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ABSTRACT

ECONOMIC IMPACT OF FOOTJAND-MOUTH DISEASE MITIGATION STRATEGIES:

A META-REGRESSION ANALYSIS

A metaregression analysis was conducted to more clearly identify the cetnatagies
that influence the economic impacts due to a &oabmouth diseasé~MD) outbreak in North
America. Models were specified accounting for differences across contregstsafculling rate,
vaccination, improving in traceability, and delayedeattion) and epgemiological models that
are used to simulate FMD outbreaks under different assumption. Results of tlsesasadw
that applyng vaccinationto-die policies increases the national loss but it might beethod to
contain thediseasavhenspreadingvidely. Delayed detection of infected animals is the most
influential factor hat impacts economic lossé®wever, by improving traceability system, the
economic impacts can be reduces by localizing and depopulating latent or dgteriéieied

animals before thegllow diseasdo spread.
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Chapter 1. Introduction

Highly contagious animal diseases are a global concern drawing incratsimtgpn
among animal and human health officials. In 2015, the World Organization for Anim#hHeal
(OIE) listed 117 animal diseases, infections and infestations on the OIE list ahietif
terrestrial and aquatic diseases (OIE, 2015). Coupling the growing number af dis@ases
with the 22.8% increase in international trade and 21.7% increase in internatiorsas touri
between 2010 and 2014, the threat for spread of highly contagious animal disease ontinual
increases (UN, 2015; UNWTO, 2015)

Equally concerning is the high percentage of infectious diseases of zoonotic origin, or
those that areransmissible between animal and humahsiost 60 percent of known human
pathogens are of animal origin (Woolhouse and Gaunt, 2007). Between 1940 and 2004, Jones et al.
(2008) found that 60 perceot emerging infectious diseases between 1940 and 2004 in the United
States were zoonotic. According to King (2004), the trends suggest that the frequencyiotisifec
diseases will continue to increase, especially with the growing ioéebetween wildlifedomestic
animalshumans.

Footandmouth disease (FMD) is one of the most economigalportant animal
diseases as$ spreads rapidly and the losses to production and tadbesubstantial. FMD is a
highly contagious viral disease that occurs among cloven-hoofed animals sucheasatile,
sheep and deer. The virus can sprgadiomestic and wild animalgeople, aerosols and contact
with contaminated fomites (such as clothing, feed, and equipment).

An FMD outbreak can have enormous effects on a country’s economic well-beeg.
negative impacts are a result of a potential reduction in domestic consumer densaoid, los

export markets, depopulated animals, and costs to the government to control and eéhadicate



diseaseThe costs to the government includademnification payments, emergency
vaccination, disposal and cleap, surveillance, quarantine, and euthanasia costs. Agricultural
producers andelatedindustries suffer from losses within livestock and export markets, as well
as possible reductions in domestic demand due to consumer fears (Paarlberg et al., 2002)
Although there is no evidence that FMD can impact human health, it is typicalimad
consumers will reduce their demand for meat and dairy products based on pditueiats to

their welkbeing (Schroeder et al., 2015).

Both ex posf(case studies) arek ante(hypothetical or simulation) studie$ FMD
outbreaks and other animal diseatiave examined the effe@ness of efforts and mitigation
strategiesTypically, ex poststudies have analyzed FMD outbreaks by discussing the
government’s response to the outbreak and summarize the economic ifBpactestudies
generally use an epidemiological model, such as the North American AnineasB8pread
Model, to simulate an FMD outbreak and then analyze the economic impacts. The economic
impacts can be estimated using a variety of economic modeling frameworks pactichs
equilibrium models and input-output models.

Thompson et al. (2002) estimated the economic losses after an FMD outbreak in the
United Kingdom in 2001. The economic losses to agriculture and the food chain were about $5
billion and agricultural producers’ losses werstimated at@proximately 20% of the estimated
total income from farming. Overall, the total effect of the FMD outbreagestimated to reduce
the gross domestic product in the United Kingdom by less than 0.2% in 2001. Asetbey
FMD outbreak occurred in South Korea in 2010 and resulted in 3.37 million pigs, cows, goats
and deebeingculled and buried at a cost of nearly $2 billion in direct costs and compensation to

theproducergOiE, 2012).



The United States has not had an outbreak of FMD since 1929 and is considered to be
FMD free by their trading partners. However, FMD has broken catinerse set of regions
including Africa, Asia, Europe, and South Americaecent years. Because of the recent
outbreaks as well as increases in international travel and trade among cpotnargeare
increasing risks of FMD outbreaks in the United States.

From the moment that FMD is detected, the virus spreads rapidly and unpredictably.
Additionally, the virus has up to a 14-day incubation period; thus, it has the opportunity to have
been carried to multiple premises before being detected. Therefore, de@giers meed
analytical tools and decision criteria based on sound science including how geptinaipigy
and industryconcentratioomay influence economic losses, as well as lessons learned from recent
outbreaks (Hagerman et al., 2012). For example, the standard strategy for mgnierd010
FMD outbreak in Japanag stampingut, along with movement control. However, the FMD
outbreak occurred in one of the most densely populated areas of both cattle and pig farms in
Japan. The disease spread rapidly and challenged efforts to promptly culsamrttaése farms.
About one month after the first detection in the affected area, emergency vaocivasi
implemented to supplement the insufficient mitigation strategies. Ultimately, a total tfra@2
were affected, and almost 290,000 animals, including both infecte@larand vaccinated
animals, were culled (Muroga et al., 2011).

The most common strategies used to mitigate and eradicate FMD during ankoatbrea
stampingout infected animals, cleaning and disinfecting affected prenae@salmovement
restrictionsand quarantine. Stamping-out can be implemented alone or used in combination with
other response and mitigation strategies such as vaccination, quarantine randize

depopulation alternatives for quick eradication before the disease spreads witleigually,



most studies address only one or a rather limited array of policy opfimte 4 the control and
mitigation strategiemayaffect the economic ipacts of an FMD outbreak differenthjis

papers goalis to combine all the results from preus studies and use a systematic analysis to
examine the relationship between economic impacts and each control strategy.

An increasing number of studies are simulating hypothetical FMD outbrealsrgyan
epidemiological model and integrating the simulated results into an economic framewor
estimate the impacts on producers, consumers, allied industries and/or the govanuaent
various mitigation strategies. The studies have investigated a number sédismaagement
strategies that may redudestduration of the outbreak. Such strategies include culling of
infected animad, culling of animals that havead direct and/or indirect contact with an infected
animal, culling of certain species, ring culling, egesrcy vaccination to dieing vaccinabn,
etc. Given the uncertainty surrounding the disease (e.g., spread, reactionsuyers, trading
partners, etc.), developing a comprehensive mitigation strategy is not angasy t

The main objective of this research is to analyze the publisheatuite to establish a
link between economic effects and the various mitigation and eradication enagagstrategies
that are used during hypothetical B\Mdutbreaks in North America. To address this objective,
we employ a metaegressioranalysis which is, “a more formal and objective process of
reviewing an empirical literature” (Stanley, 2001, pages 147-148). While numeéudiess
estimate epidemiological and economic impacts of hypothetical FMD outbreagscasiain
mitigation strategies, the auth@e not aware of any study that integrates the many disease
managemendtrategies that could be used during an outbreak. Thus, meta-regeesdimis of

the full range of studies may provide interesting insighfsolicy makers and researchers



The diversity of control strategies stimulated our interests in examining the effestsvene
of each control strategy. We believe the control strategies can decreasentimaiecmpact
from an FMD outbreak, but we also think that there are different levels of influgpéerming
a metaregression analysis, we seek to examine the effectiveness of each categl/str

In the next chapter, a literature review is provided. Chapters 3 and 4 discuss the methods
and data used in this study, respectively. Chaptee$epts the resultnd discussion of the
metaregressioranalysis. Finally, we conclud®y discussinghelikely relationshipdetween the

economic impacts of the alternate disease mitigation and eradication strategies.



Chapter 2. Literature Review

This chapter contains a literature review that isdivimled into two sections: meta
analysis methods and previous foot-and mouth digé#dB) studies. The metanalysis section
describes the ways to conduct a rretalysis and the issues that arise when forming a meta
analysis. The FMD discussion presents a literature review of economisesafyFMD as well
as a discussion surrounding FMD tohstrategies.

Meta-Analysis

Metaanalysis is a body of statistical methods for combining, reviewing and &aglua
empirical research results (Stanley, 2001; Crombie and Davies, 2009). The fasinalgsis is
attributed to Pearson (1904) who analyzed data from five studies on the correlatieenbite
vaccination for enteritis fever and its mortality. Lewis et al. (2007) descritetaanalysis as a
practice of gathering, combining, and analyzing the results of numeroussstudienot only a
systematic literature review, but also a way to recognize the impacts of diffaecemts on a
topic of interest. Metanalysis involves collectingndselecting relevant studies widiresearch
based justification, conducting a meta-regression on the data collectedhvésimdies, and
discussing the problems that exist with the observed data.

Leandro (2005) indicates that a correct systematic review on a topic rezplieesion
and analysis of all published data, and not only of those which are neresting, relevant, or
easily available. Two stepseaimportant for the analysigirst, compiling a complete collection
of the published literature; and second, the synthesis of the information acquired.r&hekisy
can be done by an expert in the field as a traditional literature review, whichavay personal
bias, or the synthesis can be made in a more structured and objective fashion using meta

regressioranalysis.



It is important to conduct a megaalysis by gathering and combiningalaiable, and
deciding on criteria that will be used to filter and defime selected studies. Each study has
intrinsic characteristics and the conclusions it provides may not be geneeabrabimparable
with those of other studies. Therefore, a researcher should pay adequatnatidmiiv the
information from each study was obtained to make sure it can be used appropitatelg
metaanalysis. Also, a detailed description of reasons for including or excludingelotede
studies in the metanalyss should be provided.

Metaanalysis is commonly criticized for pooling of studies of varying quaditgaging
in double counting and suffering from publication bias (Nelson and Kennedy, 2009). These
problems, if any, should be addressed and treate@nbydpy the researchers framing the meta
analysis. Dependengcpublication bias, andeterogeneityare usually mentioned and addressed
using different methods within each study. Nelson (2014) addressed the depersienbg is
restricting the number of estates per study, authogstricted samples, and autfsmecific
variables.

Publication bias is anothessueto considewhen forming a metanalysis. Publication
bias may occur due to selectivelusion of studiesvritten inacertain languagdhe pubic
availability of the studiedyias towardhe research&r own disciplines, and the preferable
outcome of the studies. Heterogeneity and selection bias are exannitiydnanetaregression
containing moderator variables for econometric methodology, primary data anibpretite
estimates. Stanley (2001) pointed out limitations of meggession analysis such as
disagreement over the inclusion of important study characteristics, whetheight the results

of different studies differently, thesk that all studies contain the same misspecification errors,



and the quality of selective inclusion of studies. Indeed, some limitations are uine/ostal
therefore, it is important to address the problems and attempt to correct them.
Economic Studies of Foot-and-Mouth Disease

Several studies have analyzed the economic impacts of a hypothetical FMRlboutbre
the United States. Because the last FMD outbreak occurred in 1929 in the UnitednStateof
these studies have employed an epidemiologicaleimo simulate an FMD outbreak given
today’s industry structure. The outpubrin the epidemiological mode then incorporated into
an economic modeling framework.

The economic methods that are commonly used when estimating the impacts of an
animal heah event (e.g., FMD outbreak) includbenefitcost analysis, linear and mathematical
programming, partial equilibriumanalysis, input-output @) analysis social accounting matrix
development, and computable general equilibrium modé@Righ, Miller, ard Winter-Nelson,
2005). As with any modeling framework, there are strengths and weakness Wwithethod.

Schoenbaum and Disney (2003) usadepidemiological model to simulate FMD
outbreaksn three representative animal populations of counties in the south-central, north-
central, and western United Stat€hey useatostminimization techniques to compare
alternative mitigation strategies in the various outbreak situations. Thesattonated
government costs (which include depopulation, surveillance and vaccination), producer and
consumer welfarestimats. Their results shosd that the speed of FMD virus spread and the
demographics of the susceptible population weeemost influential factors that affeckthe
costs of an FMD outbreak. The econortssesanged from $231 million to $4,859 million.

Zhao, Wahl, and Marsh (2006) analyzkd economic impacts of hypothetical FMD

outbreaks on the U.S. beef industry. They wségnamic epidemiologicadconomic model of



the US. beef industry, which aludedfour major components: breeding decisions, feeding
decisions, domestic and international markets, and invasive species dissemirtaiauthors
found that as the depopulation ratereases, the welfare losses waraller. Additionally, the
welfare losses wergmalle if no emergency vaccination wapplied.

Elbakidze et al. (2009) uses AusSpread to simulate an FMD outbreak under various
introduction and control strategies in the Texas High Plains. A budgetingsexisrthen used to
summarizahetotal mitigationcosts The mitigation strategies used in Elbakidze et al. include
detection, slaughter, vaccination, surveillance, and quarantine ahlaggel the economic
impacts acrostour differentFMD index herd types (a)large feedlo{greder than 50,000
head) (b) backgrounder feedlof¢) large grazing her¢greater than 100 head), and ljdckyard
herd(less than ten hes)l In most of the scenarios, slaughter of infected and dangerous contact
herds, combined with early detection andarded surveillance, was the preferred strategy.
Early detection was found to be an effective method to reduce economicbdsesaccination
costs and loss in the value of vaccinated anitedi$o vaccination not being a desirable strategy

Pendell etl. (2007) condued an epidemiological and economic analysis by using the
North American Animal Diseasgpread Model (NAADSM) ahboth partial equilibriunand +
O models. The authors used NAADSM to simulate the spreBMBfin southwest Kansas.

They evéduatedthe contagious animal disease spread for three difféneek herds: (1a cow
calf herd, (2amedium-sized feedlot, and (3) simultaneouslfiva large feedlotsThe results
suggestdthat if FMD begins in five largéeedlots, economic lossergedarger and the duration

of the disease is longeglative tothe other two smadrindex herdscenariosThey concluded

L Anindex herd is the herd in which the first animal becomes infectele &ptdemiological model, an outbreak is
simulated by spreading the disease from an index herd, which sigtiifieffects the scale of the simulated
outbreak by different types of species and herd sizes.



that the number of animals infected and length of disease outbreathe/éne most important
factors affecting the economic losses.

Hagerman et al. (2012)mulated=MD outbreaks ira threecountyregionin California
using Davis Animal Disease Simulation model (DAR&Yin aneightcounty region irTexas
High Plainsusing AusSpread moddihe results indicated thatdelay of dete@in has a
significant impact in controlling the disease. As expected, if the detection dslayristhen the
depopulation appears to limit economic losses. However, if the detection delay o Ibtige
outbreak is “extreme”, then emergency vaccoratnay serve as an important mitigation
strategy.

Schroeder et al. (2015) used NAADSM to simulated FMD outbreaks in the Midwestern
U.S.under different emergency vaccination strategiesagpaktial equilibrium model to estimate
the economic losg.he emergency vaccination strategredude: (1) vaccinate to live or die, (2)
vaccination strategy, (3) vaccination capacity, (4) vaccination triggdr(5 size of vaccination
zone. The authors indicate that the possibility of spread of FMD once it breakis antdig
introduction of emergency vaccination could significantly reduce economesloss

In a recent article, Pendell et al. (2015) examined the impactsatéatialscenario with
FMD virus escaping from the proposed National Bio and Agro Defense Facilgnhattan,
Kansas. The authors used an epidemiologAIADSM) and economic modeling framework.
The economic framework waemprised of a partial equilibrium model (producer and consumer
impacts), 10 analysis (regional noagricultural bsinesses impacts) and budget analysis
(government costs). Regardless of the introduction scenario, the authors found thaeconom
impacts are rather large. However, it was noted that looking at the distribLitopaxts rather

than a single point (e.gnean) wasvarranted due to the stochastic nature of the disease spread.
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The literature review providea comprehensive knowledgeFMD control strategies
and how researchers analyze economic impacts due to an FMD oullinisalesearch
summarizes the above literature and discusses the different FMD camttedists that were
analyzed in each of the previous studies. The most applied economic measurexfretoay
areproducer and consumer welfafiéhe welfare measures will serve as the dependeabiain
this thesis’'metaregression analysis and the various control strategies are the independent
variables. By conducting a metegression analysig/e reevaluate the effectiveness of each
control strategy that was examined in the previous stuti®syss the factors that might the

influence an FMD outbreak, and compare our findings with the previous studies.
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Chapter 3. Methods and Model Specification

The focus of the meteegression analysis (MRA) is to evaluate the diverse set of factors
among FMD controstrategies that might affenaitional losses in the U.S. agricultural sector.
The regression focuses on the important disease mitigation strabegibave been used in past
researchAdditionally, this analysiassesselsow certainfactors influence magnitude of losses,
which allows us tanfer how effective each strategy might be.

Whenreviewing the literature for this:ietaregression analysis, we found there is not
much uniformity when considering control strategies being integrated into modiswssed
across previous research. All the control strategies include the defardggirstampingut, and
otherdisease management strategies (e.g., emergency vaccination, trace#bjlity,

Themetaregression model is given by equation 1:

li=po+2pcZk+e(i=1,2,..N). (1)

li denotes national loger animaffor observation, which is the total national loss measured by
consumeirvelfare plusproducer welfare divided by total animalsis the intercept ternficare

the coefficiens to be estimatedi is a binary variabléor the various control strategids,

(excep for culling rate) andsi denotes an error termiablel provides the descriptions for all

variables used in this analysis.

12



Table 1. Meta-Regression Analysis Variablesand Summary Descriptions

Variable Definition Mean Staf.‘d?“d
Deviation

NationalWelfareLoss($) Nationalwelfareloss due to FMD outbreal$ per 3,424 4,981
head)

Culling Rate(%) Thg ratio of ammals cglled to the total numbgr_ of 22
animals in the epidemieconomic model of original
study

No Vaccination Binary variable coded 1 if the scenario does not 0.64 0.48
include vaccination, 0 otherwise

10 km Ring Vaccination Binary vgnable coded 1 'f th? scenario mc_luc_ies 0.22 0.41
vaccination and the vaccination zone is within 10
km, O otherwise

20 km Ring Vaccination B'”afy V?‘”ab'e coded 1 'T th? scenario mc_lut_jes 0.14 0.35
vaccination and the vaccination zone is within 20
km, O otherwise

Low Traceability Binary variable coded 1 if the scenario incluties 0.68 0.47
traceability level, otherwise 0

High Traceability Binary variable coded 1 if the scenario includes 0.32 0.47
higher traceabitly level, otherwise 0

. Binary variable coded 1 if the scenario includes

Delay Detection < 2 Weeks delay detection less tham equal to 14 days, 0.84 0.37
otherwise 0

Delay Detection > 2 Weeks Binary variable coded 1 if the scenario includes 0.16 0.37
delay detection more than 14 days, otherwise 0

United States Binary variable coded 1 if the scenario is simulated 0.68 0.47
in the United States, otherwise 0

Canada & Mexico Binary variable coded 1 if the scenario is simulated 0.32 0.47
in Canada oMexico, otherwise 0

NAADSM Binary variable coded 1 if the study used 0.24 0.43
NAADSM, otherwise 0

AusSpread Binary variable coded 1 if the study used the 0.08 0.27
AusSpread model, otherwise 0

Dynamics Binary variable coded 1 if the study usedynamic 0.46 0.50
disease spread model, otherwise 0

DADS Binary variable coded 1 if the study used the DADS 0.22 0.42

model, otherwise 0

13



The nature of the data varies greatly across the studies. Most of the studsesfane
particular control strategy and change the scale or the level of the cormtredgtunder certain
conditions. The characteristics include: vaccination (apply or not)izh@®vaccination zone if
vaccination is applied, the length of delay detection, and the degree of tiacéaigih or low
level).

The metaregression analysis model is estimated using three different moadisear
model, a double-log model (using the log of national loss and culling rate), andsteWGLS
model — to obtain a better model of robustness. All of the independent variables are dummy
variables {1,0} indicating whether or not the study had the particular data maé&st
characteristic. We test for heteroskedasticity using both BreRaghn test and White's test. The
null hypothesis for BreuscRagan test is constant variance. The result of BrelRaghn test is
v? = 47.82 and the df = 9, so we reject the null hypothesis. The mdthgsis for White'’s test is
homoscedasticity. The result of White’s test’is 48.85 and the df = 30, so we reject the null
hypothesis as welBoth the test results indicated that heteroskedasticity exists. In all of the
MRA models, White’s heteroskeslicity-consistent standard errors are used.

A potential estimation complication for the model is the-matependence of error across
observations given that, in some instances, we employed multiple estimatesefreamnstudy.
There is no clear consarson how clustering should be treated in unbalanced data sets used in
MRA. Some studies employ Weighted Least Squ@hdsS) with clustercorrected standard
errors while others employ fixed effects (FE) or random effects (RE) patzeédtimators. Two
St Generalized Least Squares (tatep GLS) is used in this paper to estimate the model due to

differences in the variances of the dependent variable estimates across sttidhaghAhe

14



inverse variance of each observation has been shown to resuinialopeights, variances from
the selected studies were not availalbleerefore, a two-step GLS is used instead of WLS.

The key response goal ah FMD outbreak is to detect, control, and eradicate the disease
as quickly as possible. In addition to thealdf control stratagsof stampingout and animal
movementestrictions others such as surveillantgceability andemergency vaccinaticare
also used as control strategies. Time igtacal factor that influences the outcome of the disease
spread Studies conclude that shortening the duration of an FMD outbreak could minimize
economic losses. Controlling the disease as soon as possible will not only preverase dis
from spreadingand possibly resulting in more depopulated anipalswill also result in a
country being able to resume international trade faster. Therefore, deleteofion is included
in the model. However, the duration of the disease is not included in the model because not all

studies include these data for us to conside
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Chapter 4. Data

This metaregression analysis follows the guidelines established by Stanle\(20E3).
To obtain studies for this research, databases searched imahaies Internet search engines
such as Google Scholar, EconlLit, Jstor, and Wiley online library. To identiipgarstudies, a
combination of keywords was queried includirfgot-andmouth disease, FMD, North America,
United States, Canada, Mexico, surplus, welfare and economics. The datatudses seare
conducted duringhe Springof 2015.

In total, 18 separate peer reviewed studies, government reports, and workirsctipaipe
simulate FMD outcomes usirag epidemiologicaleconomic modahg frameworkare collected.
However, only sevestudiesare included in this MRA&ecauséhe others (excluded from this
analysis)did not report producer and consumer welfare or total national w€lfabée?2). Also,
studies that did not includbe control strategiesf interestareexcluded. This research only
includes studies conducted in North America because animal agriculture ysthféstent in
other parts of the world. The publication dates of the studies ranged from 2006 té 2015.

summary of the studies includedtins MRA is presented in Tab2

16



Table 2. StudiesIncluded in the Meta-Regression Analysis

Publication

Usable

No. Reference Control Measure ; Epidemiological model Economic Model Region
Year Scenarios
: North American Animal . .
1  Schroeder et al. 2015 \S/;rg?]';ﬁg#t 9 DiseaseSpread Model S:gir;?gy ml?gtr:'tﬁrket Mldlev eSstern
(NAADSM) q >
. Dynamic Disease and Dynamic Disease and
2 Tozex Margh, and 2014 Stampmgout . 6 Economic Optimization Economic Optimization Canada
Perevodchikov Culling Capacity
Model Model
Stampingout Davis Animal Disease California
3 Hagerman et al. 2012 Delay detection 10 Simulation Model and Agricultural Sector Model
A and Texas
Vaccination AusSpread Model
4  Carpenter et al. 2011 Stampmgout. 5 Davis Animal Disease Model Agricultural Sector Model California
Delay detection
5 Jones Carlberg, and 2011 Stampingout 3 g_orth Aegenca:jnl\,;‘l\n(ljmfll Equilibrium Displacement Ontario,
Pendell Traceability Iseasespread Vode Model EDM) Canada
(NAADSM)
Stampingout Dynamic Disease and Dynamic Disease and
6  Nogueira et al. 2011 nping . 7 Economic Optimization Economic Optimization Mexico
Culling Capacity
Model Model
. Dynamic Disease and Dynamic Disease and
7 Zhag Wahl, and 2006 Stampingout 10 Economic Optimization Economic Optimization U.S.

Marsh

Culling Capacity

Model

Model

17



All economic welfares values are presented as social welfare change per aeacbbf
to normalizethe measure of economic impabtecause of the diversity across the studies.
economic loss per head of animal ranges from $95 to $6,750 db#aeggnoring the five
extreme large numbers (Figure 1). The mean weléa®is $3,424 dollansith astandad
deviation of $4,98per head (Table)1The wide range of the economic loss per animdiie
variousdifferentfactors including year of study, industry of focus, international trade and
domestic consumer demarkthr example,fian FMD breaks out in a heavily populated livestock
area(like the Schroeder et al. (2015) study), the impacts could be more substantial when
compared to a studhathas a small scaleMD outbreakthat ultimdely results in an increase in

consumeivelfare (Zlmo, Wahl, and Marsh, 2006).
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Figure 1. Data Scatter Plot of Welfare L oss Estimates ($/head)
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As described above, the dependent variabike national welfare loss ($ per hedd)e
independent variables contaifi) FMD control strategies sh as vaccinatioand levet of
traceability (i) the assumptions under different scenarios simulated in the epidemiblogica
model such as culling rate and delay detection of diséasgeograplic study regionand (iv)
the epidemiological model used in each study.

Nationalwelfare loss ismeasuredby combining consumer and producer welfare
measuresind mitigation costs. This is calculated as the national welfare loss divided by
percentage of animals culled in the study region. The econeetiiare measures differ across
studies due to the region of interest (i.e., both size and type of livestock productioajoiiher
we use the marginal economic impact of an animal as the effect measure to normalize th
dependent variable.

Culling rateis the number of animals culled/aled by the total number of animals in the
study region. The percentage is included to account for the variance of animalipopulat
among different study regions.

Historically, stampingputis the main control strategy to contain FMD; however, today
many studies arfocusing on alternate disease mitigation stratagigading emergency
vaccinationVaccinationcan be applied in several ways including mass vaccination or
vaccination ring. Several studies that have investigated a vaccination raceftain km ring
around the infected premises) have found thissagmficantly lower the economic impactsani
FMD outbreak. The types of vaccination strategies includedsrsthidyare no vaccination, a 10
km radius vaccinatioring, and a 20 km ring vaccination.

Traceabilty can play anmportant role in assuring food safety and in animal disease

control by being able to monitor animals’ movem&nce an FMBinfected animal is detected,
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the animal’smovementistorycan easily be traced, resultinganlling of infected or suspected
animals.Several studies such dgnes, Carlberg, and Pendell (2011), Nogueira et al. (2011), and
Zhag Wah, and Marsh (2006@xamined the economic impact of FMD outbreiakdifferent
levels of traceability. Jones, Cagllg, and Pendell evaluated low, medium, and high levels of
traceability, while Nogueira et al. and Zh&@ahl and Marsipresented the level of traceability
system by setting different depopulation levels. Depopulation iette¢ percentage of the
animals that are being able to trace as having contacts with the infected animaladsal are
destroyed. That is to say, as the depopulation level is higher, the tragesyfsii@m is better.
Detection delay can have a significant effect on the spread of the diseasse the
longer the detection delathe higher the probability animate and inanimate vectors come in
contact with susceptible animaReducing detection delay can reduce the number of direct and
indirect animals thus avoid significdosses to livestock. Detection delay is an issue that should
notbeignoredas we can see that all the five extreme large numbers in Figure 1 share a same
characteristic, which is that the detection delay is more than two weeks.
Table 3 presents the averagaionalwelfare loss categorized by model characteristic.
The mean of total national loss is $3,424 per animal, while dwrsing on the characteristics
of control strategiedigh level of traceability has ttemallestaverage welfartoss at $42per
animal, and detection delay of more than two weeks has the highest avelfageloss at
$11,843 per animal. Both control strategies, improving traceability and reducaugiaieelay,
are two methods to contain the spread of disease. The function of these two methods responds to

the key goal of controllingn FMD outbreak — to contain the disease as soon as possible.
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Table 3. Average National Loss of FMD Categorized by Model Characteristic

Independent Variable Number_ of Mean National
Observations Welfare L oss ($/head)

Culling Rate 50 $3,424
No Vaccination 32 $2,482
10 km Ring Vaccination 11 $5,157
20 km Ring Vaccination 7 $5,005
Low Traceability 34 $4,834
High Traceability 16 $427
Delay Detectiorx 2 Weeks 42 $1,820
Delay Detection > 2Veeks 8 $11,843
United States 34 $4,638
Canada and Mexico 16 $844

Epidemiological Model:
NAADSM 12 $2,618
AusSpread 4 $6,238
Dynamic 23 $786
DADS 11 $8,797

Total 50 $3,424

* The dependent variable is National Welfare Loss ($/head).
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All the studies include stamping-out as default control strategy combined with other
supplemental control strategies. The studies that are included share thengptiommon
features:

» Each study uses an epidemiological model that simulated an FMD outbreak.

» Each study analyzes the economic impacts based on the simulated epidemiological

output.

Studies report the economic impacts as consumer welfare, producer vgelfemement costs
and/or total welfareTherefore, we carefully examined the economic measemeand use
national economic loss as dependent variable.

All the studies presented in Table 2 use one of four epidemiological disease spread
models. The North American Animal DiseeSpread Model (NAADSMhas beemsed in
several FMD economic analysesluming Pendell et al. (2015), Schroeder et al. (2015), Jones,
Carlberg, and Pend€2011), Paarlberg et al. (2008), Pendell et al. (2007), and Disney et al.
(2001). NAADSM was developed by USDA’s Animal and Plant Health Inspectioncgervi
(APHIS). NAADSM s a stochastic simulation model that simulates an outbreak e&mobot
mouth diseasewvhich integrates specific disease parameters, animal movement information, a
disease control strategy, and herd demographic data (Jones, Carlberg, andZ@drideltis a
flexible tool allowing for simulation of varying temporal and spatial spread gosrfar FMD at
the herd level (Harvey et al., 2007).

A second set odconomicstudies use the AusSpread model to simulate disease spread
(Hagerman et al., 2012; Hagerman et al., 2010; Elbakidze et al., 2009). The AusSpread model i
a stochastic state transition model that operates within a geographic inforngatemm §G1S)

framework(Ward et al., 2009)AusSpreadises point location data to represent a farm, the
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epidemiological unit of interest. The model is unique in that it has been developed within a
geographic information system (GIS) environment. This provides access to sapiikssipatial
functions and mapping capabilities, and allows for easy incorporatspatél data layers, such
as roadways, waterways, urban eentand elevation.

The third type of disease-spread model dyynamic disease spread model. The model
maximizesprofit of breeding, feeding, and marketwwyile incorporatinghe disease spread
process and caping the dynamic nature of livestock inventories. Zhao, Wahl, and Marsh
(2006), Nogueira et al. (2011) and Tozer et al. (2014) all used this model in their studies.

The final epidemiological model, the Davis Animal &se (DADS) modeis used by
Carpenter et al. (2011) and Hagerman et al. (2012). DADS is a spatial, stochdstidual-
animalbased simulation model. The modehulates the animal disease outbreak in different
premisetype and direct/indirect contacts among all herd types

Another issue to be noted is the geographic region of interest. Most of the studies
simulate the FMD outbreaks in California, Texas, or Kansas, where the livestostry is
relatively large or densés previously notedthe gegraphic scale of an outbreak tremendously
affects the economic losses. Hagerman et al. (2012) focused on three countigermaahile
Schroeder et al. (2015) was interested in studying feedlots in an eightsgiatein the
Midwestern U.S. To address this issue, the dependent variable was normalizeddbyeggron
studied.

Most of the economic analyses used a partial equilibrium model to estimate then&con
impacts. In these studies, producer and consumer welfare or totabhatelfare areeported,
except for Pendell et al. (2007), Paarlberg et al. (2008)EHiatidze et al. (2009). Pendell et al.

(2007) only reports the producer welfare ait@d tesults. Paarlberg et al. (2008) only reports
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meat price fluctuations and the returns to chpita management for eacimé of livestock
producer. Elbakidze uses a budget analysis and reports the costs to the government and to
producers. Although these studies did not report the results that meet our requirdragnts, t
provided helpful ideas on &blishing €onomic analysis and different aspects that influence
economic impacts of FMD outbreaks.

In this chapterwe introduce the variables included in the MRA that are selected from
seven studies. The above discussion gives us a comprehensive kygabedt the factors that
influence the scale of an FMD outbreak. Particulaviy,can se¢éhatdelaydetection has a
tremendous effean welfare loss while by improving traceability system, welfare loss can be

greatly reduced.
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Chapter 5. Results and Discussion

Table 4 presents the results of the mregression analysis of economic loss per head of
animal due to an FMD outbreak. The base model in this study is a scenario that dpps/not a
vaccination, has low traceability withedelayin detection beingless than or equal to two
weeks It alsosimulates FMD outbreaks in Canada or Mexico using a dynamic disease and
economic optimization model. The base model’'s data represents several saarfdogueira et
al. (2011), which also references several other studies.

Among allthreemodels thedoublelog model is superior to the other two in that it
provides more precise estimates (lower standard error and more statistgrafigant
estimates) and overall model fadjusted R-squared is the highest). Also, we tisedoefficient
of varianceor root mean squared error (CVRMSB)test for a better model fit. RMSEis
defined as the ratio of the root mean squared error to the mean of the dependent Vagable
lower theCVRMSE, the smaller the residual relative to the predict value. We found that the
double-log model has tremallestCVRMSE

As expectedall three models indicate thatcreasing theulling rate will increas¢he
estimatechational lossFor the double-log modegn increasén 1% of culling rate will increas
the estimated national loss from about 0.5% % 38you take the average culling raté22%
reported in Table 13 1% increase in culling rate wiixacerbate the national welfdossby

2%?7. For the linear and the GLS modeds,ncreaseof 1% in theculling rate will increaséoss

2 Sincetheculling rate is already a ratio, we cannot directly calculate the percent changeloutiielog model. If
we take a 22% culling rate for example, increasing the culling rate by 1% lead3%gq th&n the percent change of
national loss is calculated as: In (Lgksss) = B*In (Culling Rate,/Culling Rate), so (Losg/Loss) = (Culling
Rate/Culling Rate)"p = (23/22)"0.4680 = 1.0210. Therefore, a one-percent increase in the b&2% culling rate

26



to $26 and $36 per head of animal, respectivihg potential reason is thide culling rate
implicitly reflects the degree of an outbrellowever, themarginalloss of increasing theulling
rate by one percent s&irprisinglysmallsince the cost of culling an animal includes all the other
mitigation costsas well The potential reason for the resslthatthe culling rate is related to
culling capatty. Culling capacity refers to the number of animals that could be destroyed pe
day.The higher the culling capacjtwhich mayresult ina high culling ratethe shorter period of
time an outbreak needs to be controll8thceanincrease in culling rate increases mitigation
costs theeconomic loss could be alleviatbg afast stampingput strategy

Vaccination has been a controversial issue@gential mitigation strategy because
vaccinated animals are not distinguishable from infected aniEd®ir et al. (2002) found that
countries with th&MD-free without vaccinatiostatuscould result in premium®r meat
exportsin the range 050-60%. Additionally,vaccinatiors represenéxtra mitigation expenses
that will be borne by the government. The results sudlgastO kmrings for vaccination
interventionancreasdhe estimatechational loss. Although it has positigeefficient the
increag is very small and is not statistically significantboththedouble-log andhe GLS
models; however, in the linear model, applyail0 km vaccinatioming will increase economic
lossesby about $2,600 per animé&orthe 20 km ring \accinationstrategy, the economic impact
is rather largen the linear and the doubleg modes. The estimated economic loss will increase
about $2,700 in the linear model and increase by about 4D#e loss in the doubleg model.
The result in the GLS mod# statistically insignificant ani$ a negativenumber, counter to our

expectation.

will increase the national loss by 2.1%. As the culling rate increasesrtentage of increase national loss will
decrease due to oercent increase in culling rate
3In (Loss/Loss) = B*(Vaccine=1), so (Loss2/Loss) = e7(0.3409) = 1.4062.
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Theresulsindicate thatwhen applying vaccination in a smaller ring zone, the economic
lossmay not be significant while expanding the vaccination ring zone will increasemic
losssignificantly, which reinforces the conclusions of several other ssuti@analyze
vaccination as a control strateggd conclude itnay not be optimal fominimizing economic
loss.However, there are many aspects of applying vaccirabesides ring vaccination.
Schroeder et al. (2015) analyzbe economic impacts oD outbreaks emphasizing
alternative FMD vaccination strategies. Different from other studi¢sifigashort-run localized
impacts of FMD outbreaks, their mod®intainedall or parts of eight states located in the
Midwestern United States. Aleportedresults of different scenarspregardingvaccinated to live
or die, vaccination capacity, and vaccination triggeticatel that applying vaccinatiorsas
smallereconomic impacts than naccine scenario. Thestudy points out an issuelated to
the size of an outbreak. It is widely believed that vaccinatiometasvely moremerit for
controlling FMD outbreaks when it spreagliglely among several counties states

Traceability has been studied as an important tool to mitigate losses audsnpthe
industry when an animal disease occurs. The results gfawnprovements in traceability
systens notablyreduce the estimated economic logsprovements in traceability reduce the
economic loss by about $1,900 per head in the linear model, andadifi®t reduction inthe
double-log model. Although impromeentsin traceabilityarenot free of costgt helps to detect
and locate the latent animals and/or potentially infected animals more elfie@rdtin a shorter
period of time. On avege, the latent period of FMD is about two weeks. During this period,
infected animals shawng no signs of infection continue to move and spread the diskdszd

on average, makes 3.5 direct contacts with other herds per week, and 80 percent of them are

4In (Loss/Loss) = B*(Traceability=1), so (Lossz/Loss) = e”¢0.8951) = 0.4085.
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effective in transmitting the disease (Zh¥¢aH, and Marsh, 2006)[herefore, improgmentsn
traceabilitysystemscanhelplocatethe potentially infected animals and can destroy them sooner
to prevent them from infectingther animals.

Delayeddetection has always been a big congercontrolling an FMD outbreak.
Because th&atent period of FMD is about 14s, historically, the delap detectionis about
14.4 days on average. The result shows that dét#gtectionhasatremendous effeanthe
nationalwelfarelossestimate The national loss due tielayeddetection of more than 2 weeks
in the double-log modés estimatecasalmost 2.@imes of thelosswhen compared taless
than 2 weekslelaydetectionwindow. The results in the lear and the GLS models also show
huge economic losses due to delayed detedfiomore than 2 weeks, which is about $8,000 to
$9,000 per animal of losAs expected, the estimation implies thatfdeter the disease is
detected, themaller the lossesould be. It is straightforward to think that the earlier the control
strategies are applied, the fewer the animals that will be infesmbeldultimately depopulated.
This corresponds to one of the key goals of controlling an FMD outbreak, which is to toatrol
disease as soon as possible.

The national loss of an FMD outbreak in the United States is less than that in Canada and
Mexico. The result might be driven Biye larger livestock industry in the United Staideen
compared t&€Canada and Mexic®ut, it may also be true that, as the industry is larger, iahas
better ability to absorb the economic loss. Another potential réastmelessemational loss in
Canada and Mexico is because the FMD outbreaks are all Iscalljated, which means that
thesimulated outbreak was narrowed within a certain region and was not set to infheence t

countrymore broadly

5In (Loss/Loss) = B*(Delay=1), so (Lossz/Loss) = €”(0.9546) = 2.5976.
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The epidemiological modetariableshave quitesimilar resuls. All three models-
NAADSM, AusSpread, and DADS modeldhat are regressed in the MRA have much larger
estimatechational losesthanthe base, dynammptimizationmodel. The potential reasdor the
result may due to the original settingfthe models from the studidsor exampleNAADSM,
AusSpread, and DAD®odels allow reseaners to simulate the outbreaks and predict the spread
by entering different parameters suctaasnal movements, herd types, and contact rate, and
then analyze economic impacts based on the simulated outbrégkthe Dynamic Disease
and Economic Optimization model focuses on building a dynamic livestock production model
and utilizing the partial equilibrium modelnd then analyzes the economic impacts with the
introduction of FMD.

As mentioned in chapter 3, we ube BreuscHPagan test and White’ssteto test for
heteroskedasticity arsbmeproblemsexist. We conducted linear, double-log, andt2p GLS
models to find a bedit model. The doubldog model is identified asuperior to the other two
models eitherrbm comparing thestatistics (adjusttR? and C\RMSE) or thecoefficients We
foundthat increase in the culling rate wslbmewhat increase economic loss since stamguimhg
is the most direct way to contain the spread of the disease. We also fouheldaiiatl detection
will devastate theconomy the mostMearwhile, improvingthetraceability systenallows
potentially infected or latent animdls be located and quickly destroyed, and thus reduces
economic lossWe conclude that time plays a crucial role in controlling the disease bebause
goal of all the influential factorsncluding culling rate, improvement in traceability, and delayed

detection is to shorten thBme of achievingcontainmenbf the disease.
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Table4. Meta-Regression Analysis of National Welfare L ossdueto Simulated FMD
Outbreaks

Linear DoubleLog Two-step GLS
. Coefficient Standard Coefficient Standard Coefficient Standard
IndependenYariable Error Error Error

Culling Rate 25.73 27.23 36.18** 9.09
Ln (Culling Rate) 0.4680* 0.0861
Vaccination 10 km 2,631.08 1,425.69 0.0699 0.2191 820.39 581.16
Vaccination 20 km 2,725.74 1,806.88 0.3409** 0.1687 -107.70 497.44
High Traceability -1,874.74 1,667.06 -0.895%* 0.2239 -18.93 552.50
Delay Detection > 2
Weeks 8,360.2F* 2,239.43 0.9546* 0.2698 9,089.55** 3,148.40
u.s. 99.45 761.11 -0.2512 0.1692 345.74 248.72
NAADSM -764.10 2,393.14 1.5334* 0.3348 2,334.80**  797.80
AusSpread -94.9G 3,349.23 2.2328* 0.5330 3,725.58* 1,913.52
DADS 3,258.21 2,237.25 2.4968* 0.5334 3,818.19* 997.37
Constant 564.16 1,85832 7.5468** 0.1362 -830.79 636.55
Adjusted R 0.6840 0.8938 0.7454
Coefficient of Variation 81.78 6.01 26.02

Note: N = 50, from 7 studie¥he dependent variable is national welfare loss ($/h&udayle(*) and double

asterisks (*) denote significance at the 10% and 5% levels, respectively.
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Chapter 6. Conclusions

Animal disease spread can be widespread arskcarious economic impacts. Animal
health officials and policy makers play a critical role in developing policiésmiiaontrol and
eradicate contagious animal diseases. To make sound decisions, they needtserffigirical
and analytical studiesahwill serve as references in establishing polisi@soundinglisease
control strategies.

Foot-andmouth diseases highly contagious andasily breaks out again after claihis
eliminated For example, FMD broke out in South Korea in April 204f@gr a reported outbreak
in May 2002.Meanwhile, in November 2010, seven mon#fterthe last outbreak, FMD broke
out agaimat a largescaleand lasted through April 2011 (Park et al., 20EB)D has
continuously existed in various regions of the world. For example, during 2014, fifteenepuntr
reported FMD outbreaks by OIE, and all the countries were in Asia and AfriEa\(AHID).

After an FMD outbreak in the UK in 2001, reseaatiout effectively contilling the
disease and its economic impacts has received more atteédtimmenbaum and Disney (2003),
Zhao, Wahl, and Marsh (2006), Ward et al. (2009), Hagerman et al. (2012), Schroeder et al.
(2015), and Pendell et al. (2015) analyze how different vaccination strategiessstazttination
time frame, size ofaccination mne, and vaccination capacity influence the economic impacts.
Zhaqg Wahl, and Marsh (2006), Hagermetral.(2010), Jones, Carlberg, and Pendell (2011),
Nogueiraet al.(2011), and Tozer, Marsh, and Perevodchikov (2014) discusslifferent levels
of traceability systems affect the economic loss. Ward et al. (2009), Elb&kidizE009),
Carpenter et al. (2011), and Hagerman et al. (2012) examine the impactsrehtiéfegthof
delayed detection to the econoniiferefore, ® better understand the impacts of the various

FMD cortrol strategies,his research uses a novel metgression analysis to systematically
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analyze theconomic impacts resulting from different mitigation strateggesl in hypothetical
FMD outbreaksimulatiors.

The metaregression analys{(#RA) applied follows the guidelines from Stanley et al.
(2013) and is refined using the details and steps from other published gdmpeestimate is
standardized by using national welfare loss divided by total animals in the ynddRiA
provides a quantity method to examine the FMD control strategies include culéng ra
vaccination, traceability, and disease detection that affect the estifftagesstimationasults
from the doubldeg modelindicate thatunderaverageculling conditiors, increasingL% of
culling rate will increase economic loss by 28@plying vaccinationsvithin 20 km ring zone
will increase economic loss by 40%, compared to thevaacination scenarid®elay in dsease
detection devastates teeonomy the most. The result shows thatore than 2 weeks delayed
detectionwill increase economic lossby 2.6 times. On the other hand, improvement in
traceability can greatly reduce economic losbgsip to 60%. In conclusion, shorteningth
delay in disease detection and improvement in traceability greatly redagemic loss, which
implies the time length of an outbreak tremendipaffects the impacts of an outbreak.

The value othis research liem its ability to quantify the economimpacts regarding
different FMD control strategies. Wexamine the levedf influence of a control strategy to
economidampacts from an FMDutbreak. Our pugseis not to find the best model that presents
the best scenario of control stratedies to creat@ comprehensive set kiowledge about how
FMD control strategies are likely edfect theeconomy. Through our paper, decision makers and
researchers can easily approximate the amount of economic loss under ditiateoit
strategiesandthus,can establish a desiralfler contextdriven)scenario regarding their

concerns to control the disease.
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The metaregression analysis presenteak several limitations. Althoughgénumber of
studiesinvestigating FMD control strategies conductednswing, linking an epidemiological
disease spread model to an economic framework is fairly new over the past 10s13lyea
number of studies that combine a disease spread model to an economic model wigh welfar
measures is limiteddlso, due to wide diversity of FMD response p@gin different countries
and the differences in animal agricultuad the studies in the MRA are those that have analyzed
FMD outbreaks in just the regionsbrth America (the United States, Canada, and Mexico).
While it is beyond the scope of this study, it would be interestinfuture researchets
compare the FMD response strategies in different counftrether interesting idea would be to
investigate othehnighly contagious animal diseases to see how disedggatan impacts vary
across diseases.

Overall, the research reported herereases our understandirggated to the level of
economic impacts undeifferent control stratags. The metaregression analysis was used to
guantify these effect&indings showhat delayed det¢éion and improvement in traability are
thetwo most influental factorsin controlling an FMD outbreak. Although there are some
limitations, this MRA provides a good indication of the impactdifférentFMD control
strategiesFuther, its potential in looking at other contagious animal disease outbreaks tnakes i

attractive.
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