nge began was Junediring the 1988/89

storage period.
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Figure 4.9 Annual Cost of Fumigating Once per Yeawith Normal Immigration Rate in OKC from 1961 to 1990 (Crop Years, June 20 —
April 18 or 19)
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Figure 4.10 Annual Cost of Fumigating Once per Yeawith Normal Immigration Rate in Wichita from 1961 to 1990 (Crop years, June 20
— April 18 or 19)

46



120 4

100 -

80 -

60 -

$/tonne

40

20 -

1961-62
62-63
63-64
64-65
65-66
66-67
67-68
68-69
= 69-70
= 70-71
—T71-72
—T72-73
————73-74
—74-75
—75-76
—76-77
—77-78
= 78-79
= 79-80
= 80-81
—81-82
—82-83
—83-84
— 84-85
—85-86
—86-87
87-88

0
20/Jun

T T T T T T T T T 1

20/Jul 20/Aug 20/Sep 20/Oct 20/Nov 20/Dec 20/Jan 20/Feb 20/Mar
Treat Date

— 88-89
—89-90

Figure 4.11 Annual Cost of Fumigating Once per Yeawith High Immigration Rate in OKC from 1961 to 1990 (Crop years, June 20 —

April 18 or 19)

47



120 1961-62

62-63
63-64
64-65
100 - 65-66
66-67
67-68
68-69
69-70
80 - —70-71
—T71-72
—T72-73
—73-74
—74-75
———75-76
—T76-77
—T77-78
—78-79
40 e 79-80
— 80-81
—81-82

—82-83
—83-84
—84-85
——85-86
—86-87
—87-88
) W— T X X 177 /___/ —— 88-89
T T T T T T T

' ' ——89-90

60 -

$/tonne

20

0
20/Jun 20/Jul 20/Aug 20/Sep 20/Oct 20/Nov 20/Dec 20/Jan 20/Feb 20/Mar

Treat Date
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In Wichita in the 12 storage periods 1961/62, 16631964/65, 1966/67, 1967/68,
1968/69, 1969/70, 1970/71, 1974/75, 1976/77, 1B did 1978/79 the total costs were
$0.937/tonne for one fumigation. This is consisteith the result shown in figure 4.2 that for
these years, the optimal strategy would have bedo nothing; there were no costs of insects at

all, so that fumigation causes extra cost.

With a normal immigration rate (Figures 4.9 and}}. the total cost can be separated
into four different ranges. Fumigating from approgtely June 20 to the end of July (dates vary
depending on years) is very inefficient becausertbect population has a long time during the

hot summer to rebound, causing both live insectiBiddiscounts before the grain is sold.

The 2 cost range, beginning from a range (dependinderyéars) between June 23 and
July 27 for OKC and beginning from a range betwéame 20 and July 29 for Wichita, was

$2.77/tonne or higher, including live insect diseband treatment cost but no IDK discount.

Third, for many of the 29 years fumigation once waSicient to avoid live insect and
IDK discounts, so that the only cost was a fummatreatment cost of $0.937/tonne. Depending
on the year, this lowest cost result could be agudy fumigating as early as August 19 in OKC

and July 24 in Wichita, or as late as April 13 iK©and April 19 in Wichita.

However, the “window” of lowest cost for all yeaxss from October 7 through March 3
of the following year in OKC, and from August 2#dbgh April 7 of the following year in
Wichita. Fumigating on any day within these windomas early enough in all years to prevent
insect population from growing enough to damageathget late enough to prevent insect

population from rebounding sufficiently to resuta live insect discount.
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Because of the relatively cooler temperatures inHité, the low-cost window there was
wider than in OKC most of the individual years, d@he window that included all years was also

wider in Wichita than in OKC.

In the fourth cost range, fumigation conductedraftarch in OKC and April in Wichita
was more likely to result in IDK discounts, in atiol to treatment cost. Depending on the year,
this range began with fumigation as early as M&oh as late as April 13 in OKC, and as early
as April 7 or as late as April 19 in Wichita. Esjadlg in OKC, costs increased rapidly once they
began increasing, since insect population increagasnentially with favorable weather

conditions.

For a high immigration rate (Figures 4.11 and Fégirl2), there was no year in OKC for
which one fumigation, at any time, was sufficiemawoid either live insect or IDK discounts.
Fumigating between September 25 and December Gglthattained lower costs than fumigating

on other dates.

For Wichita, in 13 of the 29 years one fumigatibativeen November 14 and December
20) was sufficient to avoid discounts. Howevert psin OKC, in 16 of the 29 years live insect
and IDK discounts resulted no matter when the fatndgn was conducted, although the total

costs were lower in Wichita than in OKC.

Two Routine Fumigations

Table 4.2 summarizes the cost of conducting twéimedumigations, one on October 31
and one on March 31. The costs in every storagechen both OKC and Wichita, were
$1.66/tonne. Fumigating twice eliminated both linsect and IDK discounts, regardless of the

immigration rate. However, the second fumigatiors wanecessary in some years in both
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locations under low and normal immigration rates & some years, even with a high

immigration rate, in Wichita.

Table 4.2 Cost ($/tonne) Summary of Two Routine Fuigations on October 31 and
March 31

OKC : Wichita
Storage Low Normal High Low Normal High
Period® Immigration  Immigration Immigration: Immigration Immigration Immigration
1961/62 1.66° 1.66"° 166 | 1.66° 1.66"° 1.66"°
1962/63 1.66"° 1.66V° 1.66  1.68"° 1.66V° 1.66
1963/64 1.667° 1.66V° 1.66 | 1.68"° 1.66V° 1.68"°
1964/65 1.667° 1.66V° 1.66 | 1.68"° 1.66V° 1.68"°
1965/66 1.66" 1.66"° 1.66 | 1.66"° 1.66° 1.66
1966/67 1.66" 1.66"° 1.66 | 1.66"° 1.66"° 1.66"°
1967/68 1.667° 1.66V° 1.66 | 1.68"° 1.66V° 1.66V°
1968/69 1.66" 1.66"° 1.66 | 1.66"° 1.66"° 1.66"°
1969/70 1.66" 1.66"° 166 | 1.66"° 1.66° 1.66"°
1970/71 1.66" 1.66"° 166 | 1.66"° 1.66° 1.66"°
1971/72 1.66" 1.66"° 166 | 1.66"° 1.66° 1.66
1972/73 1.66" 1.66"° 166 | 1.66"° 1.66° 1.66
1973/74 1.66" 1.66"° 166 | 1.66"° 1.66° 1.66
1974/75 1.667° 1.66V° 1.66  1.68"° 1.66V° 1.66V°
1975/76 1.66" 1.66"° 166 | 1.66° 1.66"° 1.66
1976/77 1.66" 1.66"° 166 | 1.66° 1.66"° 1.66"°
1977/78 1.667° 1.66V° 1.66 | 1.68"° 1.66V° 1.66V°
1978/79 1.66" 1.66"° 166 | 1.66° 1.66"° 1.66"°
1979/80 1.66" 1.66"° 166 | 1.66° 1.66"° 1.66
1980/81 1.66" 1.66"° 166  1.66° 1.66"° 1.66
1981/82 1.66" 1.66"° 166  1.66° 1.66"° 1.66
1982/83 1.66" 1.66"° 166  1.66° 1.66"° 1.66
1983/84 1.66" 1.66"° 166 | 1.66° 1.66"° 1.66"°
1984/85 1.66" 1.66"° 166 | 1.66° 1.66"° 1.66
1985/86 1.66" 1.66"° 166 | 1.66° 1.66"° 1.66
1986/87 1.667° 1.66V° 166 | 1.66" 1.66"° 1.66
1987/88 1.667° 1.66V° 166 | 1.66" 1.66"° 1.66
1988/89 1.667° 1.66V° 166 | 1.66" 1.66"° 1.66
1989/90 1.66" 1.66"° 166  : 1.66"° 1.66"° 1.66

N/O: not optime: unnecessary fumigation occurs

Sampling-based Fumigation

One sample

Figures 4.13 to 4.18 show the cost of taking omepda during each storage period, with

a fumigation conducted if the number of insectthmsample exceeds the threshold of 0.5
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insects/kg. As with “One Routine Fumigation,” ealzty of the storage period is considered as a
possibility to be the day that the sample is takBmparing these figures with figures 4.7 to

4.12, the cost shape for sampling-based fumigagiaifferent than for one routine fumigation.

With a low immigration rate (Figures 4.13 and 4,Hd8pending on the year, two possible
results occurred. After incurring a sampling cést,samples that exceeded the threshold,
fumigation occurred, and the total cost was $1a@®8¥, with no live insect or IDK discounts. For
OKGC, if the sampling did not exceed the threshhidhigation did not occur, and the insect

population grew to a level that incurred a livesictsdiscount, for a total cost of $2.40/tonne.

With later dates for the sample to be taken, waat dropped from $2.40/tonne to
$1.28/tonne. The date in each year on which thad dccurred represents the starting dates when
sampling indicated fumigation should occur. Sangpbin dates earlier than that resulted in no
fumigation (because the sample didn’t exceed trestold), so the insect population grew
unchecked to level that incurred a live insectalisd. The earliest date sampling indicated
fumigation should occur was on February 8 (in tB86I87 storage period) and the latest date

was March 27 (in the 1977/78 storage period).

For Wichita, in 17 of 29 years, the sample excedldedhreshold and fumigation was
conducted, for a total cost of $1.28/tonne. Ifsheple did not exceed the threshold, fumigation
did not occur; this happened in 12 out of 29 yeargleven of those years, the insect population
grew to a level that incurred a live insect disdptor a total cost of $2.40/tonne. Ine the other

year, though, (1976/77) no live insect discountitesl and the total cost was $0.345/tonne.

For Wichita, the earliest date that sampling letutnigation was March 14 (in the
1973/74 year) and the latest date was April 4 (1887 In general, sampling late was more likely
to signal fumigation, which sampling earlier wasrenbikely to signal no fumigation. In most

years, this “no fumigation” signal led to a livesett discount.
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Figure 4.13 Annual Cost of Sampling-Based Fumigatio Low Immigration Rate, OKC, 1961-1990 (One Samplen the Sample Date plus
Fumigation If Threshold Exceeded)
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Figure 4.14 Annual Cost of Sampling-Based Fumigatio Low Immigration Rate, Wichita, 1961-1990 (One Saple on the Sample Date
plus Fumigation If Threshold Exceeded)
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Figure 4.15 Annual Cost of Sampling-Based Fumigatio Normal Immigration Rate, OKC, 1961-1990 (One Sample on the Sample Date
plus Fumigation If Threshold Exceeded)
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Figure 4.16 Annual Cost of Sampling-Based Fumigatio Normal Immigration Rate, Wichita, 1961-1990 (OneSample on the Sample Date
plus Fumigation If Threshold Exceeded)
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Figure 4.17 Annual Cost of Sampling-Based Fumigatio High Immigration Rate, OKC, 1961-1990 (One Samg on the Sample Date plus
Fumigation If Threshold Exceeded)
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Figure 4.18 Annual Cost of Sampling-Based Fumigatio High Immigration Rate, Wichita, 1961-1990 (One 8&mple on the Sample Date
plus Fumigation If Threshold Exceeded)
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With a normal immigration rate (Figures 4.15 antl), the total cost can be separated
into three ranges. In OKC, from June 20 to a rgdgpending on the years) between November
25 and December 19, and, in Wichita to a range dmtviNovember 27 and February 23,
sampling did not indicate fumigation was necessswyinsect population grew unchecked,
resulting in live insect and IDK discounts in mgsars, in addition to sampling cost. In 15 of the
29 years, no IDK discount resulted because weathaditions were less conducive for insect

growth.

Sampling on any day from December through Mar¢héssecond range, and has the
lowest cost. Sampling once during this time perigiilted in one fumigation, so the cost is one
sampling cost plus one fumigation cost, but no insect or IKD discount, for total of
$1.28/tonne. The “window” of lowest cost for allays was from December 19 through March 13
of the following year in OKC. The results in Wichiare similar to these in OKC, except that the

data range for the lowest cost was February 22igtr@\pril 6 for all years.

The earliest date on which sampling gave a signflrhigate in OKC was November 24
in the 1978/79 storage period, and the latestwateDecember 19 in the storage period 1972/73.
In Wichita, the earliest data on which samplingegyawsignal to fumigate was November 27 in the
1962/63, 1965/66, and 1973/74 storage periodsthanthtest date was February 22 in the storage

period 1972/73.

Sampling after March in OKC or April in Wichita,gtbeginning of the'3cost range,
resulted in fumigating after insects had alreadysed IDK, so in addition to sampling and

fumigation costs, IDK discounts resulted.

Similarly, with a high immigration rate (FigureslZ.and 4.18), the cost can be separated
into three ranges. In thé' tost range, total cost for all storage period®KC and Wichita

contains sampling cost and both live insect and td€ounts.

59



The 2 cost range was the lowest cost, beginning Octbleboth OKC and Wichita
and ending December 1 in OKC and December 20 imifdicin OKC, the cost was $3.12/tonne
(one sampling cost + one fumigation cost + liveeoisliscount), which implies that with a high

immigration rate, fumigating once was not enougbdotrol insect population.

In Wichita, the cost was either $3.12/tonne (omaing cost + one fumigation cost +
live insect discount) or $1.28/tonne (one samptiogt + one fumigation cost), depending on the
year. There were 16 out of 29 years with a co$3of2/tonne: 1962/63, 1965/66, 1971/72,
1972/73, 1973/74, 1975/76, 1979/80, 1980/81, 1981/882/83, 1984/85, 1985/86, 1986/87,
1987/88, 1988/89, and 1989/90. In these years ohitdi as well as all years in OKC, the cost
included live insect and IDK discounts in additiorfumigation cost. The other 13 out of 29

years in Wichita had a lower cost of $1.28/tonmasisting of sampling cost and fumigation cost.

Monthly sampling

Monthly sampling at every end of the month. Tables 4.3 and 4.4 summarize results for
monthly sampling at the end of every month fromt8eyber to March with a 0.5 insect/kg

threshold. Sample dates are: Sep 30, Oct 31, Nob&6 31, Jan 31, Feb 28 and Mar 31.

Table 4.3 shows that in OKC, for low and normal iigiration rates, monthly sampling
indicated that fumigation should occur once eadr.yleumigation dates were in either November
or December for a normal immigration rate and ibrbary or March for a low immigration. The
costs were $1.53/tonne (monthly sampling cost +fomggation cost). This result is consistent
with the previous result that one fumigation isessary for storage structures with low and

normal immigration rates in OKC.
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Table 4.3 Summary of Results for Monthly Sampling aEnd of Month, September to
March, 0.5 Insects/Kg Threshold, OKC

Optimal dates and cost

Low Immigration

Normal Immigration

High Immigration

peios: 5828588 som 5828588 oo §E2L58E hon
1961/62 F 153 F 1.53 F F 2.25
1962/63 F 153 1.53 F F 2.25
1963/64 F 153 F 1.53 F 2.25
1964/65 F 153 F 1.53 F 2.25
1965/66 F 1.53 F 1.53 F F 2.25
1966/67 F 153 F 1.53 F 2.25
1967/68 F 153 F 1.53 F 2.25
1968/69 1.53 F 1.53 F 2.25
1969/70 1.53 F 1.53 F 2.25
1970/71 F 153 F 1.53 F F 2.25
1971/72 F 1.53 1.53 F F 2.25
1972/73 F 153 F 1.53 F F 2.25
1973/74 1.53 1.53 F 2.25
1974/75 1.53 1.53 F 2.25
1975/76 F 153 F 1.53 F 2.25
1976/77 F 153 1.53 F F 2.25
1977/78 F 153 1.53 F F 2.25
1978/79 F 153 F 1.53 F F 2.25
1979/80 F 153 F 1.53 F F 2.25
1980/81 F 153 1.53 F F 2.25
1981/82 F 153 1.53 F F 2.25
1982/83 F 1.53 F 1.53 F F 2.25
1983/84 F 153 F 1.53 F 2.25
1984/85 1.53 1.53 F 2.25
1985/86 F 153 F 1.53 F 2.25
1986/87 F 1.53 F 1.53 F F 2.25
1987/88 F 153 1.53 F F 2.25
1988/89 F 1.53 F 1.53 F 2.25
1989/90 F 1.53 F 1.53 F 2.25

F: means fumigation occurred in that month
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Table 4.4 Summary of Results for Monthly Sampling aEnd of Month, September
to March, 0.5 Insects/Kg Threshold, Wichita

Optimal dates and cost
Low Immigration Normal Immigration High Immigration

bl BB3858E8 ooy S82E8588 s 38238588 s
1961/62 0.806 F 1.53 F 1.53
1962/63 F 1.53 F 1.53 F F 2.25
1963/64 0.806 F 1.53 F 1.53
1964/65 0.806 F 1.53 F 1.53
1965/66 F 1.53 F 1.53 F F 2.25
1966/67 0.806 F 1.53 F 1.53
1967/68 0.806 F 1.53 F 1.53
1968/69 0.806 F 1.53 F 1.53
1969/70 0.806 F 1.53 F 1.53
1970/71 0.806 F 1.53 F 1.53
1971/72 F 1.53 F 1.53 F F 2.25
1972/73 F 1.53 F 1.53 F F 2.25
1973/74 F 1.53 F 1.53 F F 2.25
1974/75 0.806 F 1.53 F 1.53
1975/76 2.6%° F 1.53 F F 2.25
1976/77 0.806 F 1.53 F 1.53
1977178 0.806 F 1.53 F 1.53
1978/79 0.806 F 1.53 F 1.53
1979/80 F 1.53 F 1.53 F F 2.25
1980/81 F 1.53 F 1.53 F F 2.25
1981/82 F 1.53 F 1.53 F F 2.25
1982/83 F 1.53 F 1.53 F F 2.25
1983/84 2.6%° F 1.53 F 3.37V°
1984/85 F 1.53 F 1.53 F F 2.25
1985/86 F 1.53 F 1.53 F F 2.25
1986/87 F 1.53 F 1.53 F F 2.25
1987/88 F 1.53 F 1.53 F F 2.25
1988/89 F 1.53 F 1.53 F F 2.25
1989/90 F 1.53 F 1.53 F F 2.25

F: means fumigation occurred in that month
N/O: not optime

With a high immigration rate, monthly sampling icalied that fumigation should be
conducted twice, in October and then in either &atyror March. Costs were $2.25/tonne

(monthly sampling cost + two fumigation costs).

In Wichita (Table 4.4), with a low immigration rat@onthly sampling indicated that

fumigation was necessary only in 15 of 29 year@s€hyears were 1962/63, 1965/66, 1971/72,
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1972/73, 1973/74, 1979/80, 1980/81, 1981/82, 1982A/884/85, 1985/86, 1986/87, 1987/88,
1988/89 and 1989/90. The total cost for those y@ass$1.53/tonne (monthly sampling cost plus

one fumigation cost).

For the other 14 of 29 years, total cost was $0t8066e (monthly sampling cost plus
fixed cost of fumigation), except for 1975/1976 a@83/1984, in which sampling incorrectly
failed to indicate fumigation, when it was actualeded. In those years, either the threshold was
too high, or the last sampling date (March 31) wasearly to signal that fumigation was, in fact,

needed to present insect population from growintpeégpoint of triggering live insect discounts.

The “monthly sampling” approach could be modifiedavoid years like that. The
threshold could be lowered, but this might requlimnnecessary fumigations, raising cost. Or, an
additional sampling could be added (say April @i, in most years, this would add an

unnecessary sampling cost.

With a high immigration rate, sampling results f@rout of 29 years indicated two
fumigations were necessary, costing $2.25/tonnen{iniyp sampling cost + two fumigation costs).
These years are: 1962/63, 1965/66, 1971/72, 1972073/74, 1975/76, 1979/80, 1980/81,

1981/82, 1982/83, 1984/85, 1985/86, 1986/87, 193 7/888/89 and 1989/90.

In the remaining 13 out of 29 years, monthly sangplndicated that one fumigation
should be conducted, at cost of $1.53/tonne, exbepin 1983/84 an additional fumigation
should have been conducted but was not. As a yéiseltost for that year was $3.37/tonne,

including monthly sampling cost, one fumigationtcasd live insect discount.

Monthly sampling on every 19" of the month. Tables 4.5 and 4.6 summarize results for
monthly sampling on every 19th from September toilApth a 0.75 insect/kg threshold. Sample

dates are: Sep 19, Oct 19, Nov 19, Dec 19, JaRel919, Mar 19, and Apr 19.
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In OKC, with low and normal immigration rates, molytsampling indicated that
fumigation should be conducted one time. Fumigadiaies were in either December or January
for a normal immigration rate and in March or Agdt a low immigration rate. The costs were
$1.61/tonne (monthly sampling cost + one fumigatiost). This result is consistent with

previous results that one fumigation is necessariofv and normal immigration rates in OKC.

With a high immigration rate, monthly sampling icalied that two fumigations were
necessary, one in October and another in eithectVar April. Costs were $2.34/tonne (monthly

sampling cost + two fumigation costs).

In Wichita, with a low immigration rate, monthlyrapling on the 18 of every month
indicated that no fumigation should occur in 9 0lUR9 years (1963/64, 1967/68, 1968/69,
1969/70, 1970/71, 1974/75, 1976/77, 1977/78, aif@/®. In those years costs were

$0.89/tonne (monthly sampling cost plus fumigafigzad cost).

In the other 20 out of 29 years, sampling indicabed one fumigation was necessary,
with a cost of $1.61/tonne (monthly sampling cdesmne fumigation cost). Compared with the
end-of-month sampling result, sampling on th& @Bevery month corrected the failure to

fumigate in 1975/76 and 1983/84.

Even when correcting that failure, though, anofireblem resulted. During the storage
periods of 1961/62, 1964/65 and 1966/67, monthtypdmg indicated that one fumigation was
necessary when it actually was not necessary.Cehised unnecessary fumigation costs of

$0.723/tonne. However, this is a lower cost thandbst of failing to control insect population.

With a normal immigration rate, sampling indicatkdt one fumigation was necessary.
Costs were $1.61/tonne and fumigation dates wesglyno January and February, though some

were in December and March.
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Table 4.5 Summary of results for Monthly Sampling a the 19" of Every Month,

September to April, 0.75/insect/kg threshold, Oklabma City

Optimal dates and cost

Low Immigration

Normal Immigration

High Immigration

o 28388 §22($;§n)§8§§§§§§:'($-I/-t§n)§8§§§§§§($1/-t%n)
1961/62 F 161 F 161 F F 234
1962/63 F 161 F 161 F F 234
1963/64 F 161 F 161 F F 234
1964/65 F 161 F 161 F F 234
1965/66 F 161 F 161 F F 234
1966/67 F 161 F 161 F F 234
1967/68 F 161 F 161 F F 234
1968/69 F o161 F 161 F F 234
1969/70 F o161 F 161 F F 234
1970/71 F o161 F 161 F F 234
1971/72 F o161 F 161 F F 234
1972/73 F o161 F 161 F F 234
1973/74 F o161 F 161 F F 234
1974175 F o161 F 161 F F 234
1975/76 F o161 F 161 F F 234
1976/77 F 161 F 161 F F 234
1977/78 F 161 F 161 F F 234
1978/79 F 161 F 161 F F 234
1979/80 F 161 F 161 F F 234
1980/81 F 161 F 161 F F 234
1981/82 F 161 F 161 F F 234
1982/83 F 161 F 161 F F 234
1983/84 F 161 F 161 F F 234
1984/85 F 161 F 161 F F 234
1985/86 F 161 F 161 F F 234
1986/87 F 161 F 161 F F 234
1987/88 F 161 F 161 F F 234
1988/89 F 161 F 161 F F 234
1989/90 F 161 F 161 F F 234
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Table 4.6 Summary of results for Monthly Sampling a the 19" of Every Moth, September
to April, 0.75/insect/kg threshold, Wichita

Optimal dates and cost

Low Immigration Normal Immigration High Immigration
peiod. S 838EBEETCOMEEEEEEEE oy §EE858 82 whon
1961/62 F 1.61V° F 1.61 F F 234"
1962/63 F 1.61 F 1.61 F F 234
1963/64 0.890 F 1.61 F F 234"
1964/65 F 1.61V° F 1.61 F F 234
1965/66 F 161 F 1.61 F F 234
1966/67 F 1.61V° F 1.61 F F 234"
1967/68 0.890 F 1.61 F F 234"
1968/69 0.890 F 1.61 F 1.61
1969/70 0.890 F 1.61 F F 234"
1970/71 0.890 F 1.61 F 1.61
1971/72 F 1.61 F 1.61 F F 234
1972/73 F 1.61 F 1.61 F F 234
1973/74 F 1.61 F 1.61 F F 234
1974/75 0.890 F 1.61 F F 234"
1975/76 F 1.61 F 1.61 F F 234
1976/77 0.890 F 161 F 1.61
1977/78 0.890 F 1.61 F 1.61
1978/79 0.890 F 161 F 1.61
1979/80 F 161 F 1.61 F F 234
1980/81 F 161 F 1.61 F F 234
1981/82 F 1.61 F 1.61 F F 234
1982/83 F 1.61 F 1.61 F F 234
1983/84 F 1.61 F 1.61 F F 234
1984/85 F 1.61 F 1.61 F F 234
1985/86 F 1.61 F 1.61 F F 234
1986/87 F 1.61 F 1.61 F F 234
1987/88 F 161 F 1.61 F F 234
1988/89 F 161 F 1.61 F F 234
1989/90 F 161 F 1.61 F F 234

N/O: not optime-unnecessary fumigation occurs

With a high immigration rate, sampling indicatedttifor some years, two fumigations
were necessary, costing $2.336/tonne (monthly sagpbst + two fumigation costs). These
years were: 1962/63, 1965/66, 1971/72, 1972/733/7d7 1975/76, 1979/80, 1980/81, 1981/82,
1982/83, 1984/85, 1985/86, 1986/87, 1987/88, 1IB&r&l 1989/90 (which are the same years
indicated by end-of-month sampling), plus the yeh®§1/62, 1963/64, 1966/67, 1967/68,

1969/70, 1974/75.
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As with the low immigration rate, although samplimythe 18 of each month — rather
than at the end of the month — solved the problefailing to fumigate in 1983/83, it led to
unnecessary fumigation costs. Cost for the remgip@ars in which fumigation was conducted

only once was $1.61/tonne.

Overall, the cost of monthly sampling on thé 1 the month was higher than end-of-
month sampling. One more sample was taken, andlisagm the 18 led to some unnecessary
fumigations. Although end-of-month sampling hadheigfailure-to-control risk, unnecessary
fumigations cost more than the live insect disceuasulting from failure to control insects.

Unnecessary fumigation cost and failure to contre¢éct damage occurred only in Wichita.

One routine fumigation with sampling-based fumigati

Tables 4.7 and 4.8 show the cost of one routinégation on October 31and three
scenarios of sampling-based fumigation afterwartisse three scenarios were: (I) Sample on
March 31, (II) Sample on Feb 28 and March 31, d@mdSample at end of each month from

November to March.

In Oklahoma City, sampling indicated another furtiga either in February or March

was necessary with a high immigration rate, butwitht normal or low immigration rates.

With a high immigration rate, the costs of one mafumigation plus one more
sampling-based fumigation for three scenarios B2r81/tonne, $2.07/tonne, and $2.08/tonne

(sampling cost + two fumigation costs), respectivel
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Table 4.7. Summary of Results for One Fumigation o®ct 31" and Sampling-based
Fumigation afterwards, Oklahoma City

High Immigration rate

Normal immigration rate

Lomrnigration rate

Fin Fin Feb Fin Feb o
March ‘@ & or March 8 March | No F No F No F No F
based on - based on “- based on No F basedbased on based on based on based on No F based
Storage sample sample sample | on sample sample sample; sample sample onsample
Period®  TC ($/ton) TC ($/ton) TC ($/ton} TC ($/ton) TC ($/ton)TC ($/ton}TC ($/ton)TC ($/ton) TC ($/ton)
1961/62 2.01 F 2.07 F 2.08 1.28 1.35 1.36 1.28 1.35 1.36
1962/63 2.01 F 2.07 2.08 1.28 1.35 1.36 1.28 1.35 1.36
1963/64 2.01 F 2.07 F 2.08 1.28 1.35 1.36 1.28 1.35 1.36
1964/65 2.01 F 2.07 F 2.08 1.28 1.35 1.36 1.28 1.35 1.36
1965/66 2.01 F 2.07 2.08 1.28 1.35 1.36 1.28 1.35 1.36
1966/67 2.01 F 2.07 F 2.08 1.28 1.35 1.36 1.28 1.35 1.36
1967/68 2.01 F 2.07 F 2.08 1.28 1.35 1.36 1.28 1.35 1.36
1968/69 2.01 F 2.07 2.08 1.28 1.35 1.36 1.28 1.35 1.36
1969/70 2.01 F 2.07 2.08 1.28 1.35 1.36 1.28 1.35 1.36
1970/71 2.01 F 2.07 F 2.08 1.28 1.35 1.36 1.28 1.35 1.36
1971/72 2.01 F 2.07 2.08 1.28 1.35 1.36 1.28 1.35 1.36
1972/73 2.01 F 2.07 F 2.08 1.28 1.35 1.36 1.28 1.35 1.36
1973/74 2.01 F 2.07 2.08 1.28 1.35 1.36 1.28 1.35 1.36
1974/75 2.01 F 2.07 2.08 1.28 1.35 1.36 1.28 1.35 1.36
1975/76 2.01 F 2.07 2.08 1.28 1.35 1.36 1.28 1.35 1.36
1976/77 2.01 F 2.07 F 2.08 1.28 1.35 1.36 1.28 1.35 1.36
1977178 2.01 F 2.07 F 2.08 1.28 1.35 1.36 1.28 1.35 1.36
1978/79 2.01 F 2.07 F 2.08 1.28 1.35 1.36 1.28 1.35 1.36
1979/80 2.01 F 2.07 F 2.08 1.28 1.35 1.36 1.28 1.35 1.36
1980/81 2.01 F 2.07 2.08 1.28 1.35 1.36 1.28 1.35 1.36
1981/82 2.01 F 2.07 F 2.08 1.28 1.35 1.36 1.28 1.35 1.36
1982/83 2.01 F 2.07 2.08 1.28 1.35 1.36 1.28 1.35 1.36
1983/84 2.01 2.07 F 2.08 1.28 1.35 1.36 1.28 1.35 1.36
1984/85 2.01 F 2.07 F 2.08 1.28 1.35 1.36 1.28 1.35 1.36
1985/86 2.01 F 2.07 F 2.08 1.28 1.35 1.36 1.28 1.35 1.36
1986/87 2.01 F 2.07 2.08 1.28 1.35 1.36 1.28 1.35 1.36
1987/88 2.01 F 2.07 F 2.08 1.28 1.35 1.36 1.28 1.35 1.36
1988/89 2.01 F 2.07 2.08 1.28 1.35 1.36 1.28 1.35 1.36
1989/90 2.01 F 2.07 2.08 1.28 1.35 1.36 1.28 1.35 1.36

I. Sample on March 31

Il. Sample on Feb 28and March 3%
IIl. Monthly Sample at end of month from Nov to Mhr
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Table 4.8 Summary of Results for One Fumigation o®ct 31st and Sampling-based
Fumigation afterwards, Wichita

High Immigration rate Normal immigration rate Lominigration rate

' NoF NoF ' NoF
based onNo F basedbased oq based on No F basedNo F based o
Storage — - - ' sample on sample sample: sample on sample sample
Period” § TC ($/ton) § TC ($/ton) § TC ($/t0n)§TC ($/ton) TC ($/ton) TC ($/t0n):TC ($/ton) TC ($/ton) TC ($/ton)
1961/62 1.28 1.35 1.36 1.28 1.35 1.36:5 188  1.35V° 1.38"°
1962/63 F 201 F 207 F 2.08 1.28 1.35 1.36§ 1.28 1.35 1.36
1963/64 1.28 1.35 1.36 1.28 1.35 1.3¢ %8 1.35V° 1.38"°
1964/65 1.28 1.35 1.36 1.28 1.35 1.3623 188  1.35V° 1.38"°
1965/666 F 201 F 207 F 2.08 1.28 1.35 1.36§ 1.28 1.35 1.36
1966/67 1.28 1.35 1.36 1.28 1.35 1.3(;:5 188 1.35V° 1.36"°
1967/68 1.28 1.35 1.36 1.28 1.35 1.3(:5 188  1.35V° 1.38"°
1968/69 1.28 1.35 1.36 1.28 1.35 1.3(%5 188 1.35V° 1.36"°
1969/70 1.28 1.35 1.36 1.28 1.35 1.3{5 188  1.35V° 1.38"°
1970/71 1.28 1.35 1.36 1.28 1.35 1.3¢ 188  1.35V° 1.38"°
1971/72 F 201 F 207 F 2.08 1.28 1.35 1.36§ 1.28 1.35 1.36
1972/73 F 201 F 207 F 2.08 1.28 1.35 1.36§ 1.28 1.35 1.36
1973/74 F 201 F 207 F 2.08 1.28 1.35 1.36§ 1.28 1.35 1.36
1974/75 1.28 1.35 1.36 1.28 1.35 1.3(1:‘; 198 1.35V° 1.38"°
1975/76 F 201 F 207 F 2.08 1.28 1.35 1.36§ 1.28 1.35 1.36
1976/77 1.28 1.35 1.36 1.28 1.35 1.3és 188  1.35V° 1.36"°
1977/78 1.28 1.35 1.36 1.28 1.35 1.3(:5 188  1.35V° 1.38"°
1978/79 1.28 1.35 1.36 1.28 1.35 1.3%5 188  1.35V° 1.38"°
1979/80 F 201 F 207 F 2.08 1.28 1.35 1.36§ 1.28 1.35 1.36
1980/81 F 201 F 207 F 2.08 1.28 1.35 1.36§ 1.28 1.35 1.36
1981/82 F 201 F 207 F 2.08 1.28 1.35 1.36§ 1.28 1.35 1.36
1982/83 F 201 F 207 F 2.08 1.28 1.35 1.36§ 1.28 1.35 1.36
1983/84 3.1¥° 3.19%° 3.20“’05 1.28 1.35 1.36 1.28 1.35 1.36
1984/85 F 201 F 207 F 2.08 1.28 1.35 1.36§ 1.28 1.35 1.36
1985/86 F 201 F 207 F 2.08 1.28 1.35 1.36§ 1.28 1.35 1.36
1986/87 F 201 F 207 F 2.08 1.28 1.35 1.36§ 1.28 1.35 1.36
1987/88 F 201 F 207 F 2.08 1.28 1.35 1.36§ 1.28 1.35 1.36
1988/89 F 201 F 207 F 2.08 1.28 1.35 1.36; 1.28 1.35 1.36
1989/90 F 201 F 207 F 208 | 128 1.35 1360 1.8 1.35 1.36

N/O: not optimal: damage in high immigration ratenecessary fumigation in low immigration |
I. Sample on March 31

Il. Sample on Feb 28and March 3%

I1l. Monthly Sample at end of month from Nov to Mar
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With normal and low immigration rates, the cost®é routine fumigation plus
sampling for three scenarios were $1.28/tonne 5ftb8ne, and $1.36/tonne (sampling cost +
one fumigation cost), respectively. Since at least fumigation was necessary, this strategy
saved some sampling cost for the first routine fation, so it was less costly than sampling

every month.

In Wichita, with a high immigration rate, in 16 28 years two fumigations were needed.
The years were 1962/63, 1965/66, 1971/72, 1972983/74, 1975/76, 1979/80, 1980/81,
1981/82, 1982/83, 1984/85, 1985/86, 1986/87, 1987/888/89, and 1989/90. The costs for each
of the three scenarios were $2.01/tonne, $2.07&0emd $2.08/tonne, respectively. In 12 of the
13 years, sampling indicated that no additionalifations were necessary, and the costs for each
of the scenarios were $1.28/tonne, $1.35/tonne$ar@b/tonne. In one year, 1962/63, sampling
indicated that an additional fumigation was notassary even though it was, so a live insect
discount resulted. In that year, cost for the tlae@narios were $3.12/tonne, $3.19/tonne, and

$3.20/tonne (sampling cost + one fumigation coste ihsect discount), respectively.

With a low immigration rate, there were 12 yeai@63/64, 1967/68, 1968/69, 1969/70,
1970/71, 1974/75, 1976/77, 1977/78, and 1978/7@hich fumigation was unnecessary. Thus,

this strategy was not ideal for Wichita.

Optimal Strategy

Under theassumption that all of an elevator’s storage hies, (in this simulation) have
the same insect immigration rate, table 4.9 sunmeamptimal strategies and corresponding costs
($/tonne) in each weather condition (year), witl,laormal, and high immigration rates for

Oklahoma City. It also shows the optimal strategiben weather is unknown for each
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immigration rate, when immigration rate is unknowangd when both immigration rate and
weather are unknown. The optimal strategy in edahtson is the strategy that minimizes total

cost when used in each of the 29 years.

Table 4.9. Summary of Ideal Strategies and Correspaling Costs ($/tonne)
for Each Storage Year under Alternative Insect Immgration Rates for
Oklahoma City @

Storage Low Normal High : Immigration rate
Period® Immigration  Immigration Immigration unknown
1961/62 F 0.937 F 0.937 2F 1.6:6 1FMES  +0.34%
1962/63 F 0.937 F 0.937 2F 1.66 1FMS  +0.345
1963/64 F 0.937 F 0.937 2F 1.66 1FMS  +0.345
1964/65 F 0937 F 0937 2F 166 1FMS +0.345
1965/66 F 0.937 F 0.937 2F 1.65 1FMS  +0.345
1966/67 F 0.937 F 0.937 2F 1.65 1FMS  +0.345
1967/68 F 0.937 F 0.937 2F 1.6:6 1FVRS  +0.345
1968/69 F 0.937 F 0.937 2F 1.66 1FMS  +0.345
1969/70 F 0.937 F 0.937 2F 1.656 1FMS  +0.345
1970/71 F 0.937 F 0.937 2F 1.6:6 1FMS  +0.345
1971/72 F 0.937 F 0.937 2F 1.65 1FMS  +0.345
1972/73 F 0.937 F 0.937 2F 1.65 1FMS  +0.345
1973/74 F 0937 F 0937 2F 166 1FMS +0.345
1974/75 F 0.937 F 0.937 2F 1.65 1FMS  +0.345
1975/76 F 0937 F  0.937 2F 165 1FMS +0.345
1976/77 F 0.937 F 0.937 2F 1.6:6 1FMS  +0.345
1977/78 F 0.937 F 0.937 2F 1.65 1FMS  +0.345
1978/79 F 0.937 F 0.937 2F 1.65 1FMS  +0.345
1979/80 F 0.937 F 0.937 2F 1.6:6 1FMS  +0.345
1980/81 F 0.937 F 0.937 2F 1.65 1FNMS  +0.345
1981/82 F 0.937 F 0.937 2F 1.6:6 1FMS  +0.345
1982/83 F 0.937 F 0.937 2F 1.66  1FMS +0.345
1983/84 F 0.937 F 0.937 2F 1.65 1FMS  +0.345
1984/85 F 0937 F 0937 2F 1656 1FMS +0.345
1985/86 F 0.937 F 0.937 2F 1.66 1FMS  +0.345
1986/87 F 0.937 F 0.937 2F 1.65 1FNMS  +0.345
1987/88 F 0.937 F 0.937 2F 1.6:6 1FMS  +0.345
1988/89 F 0.937 F 0.937 2F 1.66 1FMS  +0.345
1989/90 F 0.937 F 0.937 2F 1.656 1FMS  +0.345
Weather !

unknown F  0.937 F 0.937 2F 1.66 1FMS +0.345

a. F: one fumigation, 2F: two fumigations, 1FNT: one fumigation and one sampling in March
b. Storage period begins on 6/20 and ends on 4/181L6rfdr the following year
c. Corresponding cost plus sampling cost
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The table shows that in OKC fumigation is alwaysdst cost if the manager can get
accurate information about weather and immigrataia because the cost of fumigating is less

than the cost of sampling-based fumigation.

Objective 3: Determine optimal insect control strakgies that are robust to varying weather

conditions and insect immigration rates.

The assumption above that the storage manager kihewseather and immigration rate
is unrealistic. A manager must make the best plesdixision without having perfect knowledge
about those factors. Assuming a normal or low odiasect immigration when the rate is
actually high, for example, would likely lead tatlittle insect control, and live insect or IDK
discounts. Temperatures or humidity higher thareetga would lead to the same result.
Conversely, assuming an immigration rate, tempegatwr humidity that is too high would lead
to excessive fumigation. Both errors would make&dhgontrol more expensive than it needs to
be. This section of the analysis attempts to ifietiie best insect control strategies under a range

of weather conditions or insect immigration rates.

The bottom row of Table 4.9 shows the optimal stygtif insect immigration rate is
known but weather is unknown. It shows that weatheiation in OKC did not affect fumigation
strategies, since in each column the same stratagyptimal in all years (at least one
fumigation was needed in all years for low and radrimnmigration rates, and two fumigations
were needed under a high immigration rate); samgglased strategies only increased costs, since
sampling gave a correct indication that fumigatias always necessary. Sampling was an added

expense that had no effect on which treatment wbeldhosen.
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The right-most column of Table 4.9 shows the optistimtegy in each year when
immigration rate is unknown, and the lower right oéthe table shows the optimal strategy
when both weather and immigration rate are unknd\Mter an initial fumigation, conducting a
sampling in March detected those situations in tiaic additional fumigation was needed (i.e., if
immigration rate is high). Using this strategyaofinitial fumigation followed by a sampling in
March resulted in no unnecessary fumigations, dswlrao live insect or IDK discounts.

Sampling detected when no further fumigations weeessary (all years under low and normal
immigration rates), and when an additional fumigiativas necessary (all years with a high

immigration rate.)

For example, suppose that all ten bins had the gamegration rate under weather
conditions of 1961/62 and the insect immigratiaie k&as unknown. After an initial fumigation
on October 31, if sampling indicated that no mamifjations were necessary (which would be
the case under low or normal immigration rates),tttal cost would be 1.2823 (0.937+0.3454),
which is monthly sampling cost plus one fumigatbmst. If, instead, sampling indicated that an
additional fumigation was necessary (which it wowdier a high immigration rate), then the cost

would be monthly sampling cost plus two fumigatioms$2.01/tonne (1.66 + 0.345).

If the strategy would have been to conduct two fiations without sampling, the cost
would have been $1.66/tonne. This is $0.723/tongleeh than would have been necessary if, in
fact, the immigration rate was low or normal. Mdyptsampling added $0.345/tonne, rather than

$0.723 for an additional fumigation, for low or n@l immigration rates.

Table 4.10 summarizes results of the same exdmis¥ichita. Unlike the results for
OKC, weather variation affects optimal strategie®\ichita. As shown in the bottom row, one
sampling is optimal for a low immigration rate, amtk routine fumigation is optimal for normal

immigration rate. However, there was no identiftiabptimal strategy for a high immigration rate
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across all years. One routine fumigation plus sarggdased and end-of-month sampling result
in one year with failure to control, and thus @limsect discount. Monthly sampling on thé'19

avoided insect discounts, but there were unnegesisaigations.

Table 4.10. Summary of Ideal Strategies and Corresmding Costs ($/tonne) for
Each Storage Year under Alternative Insect Immigraion Rates for Wichita ®

Storage Low Normal High : _— ‘
Period b Immigration Immigration Immigration Immigration rate unknown
1961/62 NF 0 F 0937 F 0937 S +0.345
1962/63 F 0.937 F  0.937 2F 1.65  1FMRS +0.345
1963/64 NF 0 F  0.937 F 0.937 S +0.345
1964/65 NF 0 F  0.937 F 0.937 S +0.345
1965/66 F 0.937 F  0.937 2F 1.65  1FMRS +0.345
1966/67 NF 0 F  0.937 F 0.937 S +0.345
1967/68 NF 0 F 0937 F 0937 S +0.345
1968/69 NF 0 F  0.937 F 0.937 S +0.345
1969/70 NF 0 F  0.937 F 0.937 S +0.345
1970/71 NF 0 F  0.937 F 0.937 S +0.345
1971/72 F 0.937 F  0.937 2F 1.65  1FMRS +0.345
1972/73 F 0.937 F  0.937 2F 1.656  1FMS +0.345
1973/74 F 0.937 F  0.937 2F 166  1FNRS +0.345
1974175 NF 0 F  0.937 F 0.937 S +0.345
1975/76 F 0.937 F  0.937 2F 1.656  1FMS +0.345
1976/77 NF 0 F  0.937 F 0.937 S +0.345
1977/78 NF 0 F  0.937 F 0.937 S +0.345
1978/79 NF 0 F  0.937 F 0.937 S +0.345
1979/80 F 0.937 F  0.937 2F 166  1FNRS +0.345
1980/81 F 0.937 F  0.937 2F 1.65  1FMRS +0.345
1981/82 F 0.937 F  0.937 2F 1.66  1FMS +0.345
1982/83 F 0.937 F  0.937 2F 166  1FNRS +0.345
1983/84 F 0.937 F  0.937 F 0.937 F 0.937
1984/85 F 0.937 F  0.937 2F 1.656  1FMS +0.345
1985/86 F 0.937 F  0.937 2F 166  1FNRS +0.345
1986/87 F 0.937 F  0.937 2F 1.65  1FMRS +0.345
1987/88 F 0.937 F  0.937 2F 1.656  1FMS +0.345
1988/89 F 0.937 F  0.937 2F 166  1FNRS +0.345
1989/90 F 0.937 F  0.937 2F 1.65  1FMRS +0.345
Weather E

unknown S +0.3454 F 0.937 N/A i N/A

a. NF : doing nothing F: one fumigating, 2F: two fumigatir®),one sampling-based fumigation, 1FKfS one
fumigation and one sampling on march afterwards
b. Storage period begins on 6/20 and ends on 4/18L6rfdr the following year
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Since none of these strategies provided an opsoiation, the choice of strategy
depended on relative costs of insect discountdraatments. When immigration rate was
unknown, sampling was the best strategy in 12 bABgears, and in another 16 years one
routine fumigation plus sampling-based fumigatiasvbest. In 1983/84, one fumigation was

optimal.

The following results assume that weather is uagednd that insect immigration rate is
not known but that the manager has some informatimut it. For example, the manager may
know that out of 10 storage bins, one third hal@aaimmigration rate, 1/3 have a normal
immigration rate, and 1/3 have a high immigratiater Results for the previous assumption that

all bins were either low, or normal, or high aregented for comparison.

Tables 4.11 and 4.12 summarize the optimal furrogatiate for routine fumigation in
OKC and Wichita and tables 4.13 and 4.14 summahnige@ptimal sampling date for sampling-

based fumigation in OKC and Wichita.

The “overlaps” row at the bottom shows the optigetes when weather conditions are
unknown. In OKC (table 4.11), for one fumigatione toptimal window range was 3/Aug-19/Apr
for low immigration rate, 7/Oct-3/Mar for normal imigration rate, and 25/Sep-5/Dec for a high
immigration rate. In the lower right cell, the daéamge 7/Oct-5/Dec included all of these ranges,
so that the range 7/Oct-5/Dec was robust acrosthtbe insect immigration rates and across

years.

Similar results for Wichita are shown in Table 4.TBe optimal dates were 4/Jul-19/Apr a
low immigration rate, 27/Aug-7/Apr for a normal ingration rate, and 25/Sep-5/Dec for a high
immigration rate. The lower right cell gives thesbdates for one fumigation that applied across

years and immigration rates, 14/Nov-20/Dec.
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Table 4.11 Dates and Cost ($/tonne) Summary of LeaSost Window Range for One
Fumigation over the Storage Period in Oklahoma City

Optimal dates and cost

ﬁ;orirsgf Low Immigration Normal Immigration High Immigration Overlaps

1961/62 8/Jul-19/Apr  0.937  29/Aug-1/Apr  0.937  24¢A24/Dec’® 277 | 29/Aug-24/Dec’®
1962/63 22/Jul-19/Apr  0.937  16/Sep-17/Mar  0.937 epi$2/Ded™®  2.77 16/Sep-12/Det®
1963/64 3/Jul-19/Apr 0.937  25/Aug-5/Apr  0.937 21¢Med/Dec¥®  2.77 25/Aug-21/Ded"®
1964/65 1/Jul-19/Apr  0.937  23/Aug-5/Apr  0.937  20¢A26/Dec’®  2.77 23/Aug-26/Dec"°
1965/66 24/Jul-19/Apr  0.937  18/Sep-7/Mar  0.937  @&pi$0/Ded™® 277 18/Sep-10/Det®
1966/67 15/Jul-19/Apr  0.937  4/Sep-27/Mar  0.937  2&/R0/Dec'®  2.77 4/Sep-20/Ded™
1967/68 13/Jul-19/Apr  0.937  6/Sep-22/Mar ~ 0.937 3@AT7/Ded’® 277 6/Sep-17/Det™®
1968/69 17/Jul-19/Apr  0.937  7/Sep-24/Mar  0.937  3@R1/Ded’® 277 7/Sep-21/Det”®
1969/70 15/Jul-19/Apr  0.937  7/Sep-19/Mar  0.937 3A7/Ded®  2.77 7/Sep-17/Del’®
1970/71 13/Jul-19/Apr  0.937  4/Sep-24/Mar  0.937  3@A9/Ded’® 277 4/Sep-19/Ded’®
1971/72 1/Aug-19/Apr  0.937 3/Oct-3/Mar 0.937  19/8#pec’® 277 3/Oct-8/Decd"®
1972/73 19/Jul-19/Apr  0.937  12/Sep-27/Mar  0.937  eB/36/Dec'® 2.77 12/Sep-26/Del®
1973/74 22/Jul-19/Apr  0.937  16/Sep-19/Mar  0.937 epi$4/Ded®  2.77 16/Sep-14/Det’®
1974/75 16/Jul-19/Apr ~ 0.937  7/Sep-19/Mar ~ 0.937  3MRO/Dec’® 277 7/Sep-20/Det™®
1975/76 20/Jul-19/Apr  0.937  10/Sep-24/Mar  0.937 ep/85/Ded"® 2.77 10/Sep-25/Del®
1976/77 4/3ul-19/Apr  0.937  25/Aug-11/Apr  0.937  1dgRe/Jad®  2.77 25/Aug-2/Jan"®
1977/78 27/Jun-19/Apr  0.937  19/Aug-13/Apr  0.937 Alf-21/Dec¥® 277 19/Aug-21/Dec"®
1978/79 1/3ul-19/Apr 0.937  23/Aug-12/Apr  0.937  1d¢20/Ded®  2.77 23/Aug-20/Ded"®
1979/80 10/Jul-19/Apr  0.937  31/Aug-30/Mar  0.937 AEg-25/Dec’® 277 31/Aug-25/Dec"®
1980/81 21/Jul-19/Apr  0.937  14/Sep-21/Mar  0.937 epi$6/Ded’®  2.77 14/Sep-16/Det®
1981/82 13/Jul-19/Apr  0.937  4/Sep-26/Mar  0.937  2&/A5/Dec®  2.77 4/Sep-15/Ded™
1982/83 23/Jul-19/Apr  0.937  14/Sep-18/Mar  0.937 epi$8/Ded’®  2.77 14/Sep-18/Det®
1983/84 14/Jul-19/Apr  0.937  5/Sep-29/Mar ~ 0.937  28R0/Ded® 277 5/Sep-20/Det™
1984/85 18/Jul-19/Apr  0.937  10/Sep-23/Mar  0.937  ep/$7/Dec"® 2.77 10/Sep-17/Del®
1985/86 18/Jul-19/Apr  0.937  9/Sep-27/Mar  0.937  f/S&/Dec'® 277 9/Sep-23/Det™®
1986/87 3/Aug-19/Apr  0.937 7/0ct-3/Mar 0.937  25/Sépec’® 277 7/0ct-5/Decd®
1987/88 15/Jul-19/Apr  0.937  5/Sep-24/Mar  0.937  2@/A5/Ded®  2.77 5/Sep-15/Ded’™
1988/89 28/Jul-19/Apr  0.937  22/Sep-9/Mar  0.937  #PiS0/Dec®  2.77 22/Sep-10/Det’®
1989/90 21/Jul-19/Apr  0.937  12/Sep-22/Mar  0.937 epi81/Ded"®  2.77 12/Sep-21/Det®
Overlaps 3/Aug-19/Apr 7/0ct-3/Mar 25/Sep-5/D&t 7/0ct-5/Ded™®

N/O: Not optimal (one fumigation is not sufficieior high immigration rate, so is not minimum cost)
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Table 4.12 Dates and Cost ($/tonne) Summary of LaaSost Window Range for One
Fumigation over the Storage Period in Wichita

Optimal dates and cost

ﬁ;orirzgf Low Immigration Normal Immigration High Immigration Overlaps

1961/62 20/Jun-19/ApF°  0.937 8/Aug-19/Apr  0.937 20/Oct-3/Jan 0.937 20/Oct -3/Jaf®
1962/63 4/3ul-19/Apr 0.937  25/Aug-7/Apr  0.937  19¢A20/Dec’® 277 25/Aug-20/Dec"®
1963/64 20/Jun-19/Ap¥°  0.937 3/Aug-19/Apr  0.937 8/Oct-28/Dec 0.9::57 8/Oct-28/Ded™
1964/65 20/Jun-19/Ap¥°  0.937  4/Aug-19/Apr  0.937 10/Oct-3/Jan 0.9i37 10/Oct-3/Jaf’®
1965/66 2/3ul-19/Apr 0.937  23/Aug-6/Apr  0.937 19¢Aed/Dec’® 277 23/Aug-21/Dec"®
1966/67 20/Jun-19/Ap¥°  0.937 5/Aug-19/Apr  0.937 12/Oct-7/Jan 0.9%37 12/Oct-7/Jafi®
1967/68 20/Jun-19/ApY°  0.937 1/Aug-19/Apr 0.937 3/Oct-8/Jan 0.9:37 3/0ct-8/Jan’®

1968/69 20/Jun-19/Ap¥°  0.937 29/Jul-19/Apr 0.937 24/Sep-8/Jan 0.9:3724/Sep-8/JaP‘(O
1969/70 20/Jun-19/Ap¥°  0.937 3/Aug-19/Apr  0.937 2/Oct-30/Dec 0.9;'37 2/Oct-30/Ded™
1970/71 20/Jun-19/Ap¥°  0.937 3/Aug-19/Apr  0.937 30/Sep-2/Jan 0.9;3730/Sep—2/JaW0
1971/72 27/Jun-19/Apr  0.937  18/Aug-13/Apr  0.937 AlR-28/Dec’® 277 18/Aug-28/Dec"®
1972/73 29/Jun-19/Apr 0.937  20/Aug-16/Apr  0.937 Al4-19/Jart®  2.77 20/Aug-19/Jan’®
1973/74 5/Jul-19/Apr 0.937 27/Aug-7/Apr 0.937 21¢Mp/Dec® 277 27/Aug-22/Ded"®
1974/75 20/Jun-19/Ap¥°  0.937  4/Aug-19/Apr  0.937 10/Oct-30/Dec 0.9‘i3>7lO/Oct-30/Deé"o
1975/76 22/Jun-19/Apr 0.937  14/Aug-19/Apr  0.937  @&A/Jar'® 2.77 14/Aug-7/Jani"®
1976/77 20/Jun-19/Ap¥°  0.937 24/Jul-19/Apr 0.937 15/Sep-12/Feb 0.§:¢3'l|.5/Sep—12/FeEYO
1977/78 20/Jun-19/Ap¥°  0.937 30/Jul-19/Apr 0.937 26/Sep-28/Dec 0.9:326/Sep-28/DeEf’o
1978/79 20/Jun-19/Ap¥°  0.937 28/Jul-19/Apr 0.937 23/Sep-2/Jan 0.9i3723/Sep—2/JaWO
1979/80 27/Jun-19/Apr 0.937  17/Aug-14/Apr  0.937 ALR-29/Dec'®  2.77 17/Aug-29/Ded"®
1980/81 30/Jun-19/Apr ~ 0.937  20/Aug-14/Apr  0.937 Al4-29/Dec’® 277 20/Aug-29/Dec"®
1981/82 22/Jun-19/Apr 0.937  12/Aug-19/Apr  0.937  @®4/Ded’®  2.77 12/Aug-24/Ded"®
1982/83 25/Jun-19/Apr 0.937  17/Aug-18/Apr  0.937  Al@-6/Jar® 2.77 17/Aug-6/Jant"®
1983/84 20/Jun-19/Apr  0.937  12/Aug-19/Apr  0.937 Nie¥/-9/Jan 0.9375 14/Nov-9/Jan
1984/85 28/Jun-19/Apr 0.937  19/Aug-16/Apr  0.937 Al4-28/DecV®  2.77 19/Aug-28/Ded"®
1985/86 29/Jun-19/Apr 0.937  20/Aug-16/Apr  0.937 ALRf-31/Dec'®  2.77 20/Aug-31/Ded"®
1986/87 1/Jul-19/Apr 0.937  22/Aug-10/Apr  0.937  10¢31/Dec’® 277 22/Aug-31/Dec"®
1987/88 28/Jun-19/Apr 0.937  17/Aug-14/Apr  0.937 A-25/DecV®  2.77 17/Aug-25/Ded"®
1988/89 21/Jun-19/Apr 0.937  12/Aug-18/Apr  0.937 ALG-28/Dec'®  2.77 12/Aug-28/Ded"®
1989/90 26/Jun-19/Apr  0.937  17/Aug-16/Apr  0.937 A-9/Jar'°® 277 17/Aug-9/Jan"®
Overlaps 4/Jul-19/ApF° 27/Aug-7/Apr 14/Nov-20/Del’® 14/Nov-20/Ded"®

N/O: Not optimal (one fumigation is not needed liryaars for low immigration rate, and is not saiéint in all years for high
immigration rate)
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Table 4.13. Dates and Cost ($/tonne) Summary of LsaCost Window Range for

Sampling-Based Fumigation over the Storage Period iOklahoma City

Optimal dates and cost

gg:ggf Low Immigration Normal Immigration High Immigration Overlaps
1961/62 11/Mar-19/Apr 1.28 2/Dec-1/Apr 1.28 13/QdtDec’ 312 N/O
1962/63 1/Mar-19/Apr 1.28 25/Nov-17/Mar 1.28 11/Q@@{Decd¥® 3.12 N/O
1963/64 16/Mar-19/Apr 1.28 27/Nov-5/Apr 1.28 11/QatDec"® 3.12 N/O
1964/65 15/Mar-19/Apr 1.28 2/Dec-5/Apr 1.28 12/Q6tDec® 3.12 N/O
1965/66 12/Feb-19/Apr 1.28 25/Nov-7/Mar 1.28 11/0eDec"® 3.12 N/O
1966/67 6/Mar-19/Apr 1.28 27/Nov-27/Mar 1.28 11/Q6{Dec"® 3.12 N/O
1967/68 3/Mar-19/Apr 1.28 27/Nov-22/Mar 1.28 13/Qz{Decd"® 3.12 N/O
1968/69 28/Feb-19/Apr 1.28 30/Nov-24/Mar 1.28 13/21/Dec"® 3.12 N/O
1969/70 27/Feb-19/Apr 1.28 1/Dec-19/Mar 1.28 10/06Dec® 3.12 N/O
1970/71 2/Mar-19/Apr 1.28 30/Nov-24/Mar 1.28 12/Q@8{Dec"® 3.12 N/O
1971/72 14/Feb-19/Apr 1.28 27/Nov-3/Mar 1.28 12/8iQec° 3.12 N/O
1972/73 5/Mar-19/Apr 1.28 19/Dec-27/Mar 1.28 13/6tDec° 3.12 N/O
1973/74 27/Feb-19/Apr 1.28 26/Nov-19/Mar 1.28 12/06/Decd"® 3.12 N/O
1974/75 26/Feb-19/Apr 1.28 29/Nov-19/Mar 1.28 14/20/Dec"° 3.12 N/O
1975/76 2/Mar-19/Apr 1.28 10/Dec-24/Mar 1.28 12/%6tDec° 3.12 N/O
1976/77 20/Mar-19/Apr 1.28 14/Dec-11/Apr 1.28 13/0an"° 3.12 N/O
1977/78 27/Mar-19/Apr 1.28 27/Nov-13/Apr 1.28 11¢Qe/Dec¥® 3.12 N/O
1978/79 24/Mar-19/Apr 1.28 24/Nov-12/Apr 128 10¢Q6/Dec® 3.12 N/O
1979/80 12/Mar-19/Apr 1.28 6/Dec-30/Mar 1.28 12/%6tDec° 3.12 N/O
1980/81 1/Mar-19/Apr 1.28 30/Nov-21/Mar 1.28 11/Q6{Dec¥® 3.12 N/O
1981/82 10/Mar-19/Apr 1.28 26/Nov-26/Mar 1.28 1114D6/DecV® 3.12 N/O
1982/83 25/Feb-19/Apr 1.28 2/Dec-18/Mar 1.28 12/RIDec"® 3.12 N/O
1983/84 6/Mar-19/Apr 1.28 30/Nov-29/Mar 1.28 12/Q6{Dec"® 3.12 N/O
1984/85 4/Mar-19/Apr 1.28 27/Nov-23/Mar 1.28 13/Qz{Decd"® 3.12 N/O
1985/86 6/Mar-19/Apr 1.28 5/Dec-27/Mar 1.28 13/Q@8tbec"® 3.12 N/O
1986/87 8/Feb-19/Apr 1.28 29/Nov-3/Mar 1.28 11/6dec® 3.12 N/O
1987/88 3/Mar-19/Apr 1.28 27/Nov-24/Mar 1.28 12/QB{Dec" 3.12 N/O
1988/89 18/Feb-19/Apr 1.28 25/Nov-9/Mar 1.28 11/0etDec"® 3.12 N/O
1989/90 28/Feb-19/Apr 1.28 5/Dec-22/Mar 1.28 12/250Dec"® 3.12 N/O
Overlaps 27/Mar-19/Apr 19/Dec-3/Mar 13/0ct-5/D€c N/O

N/O: Not Optimal
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Table 4.14 Dates and Cost ($/tonne) Summary of LaaSost Window Range for
Sampling-Based Fumigation over the Storage Perioah iWichita

Optimal dates and cost

ﬁ;orirzgf Low Immigration Normal Immigration High Immigration Overlaps
1961/62 20/Jun-6/Apr™ 0.559 3/Dec-19/Apr 1.28 20/Oct-3/Jan 1.28 : 3/Dec-3/Jan
1962/63  19/Mar-19/Apr 1.28 27/Nov-7/Apr 1.28  4/Oct-20/Ded"™ 3.12 Not optimal
1963/64  20/Jun-11/Apf* 0.559 28/Nov-19/Apr 1.28 8/0ct-28/Dec 1.28 ; 28/Nov-28/Dec
1964/65 20/Jun—9/Apf“F 0.559 12/Dec-19/Apr 1.28 10/Oct-3/Jan 1.28 i 12/Dec-3/Jan
1965/66 19/Mar-19/Apr 1.28 27/Nov-6/Apr 1.28 4/Oct-21/Dec"® 3.12 Not optimal
1966/67 20/Jun-7/Apt* 0.559 9/Dec-19/Apr 1.28 12/Oct-7/Jan 1.28 9/Dec-7/Jan
1967/68 20/Jun—11/ApP‘F 0.559 10/Dec-19/Apr 1.28 7/0ct-8/Jan 1.28 i 10/Dec-8/Jan
1968/69 20/Jun—16/ApP‘F 0.559 13/Dec-19/Apr 1.28 6/0ct-8/Jan 1.28 ; 13/Dec-8/Jan
1969/70 20/Jun—11/ApP‘F 0.559 3/Dec-19/Apr 1.28 4/Oct-30/Dec 1.28 ; 3/Dec-30/Dec
1970/71 20/Jun-12/Aph* 0.559 8/Dec-19/Apr 1.28 6/Oct-2/Jan 1.28 ; 8/Dec-2/Jan
1971/72  23/Mar-19/Apr 1.28 6/Dec-13/Apr 1.28  5/Oct-28/Ded"™ 3.12 Not optimal
1972/73  24/Mar-19/Apr 1.28 17/3an-16/Apr 1.28  7/Oct-30/Dec"® 3.12 Not optimal
1973/74  14/Mar-19/Apr 1.28 27/Nov-7/Apr 1.28  5/Oct-22/Ded"™ 3.12 Not optimal
1974/75  20/Jun-10/Aph* 0.559 6/Dec-19/Apr 1.28 10/Oct-30/Dec 1.28 i 6/Dec-30/Dec
1975/76 1/Apr-19/Apr 1.28 12/Dec-19/Apr 1.28 5/0ct-7/Jai’® 3.12 Not optimal
1976/77 20/Jun—19/ApP‘F 0.559 22/Feb-19/Apr 1.28 7/0ct-12/Feb 1.28 ; Not optimal
1977/78 20/Jun—15/ApP‘F 0.559 30/Nov-19/Apr 1.28 4/Oct-28/Dec 1.28 ; 30/Nov-28/Dec
1978/79 20/Jun—16/ApP‘F 0.559 30/Nov-19/Apr 1.28 3/Oct-2/Jan 1.28 ; 30/Nov-2/Jan
1979/80 28/Mar-19/Apr 1.28 7/Dec-14/Apr 1.28 5/0ct-29/Ded"® 3.12 Not optimal
1980/81 25/Mar-19/Apr 1.28 8/Dec-19/Apr 1.28 3/0ct-29/Ded"’® 3.12 Not optimal
1981/82 31/Mar-19/Apr 1.28 1/Dec-14/Apr 1.28 4/Oct-24/Ded'® 3.12 Not optimal
1982/83  28/Mar-19/Apr 1.28 15/Dec-18/Apr 1.28 5/0ct-6/Jai’® 3.12 Not optimal
1983/84 4/Apr-19/Apr 1.28 5/Jan-19/Apr 1.28 14/Nov-9/Jan 1.28 5/Jan-9/Jan
1984/85  26/Mar-19/Apr 1.28 1/Dec-16/Apr 1.28  5/Oct-28/Ded"™ 3.12 Not optimal
1985/86  25/Mar-19/Apr 1.28 24/Dec-16/Apr 1.28 5/0ct-8/Jai’® 3.12 Not optimal
1986/87  19/Mar-19/Apr 1.28 8/Dec-10/Apr 1.28  4/Oct-31/Ded"™ 3.12 Not optimal
1987/88  27/Mar-19/Apr 1.28 3/Dec-14/Apr 1.28  5/Oct-25/Ded"™ 3.12 Not optimal
1988/89 31/Mar-19/Apr 1.28 3/Dec-18/Apr 1.28 4/Oct-28/Dec'® 3.12 Not optimal
1989/90 27/Mar-19/Apr 1.28 28/Dec-16/Apr 1.28 5/0ct-9/Jan’® 3.12 Not optimal
Overlaps 4/Apr-6/Apr 22/Feb-6/Apr 14/Nov-20/Ded"® Not optimal

N/O: Not Optimal.

NF: No fumigation
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For sampling-based fumigation in OKC (Table 4.118 optimal window range was
27/Mar-19/Apr for a low immigration rate, 19/Dedv&r for a normal immigration rate, and
13/0ct-5/Dec for a high immigration rate. There &eo common dates across years and

immigration rates.

For sampling-based fumigation in Wichita (Table4},1he optimal window range was
4/Apr-6/Apr for a low immigration rate, 22/Feb-6/Afor a normal immigration rate, and
14/Nov-20/Dec for a high immigration rate. Theragveo common dates across years and

immigration rates.

The following results apply for when the storagenager has better, though not perfect,
information about insect immigration rates in theility’s ten storage bins. The manager is
assumed to know the proportion of bins that havwe fermal, and high immigration rates. Table
4.15 shows the average cost as well as measurisk ¢finimum, maximum, and standard
deviation of cost) when a manager assumes alliziie a normal immigration rate and applies
the optimal strategy for that assumption, routumaifjation on Dec. 4, when the bins actually
have three different immigration rates in variedgartions, either one third each of low, normal,

and high, 40% low, 40% normal, and 20% high, or 36%and 50% normal immigration rates.

Values in parentheses are the costs of choosingptimal strategy for the given mix of
immigration rates. Those values minus the tablalses gives the unnecessary cost paid. As the
proportion of high immigration rate bins decreaghd,cost and risk decreased and the
unnecessary fumigation cost increased. In OKCgh immigration rate raised the likelihood of
damage due to failure to control insects. As tlapertions of bins with a high immigration rate
decreased, the cost of using one fumigation deededs Wichita, a high immigration rate in
some years led to insect discounts, while a lowignation rate in other years resulted in

unnecessary fumigation costs.
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Table 4.15 Cost ($/tonne) Summary for One Routinedtigation on Dec. 4th with

Alternative Proportions of Immigration Rates

Oklahoma City Wichita
1/3Low, 0.4Low, 0.5Low, ,1/ Sow, - 0o

Storage 1/3Normal 0.4Normal 0.5Normal ~ 1/3Normal,  0.4Normal, 0.5Low,
Period 1/3High ’ bZHigh ' (0.937) 1/3High 0.2High 0.5Normal

: : (0.625} (0.562} (0.469}
1961/62 155 1.30P 0.937 0.937° 0.937 0.937
1962/63 1.550 1.30P 0.937 1.550 1.30P 0.937
1963/64 1.55P 1.30° 0.937 0.937° 0.937° 0.937°
1964/65 1.55P 1.30° 0.937 0.937° 0.937 0.937
1965/66 1.550 1.30P 0.937 1.550 1.30P 0.937
1966/67 1.55P 1.30° 0.937 0.937° 0.937 0.937
1967/68 1.55P 1.30° 0.937 0.937° 0.937 0.937
1968/69 1.55P 1.30° 0.937 0.937° 0.937° 0.937
1969/70 1.55P 1.30° 0.937 0.937° 0.937 0.937
1970/71 1.55P 1.30P 0.937 0.937° 0.937° 0.937°
1971/72 1.550 1.30P 0.937 1.550 1.30P 0.937
1972/73 1.550 1.30'° 0.937 1.550 1.30P 0.937
1973/74 1.550 1.30P 0.937 1.550 1.30P 0.937
1974/75 1.55P 1.30° 0.937 0.937° 0.937 0.937
1975/76 1.550 1.30'° 0.937 1.550 1.30P 0.937
1976/77 1.55P 1.30° 0.937 0.937° 0.937° 0.937°
1977/78 1.55P 1.30° 0.937 0.937° 0.937 0.937
1978/79 1.55P 1.30° 0.937 0.937° 0.937° 0.937
1979/80 1.550 1.30P 0.937 1.550 1.30P 0.937
1980/81 1.550 1.30'° 0.937 1.550 1.30P 0.937
1981/82 1.550 1.30P 0.937 1.550 1.30P 0.937
1982/83 1.550 1.30'° 0.937 1.550 1.30P 0.937
1983/84 1.550 1.30'P 0.937 0.937 0.937 0.937
1984/85 1.550 1.30P 0.937 1.550 1.30P 0.937
1985/86 1.550 1.30'° 0.937 1.550 1.30P 0.937
1986/87 1.550 1.30P 0.937 1.550 1.30P 0.937
1987/88 1.550 1.30P 0.937 1.550 1.30P 0.937
1988/89 1.550 1.30'° 0.937 1.550 1.30P 0.937
1989/90 1.550 1.30P 0.937 1.550 1.30P 0.937
Average 1.55 1.30 0.937 1.27 1.14 0.937
Minimum 155 1.30 0.937 0.937 0.937 0.937
Maximum 155 1.30 0.937 155 1.30 0.937
Standard
deviation 1.11E-15 6.66E-16 2.22E-16 0.305 0.183 2.22E-16

a. The optimal cost for each proportion is in pareséise 0.937 minus that value is the unnecessaryedast
b. LD = live insect discount
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Table 4.16 show the cost as well as risk whenna issumes all bins have a high
immigration rate and applies two calendar-baseddations, one on Oct 3nd one on March
31, when the bins actually have three different ignation rates in varied proportions, as
described above. There were no live insect or I¥¢alints because two fumigations killed all
the insects, but there were unnecessary fumigabets because only one fumigation was needed
for low and normal immigration rates. Generallytlees proportion of bins with a high

immigration rate decreased, the unnecessary fuimigabst increased.

Tables 4.17 and 4.18 show the average cost aswaleasures of risk (minimum,
maximum, and standard deviation of cost) when aagandoes not know the immigration rate
for the bins but conducts monthly samples (at tieea# every month, September through March)
and fumigates if any month’s sample exceeds tleskiold, when the bins actually have three
different immigration rates in varied proportiorgher one third each of low, normal, and high,

40% low, 40% normal, and 20% high, or 50% low a@&Sormal immigration rates.

In OKC, only when the proportion of bins with a hignmigration rate was less than
20% was end-of-month sampling a lower cost strategy fumigating twice. In Wichita, if
possible live insect appearance is acceptablesimidirketing, end-of-month sampling would
have resulted in a lower cost than fumigating twidet if live insects could be a serious problem,
monthly sampling on the 1%f each month was preferred when the proportidsire with a

high immigration rate was less than 0.3.
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Table 4.16 Cost ($/tonne) Summary for Two Routine migations on Oct. 31 and Mar.
31 with Alternative Proportion of Immigration Rates

Oklahoma City Wichita
1/3Low, 0.4Low,
1/3Normal, 0.4Normal, 0.5Low,
1/3Low, 0.4Low, 1/3High 0.2High 0.5Normal

1/3Normal, 0.4Normal, 0.5Low, (0.6247% (0.5622y (0.4685Y
Storage 1/3High 0.2High 0.5Normal (1.178) (1.0816) (0.937)
Period® (1.18} (1.08163 (0.937% (0.937¢ (0.937¢ (0.937¢
1961/62 1.66 1.66 1.66 1.66 1.66° 1.66°
1962/63 1.66 1.66 1.66 1.66 1.66 1.66
1963/64 1.66 1.66 1.66 1.86 1.66° 1.66°
1964/65 1.66 1.66 1.66 1.86 1.66° 1.66°
1965/66 1.66 1.66 1.66 1.66 1.66 1.66
1966/67 1.66 1.66 1.66 1.66 1.66° 1.66°
1967/68 1.66 1.66 1.66 1.66 1.66° 1.66°
1968/69 1.66 1.66 1.66 1.66 1.66° 1.66°
1969/70 1.66 1.66 1.66 1.86 1.66° 1.66°
1970/71 1.66 1.66 1.66 1.86 1.66° 1.66°
1971/72 1.66 1.66 1.66 1.66 1.66 1.66
1972/73 1.66 1.66 1.66 1.66 1.66 1.66
1973/74 1.66 1.66 1.66 1.66 1.66 1.66
1974/75 1.66 1.66 1.66 1.66 1.66° 1.66°
1975/76 1.66 1.66 1.66 1.66 1.66 1.66
1976/77 1.66 1.66 1.66 1.86 1.66° 1.66°
1977/78 1.66 1.66 1.66 1.86 1.66° 1.66°
1978/79 1.66 1.66 1.66 1.66 1.66° 1.66°
1979/80 1.66 1.66 1.66 1.66 1.66 1.66
1980/81 1.66 1.66 1.66 1.66 1.66 1.66
1981/82 1.66 1.66 1.66 1.66 1.66 1.66
1982/83 1.66 1.66 1.66 1.66 1.66 1.66
1983/84 1.66 1.66 1.66 1.66 1.66" 1.66°
1984/85 1.66 1.66 1.66 1.66 1.66 1.66
1985/86 1.66 1.66 1.66 1.66 1.66 1.66
1986/87 1.66 1.66 1.66 1.66 1.66 1.66
1987/88 1.66 1.66 1.66 1.66 1.66 1.66
1988/89 1.66 1.66 1.66 1.66 1.66 1.66
1989/90 1.66 1.66 1.66 1.66 1.66 1.66
Average 1.66 1.66 1.66 1.66 1.66 1.66
Minimum 1.66 1.66 1.66 1.66 1.66 1.66
Maximum 1.66 1.66 1.66 1.66 1.66 1.66
Standard
deviation 8.89E-16 1.11E-15 1.11E-15 8.89E-16 1:1%E 1.11E-15

a. The optimal cost for each proportion is in pareséise 1.66 minus that value is the unnecessanpeadt
c. d. in Wichita, there are three optimal strategiepending on the year
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Table 4.17 Cost ($/Tonne) Summary for Sampling-Bagdd-umigation at End of Months
from September to March with Alternative Proportions of Immigration Rates

Oklahoma City Wichita
1/3Low, 0.4Low, 0.5Low,
1/3Low, 0.4Low, 0.5Low 1/3Normal, 0.4Normal, 0.5Normal
1/3Normal, 0.4Normal, O.5Norm,a| 1/3High 0.2High (1.17)

Storage 1/3High 0.2High (2.29) (1.24)
Period" (1.77) (1.67) (1.53) (1.77) (1.67) (1.53)
1961/62 1.77 1.67 1.53 1.29 1.24 1.17
1962/63 1.77 1.67 1.53 1.77 1.67 1.53
1963/64 1.77 1.67 1.53 1.29 1.24 1.17
1964/65 1.77 1.67 1.53 1.29 1.24 1.17
1965/66 1.77 1.67 1.53 1.77 1.67 1.53
1966/67 1.77 1.67 1.53 1.29 1.24 1.17
1967/68 1.77 1.67 1.53 1.29 1.24 1.17
1968/69 1.77 1.67 1.53 1.29 1.24 1.17
1969/70 1.77 1.67 1.53 1.29 1.24 1.17
1970/71 1.77 1.67 1.53 1.29 1.24 1.17
1971/72 1.77 1.67 1.53 1.77 1.67 1.53
1972/73 1.77 1.67 1.53 1.77 1.67 1.53
1973/74 1.77 1.67 1.53 1.77 1.67 1.53
1974/75 1.77 1.67 1.53 1.29 1.24 1.17
1975/76 1.77 1.67 1.53 2.1 2.29'P 2.09'P
1976/77 1.77 1.67 1.53 1.29 1.24 1.17
1977/78 1.77 1.67 1.53 1.29 1.24 1.17
1978179 1.77 1.67 1.53 1.29 1.24 1.17
1979/80 1.77 1.67 1.53 1.77 1.67 1.53
1980/81 1.77 1.67 1.53 1.77 1.67 1.53
1981/82 1.77 1.67 1.53 1.77 1.67 1.53
1982/83 1.77 1.67 1.53 1.77 1.67 1.53
1983/84 1.77 1.67 1.53 2.59 2.34'P 2.09'P
1984/85 1.77 1.67 1.53 1.77 1.67 1.53
1985/86 1.77 1.67 1.53 1.77 1.67 1.53
1986/87 1.77 1.67 1.53 1.77 1.67 1.53
1987/88 1.77 1.67 1.53 1.77 1.67 1.53
1988/89 1.77 1.67 1.53 1.77 1.67 1.53
1989/90 1.77 1.67 1.53 1.77 1.67 1.53
Average 1.77 1.67 1.53 1.61 1.54 1.42
Minimum 1.77 1.67 1.53 1.29 1.24 1.17
Maximum 1.77 1.67 1.53 2.51 2.34 2.09
Standard
deviation 6.66E-16 2.22E-16 6.66E-16 0.307 0.297 250D.

LD: Live insect discount included
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Table 4.18 Cost ($/Tonne) Summary for Sampling-Bage-umigations on 19th of
Each Month from September to April with Alternative Proportions of Immigration

Rates
Oklahoma City Wichita
1/sLow, 0.4Low, 0.5Low, 1/3Low, 0.4Low,
Storage 1/3Normal, 0.4Normal, 0.5Normal 1/3Normal, 0.4Normal, 0.5Low,
Period® 1/3High 0.2High (161) 1/3High 0.2High 0.5Normal
(1.85) (1.76) (1.30) (1.24F (1.14y

1961/62 1.85 1.76 1.61 1.85 1.76° 1.61°
1962/63 1.85 1.76 1.61 1.85 1.76 161
1963/64 1.85 1.76 1.61 1.81 1.47° 1.25°
1964/65 1.85 1.76 1.61 1.85 1.76° 1.61°
1965/66 1.85 1.76 1.61 1.85 1.76 161
1966/67 1.85 1.76 1.61 1.85 1.76° 1.61°
1967/68 1.85 1.76 1.61 1.61 1.47 1.25
1968/69 1.85 1.76 1.61 1.37 1.12 1.25
1969/70 1.85 1.76 161 1.61 1.47 1.25
1970/71 1.85 1.76 161 1.37 1.12 1.25
1971/72 1.85 1.76 161 1.85 1.76 161
1972/73 1.85 1.76 161 1.85 1.76 161
1973/74 1.85 1.76 161 1.85 1.76 161
1974/75 1.85 1.76 161 1.81 1.47° 1.25°
1975/76 1.85 1.76 161 1.85 1.76 161
1976/77 1.85 1.76 161 1.37 1.12 1.25
1977/78 1.85 1.76 161 1.37 1.12 1.25
1978/79 1.85 1.76 161 1.37 1.12 1.25
1979/80 1.85 1.76 161 1.85 1.76 161
1980/81 1.85 1.76 161 1.85 1.76 161
1981/82 1.85 1.76 161 1.85 1.76 161
1982/83 1.85 1.76 161 1.85 1.76 161
1983/84 1.85 1.76 161 1.85 1.76 161
1984/85 1.85 1.76 161 1.85 1.76 161
1985/86 1.85 1.76 161 1.85 1.76 161
1986/87 1.85 1.76 161 1.85 1.76 161
1987/88 1.85 1.76 1.61 1.85 1.76 1.61
1988/89 1.85 1.76 1.61 1.85 1.76 1.61
1989/90 1.85 1.76 1.61 1.85 1.76 1.61

Average 1.85 1.76 1.61 1.74 1.61 1.50

Minimum 1.85 1.76 1.61 1.37 1.12 1.25

Maximum 1.85 1.76 1.61 1.85 1.76 1.61

Standard

deviation 4.44E-16 1.11E-15 2.22E-16 0.186 0.242 16D.
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Tables 4.19 and 4.20 show the average cost asaweleasures of risk (minimum,
maximum, and standard deviation of cost) of theehsontrol strategies considered for each
location assuming weather is unknown and undematee immigration rates. In OKC, at least
one fumigation was required regardless of immigratate. Under low and normal immigration
rates, one fumigation (Strategy Il) was optimal] ander a high immigration rate two
fumigations (Strategy lll) were optimal. Under asamption of 30% of the bins with low, 30%
with normal, and 40% with high immigration rate,asr assumption of 1/3 of the bins with each
immigration rate, the best strategy was Strategyfrhigation Oct 31, followed by one sample

on Mar 31.

Under an assumption of 40% low, 40% high, and 2@§l tmmigration rate, or an
assumption of 50% low and 50% normal immigratice tae best strategy was Strategy Il, one
routine fumigation. At least one fumigation wasuiegd in OKC regardless of the immigration
rate, and if the storage manager was confidentéfmabins have a high immigration rate,
sampling beyond the initial fumigation simply addmxts; it did not change treatments.
However, if it is likely that more than 20% of thians have a high immigration rate, sampling
beyond the initial fumigation would protect fromaamtrolled insect populations without a large

additional cost.

In Wichita, as in OKC, under low and normal immitpa rates, one fumigation
(Strategy II) was optimal, and under a high imniigrarate two fumigations (Strategy IIl) were
optimal. Under an assumption that 30% of the baseHow, 30% normal, and 40% high
immigration rate, one fumigations was optimal. Urithe other assumptions (which have lower
percentages of high-immigration-rate bins), oneifjation was lowest cost. However, Strategy
VX (fumigation Oct 31 followed by samples at theleri February and March) was nearly as

good.
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Table 4.19 Average, Minimum and Maximum Cost ($/tone) of Alternate Strategies across 29 Storage Pedi® under Unknown Weather
Conditions and Alternative Immigration Rates, OKC

0.3 Low, 13 Low, 0.4 Low, 05 Low
0.3Normal, 1/3Normal, 0.4Normal, 0 5 Normyal
Strategies Description Low Normal High 0.4 High 1/3 High 0.2 High )
| Doing Nothing 1.84 6.41 47.4 21.4 186 12.8 412
1.84 1.84 3.99 11.4 23.4 97.2 11.1 428 9.73 368 .007 247 2.92 6.62
Calendar-based Strategies
I One Fumigation (Dec 4th) 0.937 0.937 2.77 1.67 155 1.30 0.937
0937 0937 0937 0937 277 2.77 1.67 1.67 155 155 1.30 130 0937 0937
Il Two Fumigations (Oct & 1.66 1.66 1.66 1.66 1.66 1.66 1.66
Mar 31st) 1.66 1.66 1.66 166  1.66 166 166 1.66 1.66 1.66 1.66 1.66 1.66 1.66
Sampling-based Strategies
\Y One sampling-based 1.28 1.28 3.12 2.02 1.89 1.65 1.28
f”m'gat'ggtg;;’ optimal 4 og 1.28 1.28 1.28 3.12 3.12 2.02 2.02 1.89 189 651 165 1.28 1.28
v Monthly Sampling with 153 153 2.25 1.82 1.77 1.67 1.53
0.5/kg threshold
(Sep.Mar 31a) 153 153 153 153 2.25 2.25 1.82 1.82 1.77 177 671 167 153 153
\Y| Monthly Sampling with a 1.61 1.61 2.34 1.90 1.85 1.76 1.61
0.75/kg threshold
(Sep-Aptil 19th) 161 161 1.61 161 2.34 2.34 1.90 1.90 1.85 185 761 176 161 161
Combination Strategies
Vil Fumigation Oct 31 , 1.28 1.28 2.01 157 152 1.43 1.28
One Sample (Mar 31st)  ,g 1.28 1.28 1.28 2.01 201 157 157 152 152 143 1.43 1.28 1.28
Vil Fumigation Oct 3%, 1.36 1.36 2.08 1.65 1.60 1.504 1.36
Monthly Sample
(Nov-Mar 3180 1.36 1.36 1.36 1.36 2.08 2.08 1.65 1.65 1.60 160 504  1.504 1.36 1.36
VX Fumigation Oct 31, 1.35 135 2.07 1.64 1.59 1.49 1.35
Two Sampl
o Sampes 1.35 1.35 1.35 1.35 2.07 2.07 1.64 1.64 159 159 491 149 1.35 1.35

(Feb 28, Mar 31)
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Table 4.20 Average, Minimum and Maximum Cost ($/tone) of Alternate Strategies across 29 Storage Ped® under Unknown Weather
Conditions and Alternative Immigration Rates, Wichita

0.3Low, 0.4Low,
0.3Normal, 1/3L0\:/Lv/éﬂi3l;l]ormal, 0.4Normal, 0.5Low, 0.5Normal
Strategies Description Low Normal High 0.4High 9 0.2High
I Doing Nothing 1.08 2.90 19.2 8.87 7.72 5.43 1.99
0 1.84 1.84 4.59 8.55 29.3 3.97 13.7 3.46 11.9 2.45 8.43 0.919 3.21
Calendar-based Strategies
Il One Fumigation (Dec 0.937 0.937 1.95 1.34 1.28 1.14 0.937
4th) 0937 0937 0937 0937 00937 277 0.937 1.67 0.937 1.55 0.937 1.30 0.937 0.937
i Two Fumigations (Oct & 1.66 1.66 1.66 1.66 1.66 1.66 1.66
Mar 31st) 1.66 1.66 1.66 166  1.66 166  1.66 1.66 1.66 1.66 1.66 1.66 1.66 1.66
Sampling-based Strategies
v One sampling-based 0.982 1.28 2.30 1.60 1.52 1.36 1.13
fumigation 0.56 1.28 1.28 1.28 1.28 3.12 1.06 2.02 1.04 1.89 990  1.65 0.920 1.28
v Monthly Sampling with 1.31 1.53 1.99 1.65 1.61 1.53 1.42
0.5/kg threshold 0806  2.64 153 153 153 3.37 131 2.60 1.29 251 1.24 234 117 2.09
(Sep-Mar 31st)
v Monthly Sampling with a 1.39 1.61 221 1.79 1.74 1.64 1.501
0.75/kg threshold 0.89 1.61 1.61 1.61 1.61 2.34 1.40 1.90 1.37 185 321 176 1.25 1.61
(Sep-April 19th)
Combination Strategies
Vil Fumigation Oct 31, 1.28 1.28 1.74 1.47 1.44 1.37 1.28
One Sample (Mar 31st) 4 »g 1.28 1.28 1.28 1.28 3.12 1.28 2.02 1.28 189 281 165 1.28 1.28
Vil Fumigation Oct 3%, 1.36 1.36 1.82 1.54 1.51 1.45 1.36
Monthly Sample 1.36 1.36 1.36 1.36 1.36 3.92 1.36 2.38 1.36 221 361 187 1.36 1.36
(Nov-Mar 31st)
VX Fumigation Oct 3%, 1.35 1.35 1.81 1.54 1.51 1.44 1.35
Two Samples
P 1.35 1.35 1.35 1.35 1.35 3.19 1.35 2.09 1.35 196 351 1.72 1.35 1.35

(Feb 28, Mar 31)

88



Doubling Live Insect Discount/Halving Sampling Cost

Tables 4.21 and 4.22 show that when live inseciodist was doubled, optimal strategies
were more likely to include sampling. For OklahoBity, the only change from Table 4.19 to
Table 4.21 is that when the bins were 40% low, 4@¥6nal, and 20% high immigration rates,
the optimal strategy shifted from one fumigatioratstrategy with one fumigation followed by a
sample on March 31. For Wichita, though, optimedtsigies under the three cases where some

bins have a high immigration rate shifted from fumigation to a strategy of monthly sampling.

Tables 4.23 and 4.24 show the effect of halvingmsam cost. For Oklahoma City, the
lone strategy shift was the same as that for doglihie live insect discount — from one
fumigation to one fumigation plus one sample. FactW¥a, when at least 1/3 of bins have a high
immigration rate, the optimal strategy shifted fronme fumigation to a strategy of one fumigation
followed by a sample. This is in contrast to theutefrom doubling the live insect discount,
where the optimal strategy for all cases that idetlibins with a high immigration rate shifted to

monthly sampling.

To summarize, when the live insect discount is temlibr sampling cost halved, in both
OKC and Wichita sampling—based fumigation becomeesnattractive than one fumigation if
there were some proportions of bins with high inmaiigpn rates. Doubling the live insect

discount increased the costs of failing to contrekcts; sampling helped avoid this cost
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Table 4.21 Average, Minimum and Maximum Cost ($/tone) of Alternate Strategies across 29 Storage Pedi® under Unknown Weather
Conditions and Alternative Immigration Rates, OKC, Doubled Live Insect Discount

0.3 Low, 1/3 Low, 0.4 Low, 0.5 Low
0.3Normal, 1/3Normal, 0.4Normal, 0 5 Normyal
Strategies Description Low Normal High 0.4 High 1/3 High 0.2 High )
| Doing Nothing 3.67 8.24 49.3 23.3 20.4 14.6 5.96
3.67 3.67 5.83 13.2 25.2 99.02 12.9 44.7 11.6 38.6 8.84 26.6 4.75 8.45
Calendar-based Strategies
Il One Fumigation (Dec 0.937 0.937 461 2.41 2.16 1.67 0.937
ath) 0.937 0.937 0.937 0.937 461 4.61 2.41 241 2.16 2.16 1.67 1.67 0.937 0.937
1] Two Fumigations (Oct & 1.66 1.66 1.66 1.66 1.66 1.66 1.66
Mar 31s) 1.66 1.66 1.66 1.66 1.66 1.66 1.66 1.66 1.66 1.66 1.66 1.66 1.66 1.66
Sampling-based Strategies
\ One sampling-based 1.28 1.28 4.96 2.75 2.51 2.02 1.28
f“m'gat'ggtg;;’ optimal ; »g 1.28 1.28 1.28 4.96 4.96 2.75 2.75 251 251 022 202 1.28 1.28
\Y, Monthly Sampling with 1.53 1.53 2.25 1.82 1.77 1.67 1.53
0.5/kg threshold
(Sep-Mar 31st) 1.53 1.53 1.53 1.53 2.25 2.25 1.82 1.82 1.77 177 671 1.67 1.53 1.53
\Y| Monthly Sampling with a 1.61 1.61 2.34 1.90 1.85 1.76 1.61
0.75/kg threshold
(Sep-April 19th) 1.61 1.61 1.61 1.61 2.34 2.34 1.90 1.90 1.85 185 .761 1.76 1.61 1.61
Combination Strategies
Vil Fumigation Oct 31, 1.28 1.28 2.01 1.57 1.52 1.43 1.28
One Sample (Mar 31st) ) ,g 1.28 1.28 1.28 2.01 201 157 157 152 152 143 143 128 1.28
Vil Fumigation Oct 3%, 1.36 1.36 2.08 1.65 1.60 1.504 1.36
Monthly Sample
(Nov-Mar 31st) 1.36 1.36 1.36 1.36 2.08 2.08 1.65 1.65 1.60 1.60 .5041 1.504 1.36 1.36
VX Fumigation Oct 31, 1.35 1.35 2.07 1.64 1.59 1.49 1.35
Two Samples
1.35 1.35 1.35 1.35 2.07 2.07 1.64 1.64 1.59 159 491 1.49 1.35 1.35

(Feb 28, Mar 31)
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Table 4.22 Average, Minimum and Maximum Cost ($/tone) of Alternate Strategies across 29 Storage Ped® under Unknown Weather
Conditions and Alternative Immigration Rates, Wichita, Doubled Live Insect Discount

0.3Low, 1/3Low, 0.4Low,
Strategies Description Low Normal High 0.3Normal, 0.4High 1/3Normal, 1/3High 0.4Normal, 0.2High 0.5Low, 0.5Normal
| Doing Nothing 2.15 4.74 21.0 10.5 9.31 6.96 3.45
0 3.67 3.67 6.43 10.4 31.1 5.26 15.5 4.69 13.7 3.55 10.3 1.84 5.05
Calendar-based Strategies
I One Fumigation (Dec 0.937 0.937 1.95 1.75 1.61 1.33 0.937
4th) 0937 0937 0937 0937 0937 2.77 0.937 2.41 0.937 2.16 0.937 1.67 0937  0.937
1T Two Fumigations (Oct & 1.66 1.66 1.66 1.66 1.66 1.66 1.66
Mar 31s) 1.66 166 166 166 166 166 166 166 166 166 166 166 166 1.66
Sampling-based Strategies
I\ One sampling-based 0.983 1.28 3.31 2.00 1.85 1.56 1.13
fumigation 0.56 1.28 1.28 1.28 1.28 4.96 1.06 2.75 1.04 251 990  2.02 0.921 1.28
\% Monthly Sampling with 0.43 1.53 2.05 1.41 1.34 1.19 0.98
0.5/kg threshold 0806  4.48 153 153 153 520 131 388 129 374 124 344 117 3.01
(Sep-Mar 31st)
Vi Monthly Sampling with a 1.39 1.61 2.21 1.79 1.74 1.64 1.501
O.7Skgthreshold g9 161 161 161 161 234 140 190 137 185 321 176 125 161
(Sep-April 19th)
Combination Strategies
Vil Fumigation Oct 31, 1.28 1.28 1.81 1.49 1.46 1.39 1.28
One Sample (Mar 31s) 4 og 128 128 128 128 496 128 275 128 251 281 202 1.28 1.28
Vil Fumigation Oct 31 , 1.36 1.36 1.88 1.56 1.53 1.46 1.36
Monthly Sample 1.36 1.36 1.36 1.36 1.36 5.03 1.36 2.83 1.36 258 361  2.09 1.36 1.36
(Nov-Mar 31st)
VX Fumigation Oct 31 , 1.35 1.35 1.88 1.56 1.53 1.46 1.35
Two Samples
P 1.35 1.35 1.35 1.35 1.35 5.03 1.35 2.82 1.35 258 351 209 1.35 1.35

(Feb 28, Mar 31)
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Table 4.23 Average, Minimum and Maximum Cost ($/tone) of Alternate Strategies across 29 Storage Pedi® under Unknown Weather

Conditions and Alternative Immigration Rates, OKC, Sampling Cost Halved

0.3 Low, 173 Low, 0.4 Low, 05 Low
0.3Normal, 1/3Normal, 0.4Normal, 0 5 Normyal
Strategies Description Low Normal High 0.4 High 1/3 High 0.2 High )
| Doing Nothing 1.84 6.41 47.4 214 186 12.8 412
1.84 1.84 3.99 11.4 23.4 97.2 11.1 42.8 9.73 368 007 247 2.92 6.62
Calendar-based Strategies
I One Fumigation (Dec 0.937 0.937 277 1.67 155 1.30 0.937
ath) 0937 0937 0937 0937 277 277 1.67 1.67 155 155 1.30 1.30 0.937 0.937
I Two Fumigations (Oct & 1.66 1.66 1.66 1.66 1.66 1.66 1.66
Mar 31st) 1.66 1.66 1.66 166 166 166 166 1.66 1.66 1.66 1.66 1.66 1.66 1.66
Sampling-based Strategies
\Y One sampling-based 111 1.11 2.95 1.85 1.72 1.48 1.11
f“m'gat'ggtg;‘)) optimal - 1, 111 111 111 2.95 2.95 1.85 1.85 172 172 481 148 111 111
v Monthly Sampling with 1.23 1.23 1.96 152 1.47 1.38 1.23
0.5/kg threshold
(Sep.Mar 3151 1.23 1.23 1.23 1.23 1.96 1.96 152 152 1.47 147 381 1.38 1.23 1.23
VI Monthly Sampling with a 1.28 1.28 2.00 1.57 1.52 1.42 1.28
0.75/kg threshold
(Sep-April 10th) 1.28 1.28 1.28 1.28 2.00 2.00 157 157 152 152 421 142 1.28 1.28
Combination Strategies
VI Fumigation Oct 3 , 111 1.11 1.83 1.40 135 1.25 111
One Sample (Mar 31st) ;4 1.11 111 1.11 1.83 1.83  1.40 1.40 135 135 125 125 111 111
VIl Fumigation Oct 31, 115 1.15 1.87 1.44 1.39 1.294 115
Monthly Sample
(Nov-Mar 3151 115 1.15 115 1.15 1.87 1.87 1.44 1.44 1.39 139 294 1294 115 115
VX Fumigation Oct 31 , 114 1.14 1.87 1.43 1.38 1.29 114
Two Samples 114 1.14 1.14 1.14 1.87 1.87 143 1.43 1.38 138 291 129 1.14 1.14

(Feb 28, Mar 31)
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Table 4.24 Average, Minimum and Maximum Cost ($/tone) of Alternate Strategies across 29 Storage Ped® under Unknown Weather
Conditions and Alternative Immigration Rates, Wichita, Sampling Cost Halved

0.3Low, 0.4Low,
0.3Normal, 1/3L0\1v/é|1_|/i3ﬁormal, 0.4Normall, 0.5Low, 0.5Normal
Strategies Description Low Normal High 0.4High 9 0.2High
[ Doing Nothing 1.08 2.90 19.2 8.87 7.72 5.43 1.99
0 1.84 1.84 459 8.55 29.3 3.97 13.7 3.46 11.9 2.45 8.43 0.919 3.21
Calendar-based Strategies
I One Fumigation (Dec 0.937 0.937 1.95 1.34 1.28 1.14 0.937
4th) 0937 0937 0937 0937 00937 2.77 0.937 1.67 0.937 155 0.937 1.30 0.937 0.937
I Two Fumigations (Oct & 1.66 1.66 1.66 1.66 1.66 1.66 1.66
Mar 31st) 1.66 1.66 1.66 166 166 166  1.66 1.66 1.66 1.66 1.66 1.66 1.66 1.66
Sampling-based Strategies
\ One sampling-based 0.809 1.11 2.13 1.43 1.35 1.19 0.96
fumigation 0.388 1.11 1.11 1.11 1.11 2.95 0.89 1.85 0.868 1.72 0.820 1.48 0.75 1.11
Vv Monthly Sampling with 1.01 1.23 1.69 1.35 1.31 1.23 1.12
0.5/kg threshold 0510 235 1.23 1.23 1.23 3.07 1.01 231 0994 221 0944  2.04 0.87 1.79
(Sep-Mar 31st)
\Y| Monthly Sampling with a 1.05 1.28 1.87 1.45 1.41 1.31 1.16
0.75/kg threshold 0552  1.28 1.28 1.28 1.28 201 1.06 1.56 1.03 151 0982 142 0912 1.28
(Sep-April 19th)
Combination Strategies
VI Fumigation Oct 31, 1.11 1.11 1.57 1.30 1.27 1.20 1.11
One Sample (Mar 31st) 4 14 111 111 111 111 295 111 185 111 1.72 111 1.48 111 111
VIl Fumigation Oct 3%, 1.15 1.15 1.61 1.33 1.30 1.23 1.15
Monthly Sample 1.15 1.15 1.15 1.15 1.15 3.71 1.15 2.17 1.15 200 151 1.66 1.15 1.15
(Nov-Mar 31st)
VX Fumigation Oct 31, 1.14 1.14 1.60 1.33 1.30 1.23 1.14
Two Samples
P 1.14 1.14 1.14 1.14 1.14 2.98 1.14 1.88 1.14 175 141 151 1.14 1.14

(Feb 28, Mar 31)
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CHAPTER V

CONCLUSION

Summary and Discussion

In this study we have estimated and summarizednaptireatment dates and costs for
various insect control strategies simulated undeertain weather conditions and unknown
immigration rates. We considered eight strategmeaddition to doing nothing, grouped into

calendar-based, sampling-based and combinaticegiea.

For current cost estimates, under most situationg/hich insect immigration rate was
known, the optimal strategy (one that achieves &hwest of insect control) was one or two
fumigations. Strategies including sampling werepreferred. For example, under Oklahoma
City weather conditions with low or normal insetinigration rates, the strategy with the lowest
combined treatment cost and insect damage costoWamigate once per storage period. Two
fumigations were preferred with a high insect imratgn rate. Similar results were realized for

Wichita.

In contrast, when insect immigration rate was mavn, a strategy of one fumigation
plus sampling after that became dominant for Oltah&ity. For Wichita, no one strategy
became dominant, because a fumigation was not deedwery year in Wichita. Following the

same strategy in Wichita that was dominant in OK@yever, would have provided insect
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control that was as good as or better than in OK¢abse of the cooler temperatures, at a cost no

higher than incurred in OKC.

To determine the sensitivity of these results tdeutying assumptions, we examined the
effects of reducing sampling cost by 50%, and afiding the live insect discount. Sampling cost
might be reduced if sampling technology could bpriomed, and live insect discount might be

significantly higher if a buyer rejects a load besmof the presence of live insects.

Results show that if cost of sampling was redugefid®6, there was greater incentive to
conduct more sampling after fumigating, to increamafidence that insects were in fact
controlled. Also, if live insect discount was doeth] strategies using sampling became the least

cost strategy under a greater range of scenarios.

Anecdotal reports suggest that many elevatorsarCéntral and Southern Plains
fumigate more often than once per year. Fumigaiimge at a strategic time, and then sampling
for follow up might reduce the number of fumigaide one in a given year, even when some
bins have a high immigration rate. This could rexlogsts, and would also provide assurance that

insect populations would not grow unchecked ingbent that bins have a high immigration rate.

Implications for Future Study

There are several things could be considered urdidtudy. First of all, this study used a
simplified version of insect growth model. Furtlestimation with full model by Flinn,
Hagstrum, and Phillips would obtain more realistisult. Even more, the sampling result might

be more predictable.
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Second, sampling results are sensitive to sampltg and threshold, especially for
monthly sampling. Further research could betteerd@ine best sampling time and threshold.
Improving insect sampling in this way could redtioe risk managers face by not fumigating,
increasing their confidence that they will detedtscts in time to control them. This could make

IPM methods more attractive to elevator managers.

Third, the two locations considered, Oklahoma @itg Wichita, are only 160 miles
apart. Further research should consider how opfimsakt control strategies would change for
locations farther north or south in the hard redten wheat growing area of the U.S. It may also
be useful to evaluate strategies for locations éagher north, in the area of the U.S. that grows

spring wheat.

Fourth, the measures of risk considered here wengles More complete measures of the
risk involved in these strategies could be obtatiedugh estimating distributions of the random
variables modeled here and using Monte Carlo tectesi. This would help ensure that any
strategy recommendations had more carefully consiléne risk faced by grain storage

managers.

Finally, we have assumed that all the bins arbénsame situation except immigration
rate. But in a storage facility, bins in differéatations could face different weather conditions.
For example, sunshine time could influence a sjodgifi’s temperature. Also, immigration rate
may have special influence among all bins. If omeidbobserved with high immigration rate, the
nearby bins are more likely to have high immignatiate. So this should be considered when

estimating immigration rate.
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