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ABSTRACT

Integrated Economic-Epidemic Modeling of Avian idhza Mitigation Options: A
Case Study of an Outbreak in Texas. (December 2009)
Aklesso Egbendewe-Mondzozo, B.S., Université de é;om
M.A., Université de Cocody;
M.S., Texas A&M University

Chair of Advisory Committee: Dr. Bruce A. McCarl

Recent World Animal Health Organization (OIE) regarn Avian Influenza (Al)
outbreaks in Asia, Europe and Canada suggesthé s a nonzero probability that an
outbreak may occur anywhere in the world, includimgUS. To help evaluate possible
policy in the face of such an event, this dissenatioes an economic evaluation of the
implications of using two mitigation strategieseatorresponding to the currently
response strategy; and the other an OIE recommenraedtilizing vaccination. To do
this, the dissertation develops and uses an irteyeconomic-epidemic model. In this
effort, | first estimate the cost of an Al outbraakder a deterministic disease spread
assumption where a new vaccination strategy andutrent strategy are compared.
Subsequently, | introduce risk in the model andstarect 95% confidence intervals for
the outbreak costs, and | rank the outcomes odltieenative strategies using stochastic

dominance criteria. In addition, during both phaselevelop and estimate the



breakeven probability for an event where ex-antedicosts of vaccine stockpiling are
justified by the reduction in disease event damages

Results under deterministic disease spread assumgiggest that the
vaccination strategy lowers the cost of outbreakspposed to the current strategy. This
happens because vaccination reduces the numbelled and quarantined flocks. The
study is conducted in three locations, yieldingfthding that the costs of an outbreak
vary depending on the densities of poultry flockalso find that when consumer
demand shifts due to the outbreak, the costs aoh raunger. Finally, | find that ex-ante
vaccine stockpiling is justified for all the subgrens if the probability of outbreak
exceeds 0.07.

The stochastic disease spread assumption ressdtslabw that the vaccination
strategy dominates in first degree stochastic darmia sense. Consistent with stochastic
dominance results, the 95% confidence intervale marrower ranges under the
vaccination strategy than without it. Finally, wistribution of the breakeven probability
for vaccine stocking has a mode of 0.07 and theptbbability is accurate with 82%
likelihood. However, the threshold varies with theease transmission parameters and

could reach up to 0.32.
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1. INTRODUCTION

Recent avian influenza (Al) outbreaks and theimecoic consequences raise concerns
about prevention methods, mitigation options amif ttost effectiveness. Some of the
most recent events include outbreaks in Japan anelakin January 2004 (Nishiguchi et
al. 2005) and outbreaks in numerous countries @8Z0ligeria, Benin, Togo, Egypt,
United Kingdom and CanadaHistorically, the United States experienced saivat
outbreaks (Delaware, New Jersey, Maryland and TexBsbruary 2004). The outbreak
in Texas occurred in Gonzales County east of SanrAm. During that outbreak the
index flock (6,608 broiler) and 5 live bird marketsre depopulated. The outbreak was
quickly controlled by the Texas Animal Health Corssion (TAHC) within a month

and half (Pelzel, McCluskey and Scott 2006).

The spectrum of diseases called avian Influenzalveg various combinations
of 16 hemagglutinin (H) and neuraminidase (N) graesubtypes (Pelzel, McCluskey
and Scott 2006), which could be classified intchipathogenic and low pathogenic
groups based on the ability to cause disease. phgiogenic strains include subtypes
H5 and H7, while low pathogenic strains includechlthe other subtypes. However,
under the right circumstances the low pathogem&rst can mutate into more serious
threats (Alexander 2000). Of particular significarare the HSN1 and H5N2 subtypes,

which could exhibit mortality rates of 100 percanpoultry and serious illness and even

This dissertation follows the style of tAenerican Journal of Agricultural Economics

1 OIE 2009 Update on highly pathogenic avian infzeein animals (type h5 and h7)



death in humans. Tharus spreads through direct bird to bird contacwvall as through
indirect contact via contaminated feed, equipmeater, air and workers.

Even though the disease is zoonotic and presahteat to humans, US deaths
from the highly pathogenic avian influenza (HPAN@g humans have not been
observed. Most human deaths have been observesian Aountries (Vietham, China,
and Indonesia with respectively 5, 3 and 17 deat2908Y. Nevertheless, the economic
effect of an outbreak can be quite costly for thalfry industry in particular, and for the
economy in general. This study focuses on a pater@gional outbreak (In South east
Texas) examining the economic consequences farxaimenercial poultry sector in the
United States. Human health implications or comnsitilens for wild bird populations are
not examined in this study.

There are two major implications of an Al outbréakthe poultry industry;
domestic damages and loss of international marketsiestically, an Al outbreak
would cause losses in production as poultry woeldiverted from the market in
disease control efforts. Furthermore, the assatias&s of human iliness could likely
cause a perhaps temporary change in consumerst@neks for poultry products. Such
events would also cause losses for upstream inpgtiers like feed producers. The
Domestic implications of an outbreak would headépend on the level of preparedness
and on quick control. If the outbreak is quicklyntwlled, consumers’ negative
reactions and damages in the upstream industriekivibe minimized. However, quick

response at any cost may not be economically eféect

2\WHO 2009 publication at http://www.who.int/csr/dise/avian_influenza/country/en/



International trade consequences might also befisigmt. During past outbreaks in the
US international trade partners have been obsdovbdn poultry imports from the
affected country or at least a region therein wh#inban persisting until that country is
declared Al free. For example, after the Gonzabetbreak, 44 countries imposed
import restrictions on either Texas or U.S poufirgducts (Pelzel, McCluskey and Scott
2006).

Finally unlike other economic impact analysis, emarc analysis of the costs of
infectious animal disease outbreaks depends ngtaaméconomic variables but also on
biological disease. Because of these attributesctist assessment of a hypothetical
outbreak requires interdisciplinary interactionvicetn economists and biological
scientists.

1.1 Research Objectives and Methodology

The principal objective of this study is to improways of managing animal diseases. In
pursuing this objective, this dissertation has aamspecific goal that is to conduct an
evaluation of whether the use of vaccination is@esior practice to currently
recommended policy. In pursuing this goal effarts devoted to 1) developing an
integrated economic-epidemic model of Avian InflzaifAl) that includes disease
control and mitigation options, 2) applying the dieped model to simulate the case of a
hypothetical outbreak in Texas under a determmiBease spread assumption, and 3)
ranking alternative stochastic disease controteggras results using stochastic
dominance criteria. More specifically, the studwaemnnes the welfare implications of

two disease control options:



» the current USDA recommended approach that estaslia quarantine zone in a
5-miles radius around the outbreak site within \wtegery flock is depopulated,
and then a varying surveillance radii around tloatezplus movement restrictions

and testing (Pelzel, McCluskey and Scott 2006); and

* an alternative mitigation strategy which is recomoed by the World Animal
Health Organization that vaccinates all suscepflbleks in near proximity to the
guarantine zone in addition to the current stratggted above (OIE 2007and

2008)

Both strategies are evaluated under a set of eceraond epidemic constraints in the
context of Texas commercial poultry operations.

Further, since vaccination use is contingent onvdeeine availability, an ex-
ante vaccine investment decision is investigatetlowing Elbakidze and McCarl
(2006), the critical outbreak probability level fwhich an upfront investment should be
made is determined.

1.2 Organization of the Study

The dissertation is organized as follows. Sectioa introduces the study and presents
the objectives of the study. Section two gives aeraew of the literature on the costs
of an avian influenza outbreak. The integrated @mid-economic partial equilibrium
model used in the study is also discussed. Setttree applies the integrated model to
evaluate the cost of a hypothetical outbreak inaBecommercial poultry operations. A
decision making criteria and process that calcsldte critical outbreak probability level

for an upfront investment in vaccines to be ecomaity efficient is also presented.



Section four introduces risk and decision makee agersion into the analysis and

carries out a risk version of the vaccination study



2. LITERATURE REVIEW AND AN INTEGRATED ECONOMIC-EP IDEMIC

AVIAN INFLUENZA MITIGATION MODEL

Studies on infectious animal disease managemesetragénfall into three classes (1)
purely epidemiological (e.g. Bates, Thurmond ando€ater 2003), (2) epidemiological
with some economic implications (e.g. Garner anckLE995) or (3) epidemiological
with an associated module (e.g. Schoenbaum an@&PRD03). Recent literature
reviews of animal disease outbreak impact evaloat(®aarlberg, Seitzinger and Lee.
2005; Pritchett and Johnson 2005) suggested thdiestcombining integration of
economic and epidemic models would improve theityuaf the analysis. Examples of
integrated animal disease models are given indpens of Rich and Winter-Nelson
(2007) and Carpenter et al. (2007) which studietuated foot-mouth-disease (FMD)
outbreaks. The few published studies that invegigaian influenza (Al) outbreaks (e.
g. Paarlberg, Seitzinger and Lee 2007; Djunaidi@juhaidi 2007, Beach, Poulos and
Pattenayak 2007 and Brown et al. 2007) have nat mgegrated models.

This section outlines an integrated epidemic amhemic Al model designed
for evaluations of outbreak mitigation strategiad aonducting vulnerability and cost
assessments. The work by Rich and Winter-Nelsorbees extended to include a latent
category in our disease spread formulation. Spadtifi, a Susceptible-Latent-Infected-
Removed (SLIR) epidemic model (Elbakidze 2008; WafiD7) is used within a partial
equilibrium economic model. In particular, the mboddl be used to evaluate the
effectiveness of operating with and without vactiora Also, a pre-event investment

analysis is conducted on prior vaccination investinefore the outbreak.



The remainder of the section is structured aswaldSection 1 presents a
literature review on economic cost of animal diseastbreaks. Section 2 gives a
selected review of empirical methods that have hesexd in animal disease modeling.
Section 3 to section 5 present the theoretical fibation of the integrated epidemic-
economic model of Al mitigation. Section 6 to senti7 discusses some econometric
specification issues. Section 8 presents a pret@ast-event decision making model
formulation and section 9 concludes this section.

2.1 Background on the Costs of an Al Outbreak

Previous studies have found that economic impdasimal disease outbreaks in terms
of mitigation costs, consumers' and producers'lgseg losses, production losses and
international trade losses could be significant(&Walker and Hillison 2004,
Paarlberg, Seitzinger and Lee 2007; CAST 2006).

Cupp, Walker and Hillison (2004) estimated thatth® 1983-1984 Al
outbreaks cost $63 million and the 2002 case ledgmducer loss of roughly $130-
$140 million. Most Al outbreaks have spillover effe on the non affected regions as
well. Paarlberg, Seitzinger and Lee (2007) stuthedeconomic impact of
regionalization of highly pathogenic Al outbreaktite U.S. They find that depending on
the regionalization scenario, returns to capitahi poultry and egg sector would fall
between $602 and $853 million over 16 quarters.sGorers of poultry meat were found
to lose $900 million in consumer surplus in thetffour quarters.

In terms of international trade, a study by the @uiufor Agricultural Science

and Technology (CAST 2006) shows that the U.S Wwasmorld's largest exporter of



broiler before the 2004 outbreaks (Delaware, Newelge Maryland and Texas in
February 2004) The U.S exports were about 2,300 million ton2003 followed by
Brazil with 1,550 million tons. After the 2004 ou#laks, the U.S export fell to 2,170
million tons behind Brazil who increased exportabout 2,416 million tons. Since then,
the Brazilians have been the world's largest bretgorters. As of 2009, U.S exports
are about 2,744 million tons with Brazils at 3,30#lion tons.

The economic impacts of foot-and-mouth disease (J-&tial bovine spongiform
encephalopathy (BSE) outbreaks have also beerfisarti (Jin, Mccarl and Elbakidze,
forthcoming). Blancou and Pearson (2003) repottatithe 1997 Taiwanese FMD
outbreak cost the pork industry about $15 billibhe National Audit Office (NAO
2002) reported that the UK government spent rougBIg billion in controlling and
eradicating the 2001 FMD outbreak. Leeming and &u(#004) reported that
immediately after the announcement of the humaectidns associated with the 1996
BSE outbreak, beef product sales decreased by #d%ausehold consumption
dropped by 26%.

The study of the Japanese’ outbreak showed thdthintls are in fact natural
carriers of the disease even though they do nat stmy pathologic signs. International
movements of poultry products and people are thbahle source of the Japanese and
the Korean outbreaks (Nishiguchi et al., 2005)sH®ows that the threat of an outbreak
is always present and international coordinatiomeisded for an effective control of the

disease. In their guidelines, the World Animal He&rganization (OIE), the World

3 The Center of Disease Control (CDC) 2009 at httpuid.cdc.gov/flu/avian/outbreaks/past.htm



Health Organization (WHO) and the USDA are coll@bmg to mitigate the probable
future impact of the disease spread on the ecorammyell as on the human health. To
achieve improvements in economic efficiency ofitiiggation of an Al outbreak, a cost
effectiveness analysis is needed.

2.2 Methodology and Typology of Models in Animal Dsease Study

Generally, the economic questions raised by an @nuisease outbreak modeling

include one or more of the following issues.

Costs to producers,

Public agency costs of alternative mitigation sgas,

» Effects on prices and resultant implications foffare and international trade,

» Consumers' reaction to outbreaks,

* National welfare changes,

* Inter-industry impacts,

* Employment implications in the livestock industryda

* Human health implications.

To answer these questions, several approacheskanedeveloped in the

literaturé’. Here, some of the major approaches have beeswedibelow.
Risk modeling is often used to estimate farms' oogtrofit distribution as

function of the probability of occurrence of anlongiak. Available risk modeling studies

4 An excellent review of animal disease outbreakassand methods for an economic cost assessment of
the impact are discussed in Rich, Miller and Wisteison (2005).
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have used indicators such as the net present (dR¥), the benefit cost ratio (BCR),
and the internal rate of return (IRR) to study weetpreventive animal disease
investments are worth making. Examples are fouriRomero and Rehman (1989) and
Meuwissen et a(1999). Researchers using risk modeling framewbak®e mainly
addressed farm level impacts without examiningtiy@act on other agents such as
upstream industries and consumers.

Mathematical programming techniques optimizing sajective function (e.g.
minimizing total cost of an outbreak, or maximizitogal profit) have also appeared in
the literature. Examples include the papers by €agy et al. (2007) and Elbakidze
(2008). However, the need of information on datastimes difficult to obtain and the
complexity of mathematical modeling itself haveitigdl its use in the animal disease
outbreak analysis. These mathematical programnppgoaches also have possibilities
of accounting for risk.

Partial equilibrium single-sector or multi-marketadysis complements
mathematical programming techniques when markgilguigmd demand functions can
be properly estimated. Partial equilibritimodels are useful for in assessing the total
welfare effects on affected markets. The aggregattare changes induced by the
outbreak on producers, consumers and the upstredumstries can be calculated using
market supply and demand curves. In particulacependogenous mathematical

programming can solve endogenously for prices. @hasvs for a more realistic

® A theoretical treatment of welfare assessmentsaitigd equilibrium framework is discussed in Just,
Hueth and Schmitz (2004).
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representation of the market dynamics during abreak. Studies by Paarlberg,
Seitzinger and Lee (2002), Schoenbaum and Disr@33)2and Rich and Winter-Nelson
(2007) have illustrated the application of thesprapches.

Other popular methods are input-output models @vigind Blair 1985) and
computable general equilibrium models (Shoven amé@N¥y, 1992) that operate in
social accounting framework. These models focusmtan-industry or inter-sector
impacts. However, they are expensive to build aedayond the scope of this study.
Further they do not often have the detail neededitiess issues in the animal disease
setting. Among others, an example of animal diseapact assessment using Input-
output methods is the study by Ekboir (1999). Reig@rcomputable general
equilibrium models, an example is Perry e{2003) could be mentioned

In the next sections, a modeling framework comlgmmathematical
programming and partial equilibrium market analysils be presented. This model will
be used in the next chapters for the economicasss#ssment under two alternative Al
outbreak mitigation strategies. Specifically, eanimmimplications of using or not using
vaccination in a hypothetical Al outbreak are medelOnce the partial equilibrium
model is developed, an epidemic model will be fdated to simulate the spread of Al.
The resulting integrated dynamic epidemic-econamoclel includes simultaneously
biological spread, economic consequences and pessibgation strategies. Also, the
integrated model is used to study an ex-ante vasginoduction investment under

uncertainty (Elbakidze and McCarl, 2006).
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2.3 Economic Partial Equilibrium Model Formulation

A partial equilibrium model which estimates changeproducers' and consumers'
surplus resulting from an Al outbreak can be egthbt following standard textbook
expositions (Mas-Colell, Whinston and Jerry, 1998aton and Muellbauer, 2006;
Tirole, 2003). Historical market equilibrium pricasd quantities are assumed to be
observed in than markets being analyzed. Using information on iaed quantities,
the supply and demand curves for these commoditiede estimated, and the welfare
calculated as the sum of the consumers' surf@$ and producers' surpl(BS oyer
the entire discrete outbreak period [1, T]. Thestoners are assumed to have weakly
separable preferences for poultry products andmike their total expenditute

e(u, p) =Min{ p'x:u(x) =u} with the corresponding indirect utility functioribngy/ (e, p).

uis a direct utility function which is quasi-concaweits arguments ang is a vector of
market pricesx is a vector of quantities arglis the expenditure on these commaodities.

Using Roy’s identity, the marshallian demand fumiesi are derived as, (p,e,) and the
corresponding inverse demand functionspréx P,.&).k andt are respectively
commodity and time indexep, is the vector of substitute and complement prices

(other prices).

2 Weak separability assumption is a very importaoinecnetric device allowing estimation of a demand
system only over a group of commodities. Also, exjieire can be used instead of income, as indiVidua
incomes are rarely observed in practice. A discussif weak and strong separability can be found in
Deaton and Muellbauer (2006).
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Similarly, producers are assumed to maximize tefit

@w, p,) =Max{ p..f(2 -wZz, wherew is a vector of input pricep,, is the market

price of commoditk andzis the vector of input quantities used in productiBy

Hotelling’s lemma, the supply functions are givengd(w, p,, Jand the corresponding

inverse supply functions apgg (X;,,w . )

The partial equilibrium welfare measure could bledated by solving the

following mathematical program for each outbreals-segion:

d S

ki T m 7k
J- plgt(xl((jt’ Pit ’e)dxft - zz J- plft(xlftiwkt)dxtft
0 t=1 k=1 ¢

x

x

1B Q= I\élaxiz

m
S
KoM g=1 k=1

Subject to:

(2 x4-x.<0,Forallk=1.mandt=1.T
3) x.,x=0,Forallk=1.m andt=1.T.

This maximization problem is motivated by the fet outbreaks impact both supply
and demand conditions for poultry products. Theadliye of the decision maker is to
implement mitigation strategies that yield maximaoonomic welfare or minimize the
potential losses for consumers and producers. @&sanghe formulated welfare
function due to the outbreak represent a measuse eConomic cost on consumers and
producers.

The RHS of equation (1) is the total welfare meadwas the sum of consumers'
and producers' surpluses. The first term on the Rip&sents the sum of the areas

underneath the demand curves of all kheommodities over the outbreak period [1, T].
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The second term represents the areas underneathgply curves of all thé&
commodities over the outbreak peridd. is the total welfare value.

Equation (2) indicates that demand must be lessdh&qual to supply in all the
k markets for all th& periods. Note that following Takayama and Judg&{)%he
shadow prices of these constraints at the optimene@uivalent to the competitive
market equilibrium prices of all thkecommodities for thel periods.

Equation (3) represents the non negativity conssaf all the quantities at any
periodt .

This welfare function can be evaluated at the ayeedata points of the

variablesvand e which become exogenous parameters in the solafitme model,
since the integration is over quantities only. ¥hhesx_, and x;, are choice variables in

this problem.

This approach is a price endogenous model fornmiand is widely used in
applied economic analysis. Further discussion eafobnd in McCarl and Spreen
(1980). By incorporating the supply shocks resglfirom an outbreak from an epidemic
model to this formulation, the changes in the welfean be measured.

2.4 Epidemic Model

The Al epidemic analysis is based on the Susceplidtent Infected and Removed
(SLIR) approach (Durand and Mahul 2000; SchoenbandhDisney 2003; Bates,
Thurmond and Carpenter 2003; Elbakidze 2008, WaB¥ 2 At each time period,
individual flocks are assumed to be in one of the tates of the disease progression.

Those states are Susceptit8e, Latent Infectiougl ) Symptomatic Infectiougl gnd
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RemovedR ) A flock that becomes infected flows through tharfstates as illustrated

by the figure 2.1 below.

A 4

A 4

Removed

A 4

Susceptible Latent infectious Symptomatic infectious

Figure 2.1 Susceptible latent infected removed mote

Given that the spread of the disease is being raddelk flocks of different
species at each time peribvdlet S, (t)be the number of susceptible flocks,(t be)the
number of latent infectious flocks, (t bg the number of infected infectious flocks and
R, (t) be the number of flocks removed from the populatneach period of an

outbreak, the sum of the susceptible flocks, latiexks, infected flocks and removed

flocks gives the total flocks in the outbreak selgion as in the following identity.
@)  SO+L@+I,O+R{t) =N ,Ok=1..m
where, N, is the total population of flocks of tyge. Alternatively, identity (4) can be
rewritten in terms of the proportion of flocks iadh disease state by dividing all the
identity byN, . The identity becomes.
(5) s)+l @) +i @) +r (t)=1,0k=1..m.

This form of the identity will be useful in term$the optimization model and it

is easier to interpret because all the variablesealed down to a number in the interval
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0,1).s, =S, /NI, =L, /N,,i, =1 /N, andr, =R, /N, are respectively the
proportion of susceptible, latent, infected andoeed flocks of typek .

Following Rushton and Mautner (1955) suppose tatwariation of susceptible
flocks over time depends only on their contactdhhie infectious (symptomatic and

latent) flocks. Ifb,; is the probability of effective contacts suffici¢a spread the

disease from symptomatic infectious flocks of typeo susceptible flocks of type
andd,; is the probability of effective contacts sufficiea spread the disease from latent

asymptomatic flocks of typ&to a susceptible flock of type changes in the proportion
of susceptible flocks over time following the diféatial equation below.

ds, (1) _

(6) pm

—Sk(t)i[bkjij(t)+dkj|j(t)] Ok =1...m.

Equation (6) indicates that at each periotthe proportion of susceptible flocks of type
k decreases by the number of new infections genestéatent infectious and
symptomatic infectious flocks of their own type asfdbther typeg that they might be
in contact with. In other words, the spread of the disease cores ¢ontacts of
susceptible flocks with latent flocks and infectextks.

Alternatively if vaccines are utilized during thetbreak period, the vaccinated
flocks are immune and are therefore subtractee@acit period from the susceptible

flocks because they are not vulnerable to the desaaymore. This implies that

" This is a very general SLIR model where inter-fledontact infections of heterogeneous flocks are
modeled. A simple case where only intra flocks’tegts are considered is given in Ward (2007).
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vaccinated flocks would not need to go throughléitent and the infected states. This is

illustrated in the figure below.

/ Latent Infectiou Infected Infectiou \
Vaccination effect

Susceptible Remove
Immune

A 4

Figure 2.2 The vaccination effect on the model

If the proportion of vaccinated flocks / N, isv, (t), then the identity (5) becomes the

following.
(7 s+l @) +i O)+r () +v (1)=1, Ok=1...m.
Equation (6) must be rewritten to account for the@uction in susceptible flocks due to

vaccination. The differential equation that acceuot the reduction of the susceptible

flocks due to the vaccination is given below.

ds, (t) _

(®) dt

—sk(t)i[bkjij(t)+dkjlj(t)]-vk(t), Ok =1...m.

If it takes 71 periods for latent infectious flocks to become syonmatic (show the first

clinical signs), changes in the latent flocks carchlculated as follows.

(9) dldft) (t)Z[bk,l,(t)+ko|](t)] sk(t—ﬂ)Z[bk”](t m)+d, (- )]

Ok=1...m.
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This equation (9) indicates that changes in th@@nton of latent flocks equal the
proportion of new infections generated by laterdt apmptomatic flocks at period
minus the proportion of infections generatederiods ago.

If it takes h periods for a symptomatic flock to remain in tlystem after
showing the first signs of the disease then, chaumgéthe number of infected flocks over

time are described by the following differentiabatjon.

10) =g (- n)ZmJ,(t D+, -]t~ n—h)m,(t n-ty+dy), -]

Ok =1...m.
Equation (10) indicates that changes in the prapodf symptomatic flocks equal the
proportion of flocks that were latemt periods ago and now are symptomatic minus the
proportion of flocks that became symptométic- h pejiods ago and are now leaving
the symptomatic category. The second part of th& RHequation (10) represents flocks

that are removed. The removed flocks can be cakuilasing equation (11) below.

ay =se-n- h)Z[q,,(t 7-Ry+d| - 7= Ok =1...m.

This category normally consists of flocks that dead due to the disease or human
disease control.
Finally taking the derivative of identity (7) andlging for changes in the number

of vaccinated flocksover time yields the following differential equati

a2y MOy 4y ok=1.m.
dt

’ ds di di dr dv_,_ dv__ds dl di dr_|
dt dt dt dt dt dt  'dt dt dt dt
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Equations (8) to (12) represent the system of idiffeal equations defining the epidemic

model as follows.

d%(t) — %(t)z[qﬂll (t) + ko| i (t)] Vi (t)

d‘*“’—sK(t)z[bK,J(t)+ko,(t)1 (- n)zttm 7+, 7]

13) {90 =g¢- n)_z[q“a R4, t-1-s (- n—h)zmu(t =)+, (-7-h)]
% o s -3 Inj(t-r—1)+d ) g -7r-h)

dy(t) :

TR (t)

The above epidemic model can be solved numeridale initial states of the model

5@, D, @, r,@,v, @O and the probability of disease transmissipnandd,; are

known. The latency period and the symptomatic peribanust also be defined to solve
this system. The numerical solution will require thse of difference equations (the
discrete time counterpart of the differential equad) instead of the continuous time
equations defined in (13). Mathematically, for aafirtime interval, discrete models can
be used as an approximate for continuous modedisl (1898, ch.12).

Model (13) can also be used to account for randesinéthe probabilities of

disease transmissidy,, andd,,. This approach is explored in section 4 of this

kjq *
dissertation. Other stochastic modeling taking tpagods of transition to various states
as random has been analyzed by Schoenbaum and/[P20838) and Garner and Lack

(1995). Once stochasticity is introduced, the thation of the key output variables
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involved in the model can be obtained using Mordedsimulation. The epidemic and
the economic models thus defined can be linkednmdlate the integrated model
described below.
2.5 Integrated Epidemic-Economic Model
Here the integrated model combining the economitcthe epidemic model is
introduced to study the impact of simulated Al aatk shocks on the poultry industry
and households. The key assumption is that theeaklproduces a supply shock that
reduces the market supply (LIoyd et al. 2006). €hrain elements can affect the size of
the supply shock during the outbreak. Namely, #te of spread of the disease, the
mitigation methods adopted, and the spatial charstits of the affected sub-region.
For instance supply would be reduced under:

» afast moving disease affecting many flocks,

» astrategy where all infected flocks within theeated zone are depopulated and

movements are restricted (currently the USDA recemhed outbreak control

strategy),

* adensely occupied region where many flocks areear proximity to the

outbreak.

According to the LPAI (Low pathogenic Avian laéinza) Surveillance
Standards in Texas (May, 2006), the currently recemded strategy for mitigating an
Al outbreak would work as follows. Create withiretlisease sub-region three distinct
zones with varying surveillance standards in agnat to eradicate the disease in a

maximum of one month. The first zone is calleddffected zone and is roughly 5 miles
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(8 km) in radius surrounding the infected flocksandnall birds in that zone are quickly
depopulated. The second zone is the surveillance and is about 10 miles (16 km) in
radius including the affected zone. In this secooigke, intensive surveillance plus
movement restrictions and Al testing will be enfmt¢hrough the entire mitigation
period. The third zone is called the buffer zoneé srabout 31 miles (50 km) in radius
including the two previous zones. The combinatibthis strategy with particular
regional characteristics (i.e. density of flocksylavhether the disease spreads beyond
this containment will determine the impact of thgedse on the market supply during
the outbreak period.

Figure 2.3 below obtained from Pelzel, McCluskeg &cott (2006) portrays the

zoning strategy actually implemented during the fadez County (East of San Antonio)

outbreak in 2004.

Affected zone

/ !

e |
Gonzales J
| Surveillance zone

7_ 3 er zone

| fcero

N -..:‘_' J | Z | -~
BB LT 02002 DéLarme thoww delormie com, Stréet Allas USAB 2003
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Figure 2.3 Map of zones initiated around the indefarm in Gonzales, Texas

To be complete, we must address the question oftadwandle any demand
shifts in the welfare changes estimation. Demangdéalltry products can decrease
because consumers become suspicious of all pquttducts and would prefer buying
substitute products such as beef, pork and lamis. &ffect is aggravated by the
zoonotic nature of the Al disease. For instancarieg and Turner (2004) found that
the BSE outbreak in the UK depressed beef pricdsrameased lamb prices. Beach et
al. (2008) conducted a study of Al outbreak inyitahd found that the outbreak reduced
domestic demand for fresh poultry by 22%. An outkre the U.S might cause smaller
or larger demand shock. Using the Italian casel@nahmark, scenarios of 10%, 20%
and 30% U.S demand shocks will be analyzed in &x¢ @mpirical sections of this
dissertation. Figure 2.4 below describes welfa@ngles induced by supply shock

only(A) and both supply and demand shocks togétherA . Thgse two cases will be

extensively studied in the next two empirical s&Tsl
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Figure 2.4 Welfare changes after supply and demanshifts
Finally, our integrated model can be written as thaximization of the following

mathematical program for any given outbreak sulsreg

T m )et T m X
(14)  MaxQ=)">" [ PilXe, Py b =D > [ PRIOG — I * N * (e +6) W ],

t=L k=1 t=1k=1

T m T m T m
—a, > Y FeEe N s =2 > a, Ner a3 > Y Ny,
t=1 k=1 t=1 k=1 t=1 k=1
Subject to:
m
(15) S@1~S«t SqZ(bkji i Tyl At +v At ER,t
j=1
(16) |kt+l _Ikt - SKtZ(h(]I jt + dkjl jt )At + SKt—ZTZ(hql jt-m + dkjl jt—ﬂ)At :Uk,t
j=1 j=1
(17) e i _Skt—nz(h(jijt—n +d | A+ S«—ﬂ—hZ(hﬂijt—ﬂ—h +d )AL =Qlk,t
= j=1
(18) Mgy Mg~ Sq—n—hZ(bkji jtor-n T dkjl jt-7-h )AL =R, t
j=1

(19) Vi =Vig ~VicAt £k, t
(20) Xlgt —[xg =N (r +¢ )] <00Ok,t
(21)  ©4 — 6 NS e, t
(22) nm-5/F, 0=k
(23) Xst' X Sl s T Fic s Vi Ci > 00k, t
(24) F, >1 0k

The objective function of this maximization progr#iven in equation (14)
and includes five terms. The first two terms repregshe demand and supply terms as
discussed in the economic model formulation. Thgatiee supply shocks induced by
removed flocks K, ) plus quarantined flocksc(, are accounted for in the supply

functions. The expression of the supply shock gtgiven period i®, N, * (r,, +¢,, )In

this expressior, is the yield of poultry produdt and N, is the size of the flock. The
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third term is the surveillance cost which dependshe testing frequendy, and the
proportion of birds submitted to the tegh,s,,. The parametes, is the proportion of
birds tested during each peribf the outbreak (The exact number of birds todstetd

is defined in the'manual of standard operating procedures for Té&xR&I response”,

May 2006) 0, is the testing unit cost taken to be identical diaak types. The fourth
term is the carcass disposal costs calculatedeasot$t of disposing all dead flodKsr,,
with a,, being the cost of disposing the dead flock of typ&he fifth expression is the
vaccination costsa, is the unit cost of vaccinating one bird aNgv,, is the number of

flocks vaccinated. Changes in this welfare functieative to its base of no outbreak
represent the estimate of the total cost of theutbreak.

Constraints (15), (16), (17), (18) and (19) arefilxe main equations of the
epidemic model except that discrete time modekiadpused instead of continuous time
model.

Constraint (20) contains the economic market dgpiiim conditions modified to
include the supply shocks resulting from depopataind movement restrictionAt is
an interval of time period which is daily in thiodel.

The constraint (21) reduces access to marketdoks under quaranting, is a

vector of disease control parameter. The constmaif the movement restriction
function will be discussed further below.
The constraint (22) accounts for early detectiomfisenced by surveillance.

That is, as the surveillance becomes intense dtinmgutbreak period, the likelihood of
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earlier detection increases and this will decre¢laseate of the disease spread to other
premises. The construction of the early detectiottion is discussed further below as
well.

Constraints (23) and (24) are respectively non tgaconstraints and a lower
bound restriction constraint on the surveillandensity (in order to avoid zero
denominator problems).

This integrated model contains both epidemic amhemic state and choice

variables. The epidemic state variablessare,, ,i,, andr,, and the choice variables are
c., F,and g for all kandt. The latency periodis exogenous. Since the surveillance

intensity and the latency period are linked, a sty analysis on the values taken by
71 is necessary to determine the optimal surveillantnsity. The economic choice
variables are the supply and the demand quantitia the market commodities for
everyt.

The other parameters are exogenous to the moddiamdito be calculated.

Those parameters are the unit cost of surveillapcthe unit costs of carcass
disposatr,, , the unit cost of vaccinatian,, and the proportions of susceptible flocks
under surveillance, . The epidemic parametebg and d,;which are the probabilities of

disease transmission have to be calculated threugiey data. Finally, the densities of
flocks of each type in each regigpare to be calculated as the number of flock of type
k in each sub-regions divided by the area of thereg squared miles. The initial

flock populationsN, have to be obtained from secondary sources.



26

2.5.1 Movement Restrictions and Quarantine Flocks @nstraint Formulation
The number of flocks affected by the movement ietgin is a function of the density of

flocksy, and the number of susceptible flocks located irdisease area. Therefore, the
expression can be written@g(s,,, ¥, which is an increasing function of its arguments.

Sub-regions that have more susceptible flocks aared mile are likely to have more
flocks restricted to market during the outbreakquerPostulating a multiplicative

relationship, the explicit function can be expresasc,, (), ,S,,) = 6. V.S, for allk ,and

t. The parameted, is endogenous and is between 0 and 1. It accoontkd fact that
flocks types of higher density in the outbreak segpon will imply more restricted flock
movements. The proportion of restricted flock8,ig, . The choice o, is critical
because it gives the optimal proportion of floakde restricted in any region during the

outbreak. 18, is near 0, then the number of flocks of typéeo be restricted in the sub-
region is smaller thap s, , and if 8, is near 1 then the proportion has to be appst

2.5.2 Early Detection Constraint Formulation

The surveillance initiated through repetitive saenjgisting during the outbreak will
increase the speed of detection of the diseasegltire latency period. Therefore, faster
detection will be translated into a reduction ia tength of the latency period. The

latency period is a function of the surveillancemsityF, . That is,77= f (F, )
with 77/ 0F, < 0. The specified function igt =5/ F, withF, >1.

The number 5 in the numerator is the average nuofiaays of latency based on

the OIE estimations. For example, a surveillantenisity of F, = 2implies one
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surveillance testing of flock typk in the circumference around the affected zonenduri
the one month mitigation period. Therefore, thenaly periodnwill be reduced from 5
days to 2.5 days if the surveillance frequency desib

2.6 Market Supply and Demand Specification and Estnation

Here we define a general model of supply and denfanekstimating the poultry (Egg,
Chicken and Turkey) supply and demand parametéesapproach follows closely
resembles the analysis of Bullock, Jeong and G#2€i@3). The demand functions in
the three cases are specified as a function ofpiee, complement and substitute

prices, and demand shifters as in the table 2dwbel

Table 2.1 The General Structural Model

Chickefch demand and supply for retail
Demandxy’ = x3'(p", p, p¥.&, poR )
Supply: xg' = xg'(p{", W, , rates )
Market clearingx$ = xg

Eggeeg demand and supply for retail
Demand:x; = x;(p{*, p", pi“,&, PoR )
Supply: xg' = x5’ (pc*, w, , rates )
Market clearingxg’ = xg’

Turkeytk dlemand and supply for retalil
Demand:x§ = x5 (p, pc%, p",&, pop )
Supply: xg = X" (p, w, ,rates )

Market clearingx} = x4

Note: The notation is consistent with the economaxiel defined in the section 2.3
where pop andrates are respectively the human population and thedsteates at

timet.



28

Economic theory does not give any indication akwhith functional form one
must specify in the econometric estimation. Sevaéeahand function specifications have
been used in the economic literafure

Elasticity estimations studies, usually employdhaost ideal demand system
(AIDS) specification and estimate the reduced fparameters of the demand system.
The AIDS specification uses a flexible functionairh specification and has the
advantage that it imposes theoretical restrictguth as adding up, homogeneity and
symmetry on the demand system. Examples of empgiadies using AIDS
specifications include Deaton and Muellbauer (19&®lan, Perloff and Shen (2001).

Alternatively, some authors such as Alston and faha(1993), Bryant and
Davis (2001) use a Rotterdam model specificatidme Rotterdam specification can
impose all the above restrictions as well. Evenugifiothese specifications are appealing,
they do not have explicit forms that are neededHwr study. Other functional forms
which are more explicit in quantity-price relatiare the linear and the log-linear
demand system. These specifications have beenyaidel in the demand estimation
literature. Examples of studies using those moaedBrester and Wohlgenant (1993)
and Capps (1989) who used log linear demand spatidn.Also, Leeming and Turner
(2004) used a log linear demand system to studympact of the BSE (bovine
spongiform encephalopathy) outbreak on prices in Uis study will use log linear and
linear specifications to estimate the demand apglgwsystem coefficients because of

their explicit price-quantity relationship.

° A review of demand and supply analysis in agrigalk economics is in Sadoulet and De Janvry (1995).
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2.7 Pre-event versus Post-event Decision Making Med

Al outbreaks can involve one of several virus sisaiCommercial vaccines are not
always readily available for all the possible stgaiTherefore, pre-outbreak preparation
of vaccines production might be necessary for éffemutbreak control. Following
Elbakidze and McCarl (2006), the integrated model loe reformulated to analyze the
critical outbreak probability level that will reqeian upfront investment in vaccines.
The pre-event and post-event activities relatetie¢coccurrence or not of the outbreak

can be analyzed as in the figure 2.5 below.

Normal: No outbreak

1-FR) .=

Pre-outbreak Invest in
Prevention .
Detection
Install for response | *~.

4| Outbreak occurs
R Invest in:
Response
Detectio

Figure 2.5 Event probability and decision making siges

In the context of this integrated model, the pugbreak activity involves
whether investment in vaccine production must bedewaken or not. Since the pre-
outbreak activity must be decided upon before dhreak ever occurs it is irreversible
and involves a sunk cost plus vaccines can befesawntrol only if they were made

available before the outbreak. Following this lodgt Y be a binary decision variable
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that takesy =1 if indeed investment in vaccines is made and if ribt. Let FC be
the fixed cost incurred by the vaccine productiod atocking. Thus, the modified
version of the integrated model can be writtenraexected welfare maximization
problem. Below the objective function representimg total welfare function has been
rewritten and the irreversibility constraint hagbedded to the existing set of

constraints previously defined in the integratedisio

T m’et T m)‘ift

O D% P 8- L6~ G EN, i G Ml
MaxQ:—FQ]{H:; t=1k=1 o t=1k=10

(25) —a) D FENS DD ABNG =) D N,

t=1 k=1 t=1 k=1 t=1 k=1

T mxgt T mﬁft
+(1—F9E{ZZJ H% P d = > [ HI0G, wld

t=1k=1 o t=1k=1¢
Subject to:
(26) -FC*Y+v, <0 Okt
where, the three parts of this new expected obgdtinction include the incurred fixed
costs if vaccines are mae=C*Y , the outbreak probabilityR,) times the welfare
level in case of outbreak antl< P,) times the welfare level in case of no outbreak.
Constraint (26) is the irreversibility constrairsed to allow vaccinatiow,, to be

nonzero only when th¥ variable for stocking the vaccine is 1, othervils® number of
vaccinated flocks is zero. That is, for any noroaeaccination activity to occur, the
fixed cost must be incurred. Maximizing this expgelctvelfare objective function under

constraint (25) added to all other existing constsaof the integrated model, the critical
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probability P, above which upfront investment in vaccines is ssagy can be

determined.

2.8 Summary

A dynamic integrated economic-epidemic model thalwgates the cost effectiveness of
avian influenza mitigation options is postulatedeTeconomic model uses a price
endogenous formulation so that a possible changeiads can be captured dynamically.
The epidemic model is a susceptible, latent, ie@eind removal (SLIR) model. Disease
mitigation strategies such as earlier detectioayaputine and movement restrictions and
vaccination are introduced in the epidemic modeghidation to control the disease
spread. To link the economic and the epidemic maaglply shocks induced by
guarantined and depopulated flocks are integrattedthe economic model formulation.
Finally, a decision making under uncertainty prabls formulated to determine the
threshold outbreak probability above which ex-aratecine production could be

undertaken.
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3. EVALUATING THE COSTS OF AN Al OUTBREAK IN TEXAS: A

DETERMINISTIC ANALYSIS APPROACH

This section uses the deterministic version ofithegrated economic-epidemic model
developed in the previous section to study the shpha hypothetical outbreak. The
impact is measured as the total welfare loss dtegt@utbreak as incurred by
households and the national poultry industry. Tal toutbreak costs are estimated with
and without vaccination as a control strategy dredautcomes of these two strategies
are compared. The total welfare losses includetteets on producers, and consumers
plus the cost of mitigation. Welfare losses to jpiats and to consumers are measured
respectively as the changes in producers' and omrsusurpluses induced by the
outbreak. The cost of mitigation corresponds toaim@unt spent on the control of the
outbreak. This includes the surveillance costctreass disposal cost and the
vaccination cost. The analysis uses the procedleesloped by Lloyd et al. (2006) to
provide estimated price responses to the outbreak.

Since vaccines would be used to control the oukbegagpost only if they have
been produced ex-ante, this section uses the ategfymodel to determine the critical
outbreak probability level above which an ex-antgestment in vaccines would be
economically optimal. This critical outbreak prob#yp level above which ex-ante
investment is optimal has been calculated follovarfgamework developed in
Elbakidze and McCarl (2006).

The remainder of this section is organized as Wadlo. Section 1 presents a brief

overview of Texas poultry farm case study usedhis $study. The economic and the
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epidemic data used are presented in section 2.edtr@ometric results of the demand
and supply functions estimated for use in the star@ygiven in section 3. The estimated
outbreak costs are presented in Section 4 folldweithe results on ex-ante vaccine
investment in section 5. Section 6 concludes tkgme
3.1 Brief Overview of Texas Poultry Operations
In the 2007 USDA poultry inventot$ Texas is divided into four main poultry sub-
regions based on the number of birds producedrder®f poultry population, the four
sub-regions are District 8-N ( 7,087,000 birdsktiet 5-N (5,300,000 birds), district 5-
S (867,000 birds) and rest of the state which mpased of less dense districts
including the District 1-N High Plains, District3-High Plains, District 2-N Low Plains,
District 2-S Low Plains, District 3 Cross TimbeBsstrict 4 Backlands, District 6 Trans-
Pecos, District 7 Edwards Plateau, District 10-MtS8dexas, District 10-S Lower
Valley, District 8-S Coastal Bend, District 9 Uppgeoast. These last 12 less dense
Districts have a total of 5,291,000 birds. Theltatanber of birds in Texas totals to
18,545,000. This study will focus only on the fitistee of the four sub-regions (District
8-N, District 5-N and District 5-S), the last sudggion includes Districts that are less
dense and far away from each other making it diffito analyze in the context of the
epidemic disease spread model used in this study.

Based on the US Agriculture Census of 2002, podémns in each district can

be categorized into five types of farms as follows.

Yhttp://lwww.nass.usda.gov/Statistics_by State/T&aslications/County_Estimates/CE_maps/CE_poul.
htm
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» small size layers operations between 400 bird9€0DO0 birds (Layerss),

» Dbroiler operations (Broiler),

» turkey operations (Turkey) and

» Backyard operations of layers less than 400 biBadsKyard).

The total number of flocks in each of these thedevant sub-regions is given in the

tablel below. Here a flock is defined as the nunabg@remises of same farm type as

given above. This is shown in the table 3.1 below.

Table 3.1 Number of Farms per Sub-region

Layersl Layerss Broiler Turkey Backyard
1. District 8-N 10 54 395 235 1526
2. District 5-N 4 95 663 127 998
3. District 5-S 2 16 260 155 849
4. Other Districts 8 22 1162 1072 6331
Total Texas 23 187 2480 1589 9705

Source: Calculated from US Agricultural Census 2Daga

The density of flocks in each sub-region calculasdhe ratio of the number of farms to

the area in squared miles of the sub-region isngindgable 3.2 below.

Table 3.2 Density of Poultry Farms in Farms per Sqare Mile

Layersl Layerss Broiler Turkey Backyard
1. District 8-N 0.0006 0.0031 0.0224 0.0133 0.3587
2. District 5-N 0.0002 0.0055 0.0383 0.0073 0.0577
3. District 5-S 0.0001 0.0010 0.0166 0.0099 0.0543
4. Other Districts 0.0001 0.0001 0.0055 0.0051 0.0299
Total Texas 0.0001 0.0006 0.0092 0.0059 0.0361

Source: Calculated from US Agricultural Census 2002
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The tables show that backyard farms are the mesgfent types of flocks in each of the
three sub-regions. This situation is of specifina@n because backyard farms do not
usually apply strict biosecurity measures. As altethey are the most susceptible to the
disease. Broiler farms have the second highestitgens

3.2 Data for the Study

Two categories of data sets are used in the studyfirst is the epidemic data which are
contact rates between flocks. These data werelatdcuby surveying poultry producers.
The second category is the production, consumptnmhprice data used in the
econometric estimation. Most of these data areilnddarom the USDA-ERS database.
3.2.1 Epidemiologic Data

The epidemic data are the direct and the indiraity dontact rates. To estimate these
contacts, a survey was conducted on Broiler, lagadsturkey farms in collaboration
with poultry science and veterinary school professdhe objective of the survey was
to understand how the industry functions and taiolnecessary information to
calculate the direct and the indirect contact ralég survey instrument is given in the
appendixDirect contactsre calculated using the following information.

» Layers farms: Egg production begins when layemn$areceive chicks from
hatcheries (every 6 weeks). Then they feed thethtbey become adults and
enter the egg production process. The chicks arerly live birds that enter the
layer farms. These farms have also direct cont#btather farms when

receiving other types of eggs that are not producékleir premises and vice
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versa (for instance a surveyed farm was founddeive brown eggs once every
4 weeks from another farm located in Dallas area).

» Broiler farms: Chicken process begins when farmsiw@ chicks from
hatcheries (every 4 weeks). These chicks are féttheir seventh week when
they are sent to the factory for processing intatne

» Turkey farmstheir production process is more complex. The alivigct contact
occurs when birds are moved to another place. fdppens five times a year.

Following Ward (2007) the average direct contatd# far each flock type can be

numberof real contacts .
calculated asz for each type of contaictusing the above

i (daysof contactg

information.
Direct average contact for layers farfrig2 + 1/28 =0.06 contact per day
Direct average contact for broiler:8#2).04 contact per day
Direct average contact for turkeys6230.01 contact per day

Indirect contacts are calculated using the follanimformation.

» Layer farms: there are multiple indirect contacithwther layer farms and these
include feed trucks' movements, veterinarians ardtionists' movements and
others. Feed trucks come about 6 to 9 times a teebkng feed and vitamins
into the farms. Other truck movements also occah&s propane tanks fill up
(2/month), utility services (1/month), Electricigynd plumbing (1/month), broken

egg pick up (every 6 week), disable animal picKenery 6 week), local volume
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retailer (2/week), food distribution (1/month), sggansport (9/week), and
veterinarian visits (4-6 times a year).

» Broiler farms: indirect contacts for broiler farrase similar to those of layer
farms. Feed trucks come about 25 times per 7 weeksulting veterinarians
visit 5 times a year, electricity and plumbing werk come once a year, utility
services come once a month and the propane tanks once every seven week.

» Turkey farms: indirect contacts include truck moeaits, veterinarians and
nutritionists' movements similar to the case otlayand Broiler. Feed trucks
come once a week, the veterinarian come 3 timay &vmonths, the nutritionist
comes once a year, the propane trucks come 4 imek and the loading
crews come 4 times a week.

From the information above the indirect contacesaalculated as follows.
Indirect average contacts for layershigr
7.5/7+2/30+1/30+1/30+1/42+1/42+2/7+1/30+%H/365=2.87 contacts per day
Indirect average contacts for broilenfar
25/49+5/365+1/365+1/30+1/49=0.57 corstaer day
Indirect average contacts for turkeyshs
1/7+4/7+1/90+1/365+4/7=1.29 contacts @er d
Base on these calculations, the following matrblg 3.3 below) is constructed to
represent the number of average contacts as th@ftna direct and the indirect

contacts on the diagonals and only the indirectamia elsewhere.
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Table 3.3 Infected Daily Contact Rates
Layesl Layerss Broiler Turkey Backyard

Layersl| (More than 100,000) 293 2.87 2.87 2.87 2.87
Layerss (400 to 100,000) 287 293 2.87 2.87 2.87
Broiler 0.57 0.57 0.61 0.57 0.57
Turkey 1.29 1.29 1.19 1.30 1.29
Backyards (less than 400) 2.87 2.87 2.87 2.87 2.93

Similarly, taking the latency contacts as equivaterthe direct contacts on the
diagonals and the indirect contacts off-diagortals,matrix of latency daily contacts is

given in the table 3.4 below.

Table 3.4 Latent Daily Contact Rates
Layesl Layerss Broiler Turkey Backyard

Layersl| (More than 100,000) 0.06 2.87 2.87 2.87 2.87
Layerss (400 to 100,000) 2.87 0.06 2.87 2.87 2.87
Broiler 0.57 0.57 0.57 0.57 0.57
Turkey 1.29 1.29 1.19 0.01 1.29
Backyards (less than 400) 2.87 2.87 2.87 2.87 0.06

The above daily contacts are used to calculatprthigability of disease transmission
also called the probability of effective contagtgain, following Ward (2007), the
probability of disease transmission equals the rerrobdaily contacts divided by the
population of flocks involved.

. . - . e daily contacts
The infectious probability of disease transmissgoalculated as y :

N-1

where N is the total number of flocks involved lire tcontact. After calculation, these
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probabilities of disease transmission are compiidtie table 3.5 and table 3.6 below for

the three epidemic sub-regions.

Table 3.5 Probability of Disease Transmission fronsymptomatic Flocks
Effective contacts rates (District 8-N)

Layersl| Layerss Broiler Turkey Backyard
Layersl 0.32555 0.04629 0.00712 0.01181 0.00187
Layerss 0.04629 0.05528 0.00642 0.01000 0.00181
Broiler 0.00141 0.00127 0.00154 0.00090 0.00029
Turkey 0.00530 0.00449 0.00189 0.00555 0.00073

Backyard 0.00187 0.00187 0.00149 0.00163 0.00192
Effective contacts rates (District 5-N)

Layersl| 0.97666 0.02958 0.00431 0.02224 0.00287
Layerss 0.02958 0.03117 0.00379 0.01304 0.00263
Broiler 0.00085 0.00075 0.00092 0.00072 0.00034
Turkey 0.01000 0.00586 0.00151 0.01031 0.00114

Backyard 0.00287 0.00263 0.00173 0.00255 0.00293
Effective contacts rates (District 5-S )

Layersl| 0.97666 0.15944 0.01095 0.01828 0.00337
Layerss 0.15944 0.19533 0.01047 0.01698 0.00332
Broiler 0.00217 0.00208 0.00235 0.00138 0.00051
Turkey 0.00821 0.00763 0.00288 0.00844 0.00128

Backyard 0.00337 0.00332 0.00259 0.00286 0.00345
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Table 3.6 Probability of Effective Contact from Latent Flocks
Effective indirect contacts(District 8-N)

Layersl| Layerss Broiler Turkey Backyard
Layersl 0.00666 0.04629 0.00712 0.01181 0.00187
Layerss 0.04629 0.00113 0.00642 0.01000 0.00181
Broiler 0.00141 0.00127 0.00144 0.00090 0.00029
Turkey 0.00530 0.00449 0.00189 4.2E-05 0.00073

Backyard 0.00187 0.00181 0.00149 0.00163 3.9E-05
Effective indirect contacts(District 5-N)

Layersl 0.02000 0.02958 0.00431 0.02224 0.00287
Layerss 0.02958 0.00063 0.00379 0.01304 0.00263
Broiler 0.00085 0.00075 0.00086 0.00072 0.00034
Turkey 0.01000 0.00586 0.00151 7.9E-05 0.00114
Backyard 0.00287 0.00263 0.00173 0.00255 6.0E-05
Effective indirect contacts(District 5-S )
Layersl 0.02000 0.15944 0.01095 0.01828 0.00337
Layerss 0.15944 0.00400 0.01047 0.01698 0.00332
Broiler 0.00217 0.00208 0.00220 0.00138 0.00051
Turkey 0.00821 0.00763 0.00288 6.4E-05 0.00128

Backyard 0.00337 0.00332 0.00259 0.00286 7.0E-05

These probabilities of disease transmission caiedlaere are similar to those calculated
in the literature (e.g. in Carpenter et al., 20@Tilar probabilities are given for cattle in

California).
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3.2.2 Economic Data

National monthly data from USDA-ERS covering theige of 1995 to 2003 or a total

of 108 observations per variable were first cotelcfTo match the market equilibrium
with daily disease spread, daily frequency of maekgiilibrium data were estimated
using cubic spline (Li and Racine, 2007) interpolat SAS software has a program that
is used to disaggregate the production (adjustenifports and exports) and the
consumption data from monthly frequency to daibginency. The monthly average
prices are also adjusted into daily averages. Tpplg and the demand system for three
poultry products (Chicken, Eggs and Turkey) wetereted using these daily frequency
data. Other independent variables used such asgtimpuand interest rates are taken
respectively from the US Census Bureau and therBeEReserve. The income variable
is the total expenditure on poultry products. Thineated demands are at the retail
level. The complete summary statistics describivegnhonthly and the daily frequency

data is given in the table 3.7 below.



Table 3.7 Summary Statistics of the Economic Data

Variable Daily Data Monthly Data

Egg Demand and Supply variables Mean Std. Dev. Mean Std. Dev.
cegg Consumption (Million dozens of eggs) 15.675 1.066 477.085 35.208
prodegg  Production (Million of pounds) 15.612 0.992 475.168 33.039
ppeg Price received by producers (Dallars 0.663 0.093 0.663 0.090
peg Retail prices (Dollars) 1.022 0.129 1.022 0.128
feedpegg Feed price for eggs production (Ddllars 0.284 0.052 0.284 0.053

Chicken Demand and Supply variables
cch Consumption (Million of pounds) 483 7.497 2023.736  228.591
prodch Production (Million of pounds) 67.270 7.583 2047.394  230.201
ppch Price received by producers (Dollars) 0.589 0.040 0.589 0.040
pch Retail prices (Dollars) 1.545 0.060 1.545 0.060
feedpch  Feed price for chicken production(Dslla 0.164 0.024 0.164 0.024
Turkey Demand and supply variables
ctkey Consumption (Million of pounds) 13744  3.836 409.288 107.109
prodtkey Production (Million of pounds) 13.539 104 412.072 32.609
pptkey Price received by producers (Dollars) 0.644 0.054 0.643 0.053
ptkey Retail prices (Dollars) 1.041 0.052 .0411 0.050
feedptkey Feed price for turkey (Dollars) 0.054 0.011 0.054 0.011
tkeydum Thanksgiving month dummy 0.082 0.274 88.0 0.277
Other independent variables

expd Expenditure on the poultry (Million obars) 133.086 17.214 4050.753  530.913
rates Interest Rates (percentage) 0.074 0.017 0.074 0.018
pop Population ( Million of people) 276608 9.918 276.086 9.918
pbeef Beef retail prices (Dollars) 2.769 @27 2.769 0.279
ppork Pork Retail prices (Dollars) 2.475 @19 2.475 0.199

A%
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3.3 Demand and Supply System Estimation Results

Given that daily consumption, production quantiaes approximated from monthly
data to daily data; the estimation is subject tasueement error problems. According to
Cameron and Trivedi (2006 pp.899-921), the measemerrror on the dependent
variables (consumption and production in this casenot affect the consistency of the
estimated coefficients although they may be lesiefit (big variance of the estimated
coefficients). In contrast, the measurement errothe independent variable (prices in
this case) leads to correlation between that inoéget variable and the error term of the
regression. This causes endogeneity in the modigbeoduces biased and inconsistent
estimates of the coefficients. To correct thesdlpras instrumental variables (1V) such
as pork prices and beef prices are used as suggestameron and Trivedi (2006) and
Wooldridge (2002).

Demand and supply systems of these three poulbdugats (Chicken, Eggs and
Turkey) are estimated simultaneously using thragesteast square (3SLS) to improve
the efficiency of the estimated coefficients. Synmnes imposed on the cross price
coefficients during the estimation. The resultsifrihe econometric estimation are
presented in the table 3.8 below. These resultprasented for both linear and log-

linear demand and supply system specifications.



Table 3.8 Estimation Results
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Models Linear Log-Linear
Egg Demand (1) Coef. Z-stat Coef. Z-stat
pegg -0.56781 -6.14 -0.07392 -12.22
pch -9.75866 -53.99  -0.14397 -43.89
ptkey -0.68738 -2.49 -0.09557 -5.66
expd 0.095322 124.01 0.51176 92.04
constant 19.35192 147.58 0.318428 11.7
X*° — Statistics 36279.88 12930.01
Egg Supply (2)
pegg 16.83625 90.98 0.269137 33.56
feedpeg -6.30533 -9.61 -0.26193 -53.19
constant 2.409064 378.92
X*° — Statistics 191657.40 3020.63
Chicken Demand(3)
pch -41.9218 -58.74 -1.06529 -58.66
pegg -9.75866 -53.99  -0.14397 -43.89
ptkey 18.7085 17.93 0.309222 18.2
expd 0.519326 198.05 1.079478 161.35
constant 52.67307 99.25 -0.62722 -22.4
Xx° — Statistics 44405.69 36492.72
Chicken Supply (4)
prodch 57.50628 209.99 2.002151 58.29
feedpch -83.7949 -33.95  -0.25065 -29
rates -105.794 -30.42
constant 2.877051 155.64
X*? - Statistics 632938.11 5598.27
Turkey Demand (5)
ptkey -46.5392 -26.18 -2.54547 -21.5
pegg -0.68738 -2.49  -0.09557 -5.66
pch 18.7085 17.93 0.309222 18.2
expd 0.06917 16.67 0.899133 26.86
constant 24.47036 37.54 -1.85804 -11.33
X*? - Statistics 4052.25 1198.16
Turkey Supply(6)
ptkey 13.15901 201.98 0.673761 17.53
feedptkey -0.05157 -7.76
tkeydum 2.277807 39.52 0.13695 27.1
rates -4,96886 -5.62
constant 2.413095 122.4
X° - Statistics 541781.22 812.67

Note: Variables are defined in table 3.7.
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The signs of the estimated coefficients are comsistith economic theory
predictions. In the demand equations, quantitieshagatively related to prices and
positively related to expenditures. In the supgyaions, quantities are positively
related to prices and negatively related to inpides.

In the Egg demand equation, chicken price and jupkiee have negative
coefficients that are statistically significant me® that the two goods behave as
substitutes for eggs. In the Chicken demand equatimkey price has a positive and
significant coefficient showing that chicken andkey are complementary goods.
Finally, in the Turkey equation the egg price cméht is negative and significant
meaning that the two goods are substitutes.

Holding exogenous variables in each demand equatitreir mean, the inverse
demand curves can be expressed as depending oalyroguantities:

The linear model specification becomes:

pegg 28.607 -1.761 0 0 cegg
(27) pch =] 3.132 |+ 0 -0.0239 0 cch
ptkey 1.330 0 0 —-0.0215|| ctkey

Similarly, fixing the exogenous variables of th@gly equation at their mean

yields the following linear inverse supply equatatepending on own quantities:

pegg 0.107 0.059 0 0 cegg
(28) pch |=|0.376 |+| O 0.017 0 cch
ptkey 0.014 0 0 0.076 || ctkey
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Based on the chi-squared statistics presentectitatiie 3.8 above, the linear
specification is preferred to the log-linear modkr that reason only the linear
specification will be used in the remainder of thisrk.

Investigation shows the estimated elasticitiedis linear specification are
comparable to the existing estimated elasticitehe literature. In particular eggs,
chicken and turkey own price and expenditure eldigts calculated from our
specification are similar to the elasticities foundhe literature. Huang and Lin (2000)
used AIDS specification and found that egg ownepalasticity is -0.0569 and the
expenditure elasticity is about 0.8039 and ourdirspecification found the own price
elasticity to be -0.0364 and the expenditure aldgtio be 0.806. Alston and Chalfant
(1993) used a Rotterdam model and found that thewe elasticity for chicken is -
0.94 and the expenditure elasticity is 1.06 andnoodel found the own price elasticity
to be -0.97 and the expenditure elasticity to I08.1Hahn (2001) estimated the own
price elasticity for turkey as -0.553 and our sfpeaiion found the own price elasticity
for turkey to be -3.58. Our estimated elasticitiuesfor turkey is different from the
literature because Hahn's model did not accourthioseasonal consumption of turkey
during the Thanksgiving period. Not accountingtftanksgiving in our model yields a
result similar to Hahn (2001).

These demand and supply functions are used tolatddhe total welfare

changes induced by the Al outbreak.
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3.4 Empirical Results of Al Cost Outbreak

Several sets of empirical results are now presefiest, the base results of the market
equilibrium prior to the outbreak are given and @mpared to the original data for
consistency. Second, the epidemic model simula#eults are compared to the existing
literature. Finally, results of the integrated miocale presented.

3.4.1 Base Welfare Level Prior to the Outbreak

Here the national market equilibrium and the calted welfare values prior to the
outbreak are presented using the linear demandw@ply functions estimated above.
The results are obtained by maximizing the sunmefwelfare in the three poultry
product markets over 30 days under market equilibrtonstraints. The summary of the

GAMS software maximization output is given in tlable 3.9 below.

Table 3.9 Market Equilibrium and Welfare Level befare the Al Outbreak

Market Equilibrium (daily) Equilibrium quantities Equilibrium Price
Eggs 15,659,000 (dozens) 1.031 (dollars)
Chicken 67,195,000 (pounds) 1.518 (dollars)
Turkey 13,567,000 (pounds) 1.045 (dollars)
Welfare (30 days) Producer Surplu€onsumer Surplus (dollars)
Surpluses 1,578,220,000 (dollars) 8,160,799,000 (dollars)

These results are consistent with the market dagd in the econometric estimation in
the previous section. Equilibrium prices and quatiare in the range of the market
data used in the estimation. The total welfarellpvier to the outbreak is estimated as
$9,738,019,000 (This is a sum of welfare in a 3pmkriod). The producers' surplus

prior to the outbreak is estimated as $1,578,220z0@ the consumers' surplus is



48

$8,160,799,008. Change in these surpluses induced by the sintitattbreak will be
used when calculating the cost of the outbreak.
3.4.2 Epidemic Model Simulation
Here the epidemic model presented in section 2adl to simulate an outbreak. The
epidemic simulation is based on the following asstioms:

* The hypothetical outbreak starts in a backyard feirmlar to the 2004 outbreak

in Gonzales Texas and spreads through daily cantact
* The outbreak is simulated in one Texas poultry gien of District 8-Nand is

assumed to spread only within that region.

Epidemic simulated curves

1.2
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Removed
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Days

Figure 3.1 District 8-N: simulated epidemic model blarge layers

1 Results of the log-linear specification are natsistent with the data and are not presented bettadt
reason.
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These simulated epidemic curves in Figure 3-1 ansistent with several studies
reported in the literature (e.g. Durand and MaBQQ0; Ward, 2007). As the disease
spreads, the proportion of latent infectious arfidated symptomatic flocks rises to a
maximum on the‘@day and starts dropping thereafter. At the samaemb, the
proportion of dead or removed flocks increase &edoroportion of susceptible flocks
decrease until all the infected or removed floalesdead. Similar epidemic curves are
obtained using the three other sub-regions condéées data but are not presented here.
3.4.3. Empirical Results of the Integrated Epidemiezconomic Model
In the following, the outbreak cost is estimateddzhon the 30 days simulated outbreak.
This outbreak is simulated using Texas poultry stdudata but the impact is measured
at the national scale. The results obtained heréased on the following assumptions:

* Only some proportion of the susceptible flocksnsgler surveillance and the
surveillance cost depends only on the number ofltested for the disease.

Consistently with Texas Al response document (202@irds are tested in

every farm. Dividing the 20 bird sample by the tdiiads in a flock gives the

proportion under surveillance. The unit cost ofitegis estimated as $15 per
bird and is obtained from farmers during the survey
* Yields of eggs, chicken and turkey meat used imtbédel are drawn from

McCarl Forestry and Agriculture Sector Optimizatidodel (FASOM) data.

» The cost of carcass disposal is taken as the djggid the burial costs of the
removed or depopulated flocks. These costs arenglotdrom farmers during the

survey and are estimated respectively as $8,00@1ge layer farms, $6,000 for
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small layers and broiler farms, $4,000 for turkasnis, and $1000 for backyard
farms.

The outbreak starts in one backyard flock and sjaréarough contacts to other
farms. In the simulation, the disease starts wité latent flock and spreads from
there to the other flocks.

Vaccination unit costs are estimated using inforomadbtained from the
literature, the survey, and Al vaccine manufacsirBased on the Food and
Agriculture Organization (FAO) report on the Al é&se control in Vietnam
(Smith, 2007), vaccine production cost is aboutcki@s/dose. The Center for
Infectious Disease Research and Policy (CIDRAP520€ported on their
website that an lowa based vaccine manufacturemwksg to produce
vaccines at 1.2 cents/dose for the USDA. Finallyjrdy the survey farmers
reported that including labor costs vaccines caadugiired and administrated at
5 cents/dose. The estimated 5 cents per doze edldrughe simulation. Only one

doze is needed per bird. The solutions are predemtine table 3.10 below.



Table 3.10 Costs of the Outbreak without Any Demandhift

Without Vaccination With Vaccination

District 8-N  District 5-N  District 5-S  District 8-N  District 5-N  District 5-S

Initial Welfare 9739.019 9739.019 9739.019 9739.019 9739.019 9739.019
New Welfare 9689.021 9696.541 9710.129 9691.853 8469 9711.730

Total Cost 49.998 42.478 28.890 47.166 40.539 29.28
Decomposition of the total cost

Producer's cost 0.008 1.77E-4 3.14E-4 1.58E-4 44E 3.11E-4
Consumer's cost 0.046 8.00E-5 4.15E-4 0.000 7.08E-5 4.06E-4
Mitigation cost 49.944 42.478 28.889 47.166 40.538 27.288

Note: Results are in million U.S dollars.

TS
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The following important findings are obtained wibe consumption level stay
the same during the outbreak (no demand shift).

» The welfare loss in terms of producers' and conssirsarpluses is negligible
compared to the mitigation cost. Most of the oudkreost is in the mitigation
costs. In District 8-N, the total outbreak cos$49.998 million with only $0.008
million and $0.046 million as losses in producargl consumers' surpluses
respectively. In the District 5-N, the total outhkecost is $42.478 million with
only $1.77E-4 million losses in producers' sur@og $8.00E-5 million losses in
consumers' surplus. In the less dense sub-regisitri® 5-S), the total outbreak
cost is $28.890 with only 3.14E-4 million and $41% million in producers' and
consumers' surpluses respectively.

¢ When vaccination is used, the total outbreak cagpsito $47.166 million in
District 8-N, $41.953 million in District 5-N and28.246 in District 8-N. In other
words, there is a saving of $2.832 million in DitB-N, $1.939 million in
District 5-N and $1.601 million in District 8-N. E8e savings are higher if the
outbreak occurs in the densest region. The sadrggsnputable to the reduction
of the quantity of dead flocks during the outbrdakaccination strategy is
implemented. For instance without vaccination istbet 8-N, the supply shock
caused by depopulated and quarantined flocks edllice total egg supply by
0.18% but with vaccination, the shock will redube total egg supply by
0.00074%. This implies that the vaccination stratgignificantly reduces the

impact of the outbreak.
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* Prices stayed at their levels prior to the outbiake the supply shocks were

not big enough to significantly shift the supplyes.

Next, we estimated the costs of the Al outbreahifts in demand curves occur
as a result of media coverage of the outbreak.tBlienited Al outbreak in the U.S,
studies regarding the impact of Al outbreak onh® demand for poultry products are
rare or nonexistent. A study that investigatedmgact of Al outbreak on poultry
product consumption in Italy found that the outlireeduced domestic demand for fresh
poultry by 22% in average (Beach et al, 2008). ltartthe study showed that due to
similarities and differences between Italian arelthS economy, an outbreak in the U.S
may have smaller or larger impact. The simulaticenarios in table 3.11 below uses
10%, 20% and 30% to represent small, medium age ldemand shift to analyze the

welfare impact of the outbreak.



Table 3.11 Total Outbreak Costs under Demand ShiftScenarios

Without Vaccination

With Vaccination

District 8-N  District 5-N District 5-S District 8-N District 5-N  District 5-S
Initial Welfare 9739.019 9739.019 9739.019 9739.019 9739.019 9739.019
Small shock (10%)
New Welfare 7766.003 7773.392 7786.981 7768.695 5.38P 7788.582
Total Cost 1973.016 1965.627 1952.038 1970.324 5863 1950.437
Producer's cost 328.487 328.481 328.481 328.481 4828 328.481
Consumer's cost 1594.707 1594.668 1594.668 1594.668 1594.668 1594.668
Mitigation cost 49.822 42.478 28.889 47.175 40.531 27.288
Medium shock (20%)
New Welfare 6054.955 6062.340 6075.928 6057.643 4 286 6077.529
Total Cost 3684.064 3676.679 3663.091 3681.376 3834 3661.490
Producer's cost 618.566 618.560 618.560 618.560 .5608 618.560
Consumer's cost 3015.676 3015.642 3015.642 3015.642 3015.642 3015.642
Mitigation cost 49.822 42.478 28.889 47.175 40.531 27.288
Small shock (30%)
New Welfare 4555.568 4562.949 4576.537 4558.252 4 896 4578.138
Total Cost 5183.451 5176.070 5162.482 5180.767 3244 5160.881
Producer's cost 858.124 858.120 858.120 858.120 .1268 858.120
Consumer's cost 4275.505 4275.473 4275.473 4275.472 4275.472 4275.473
Mitigation cost 49.822 42.478 28.889 47.175 40.531 27.288

Note: Results are in million U.S dollars

2]
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The following results are found under the thremaed shifts scenarios:

Mitigation costs values are identical to the cagbout demand shifts but the
total costs explode here due to substantive laesg®ducers' and consumers'
surpluses. In the densest sub-region (District 8t total outbreak costs
become $1,973.016 million under a small demand £t0R%6) scenario with
losses in producers' and consumers' surplus begmgctively $328.487 million
and $1,594.707 million. Under medium demand sknsrio, the total costs will
be $3,684.064 million with losses in producers' eodsumers' surplus being
respectively $618.566 million and $3,015.676 millitJnder large demand shift
scenario, the total cost will be $5,183.451milligith losses in producers' and
consumers' surplus being $858.124 million and $#3J5 million. These total
costs will decrease if the outbreak occurs instedle less dense sub-regions
(District 5-N and District 5-S) but the cost ardstantively higher comparatively
to the case without demand shift.

Similarly to the case without demand shift, thecnaation strategy reduces the
mitigation costs but generates similar losses msamers' and producers'
surpluses. As we can see in table 3.11 above, extapmitigation costs are
reduced under vaccination strategy, other totalsco@mponents stay identical
with and without vaccination.

Here price levels have changed due to demand sBdtsause of the zoonotic

nature of this disease, significant media coveraifjdikely create a demand
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shift that can lower prices. Table 12 below gives price dynamic consistent

with demand shift scenarios.

Table 3.12 Price Changes in the Three Demand Shiicenarios

Prices Egg Chicken Turkey
Pre-outbreak levels 1.031 1.518 1.045
Small shift (10%) 0.938 1.388 0.941
Percentage change - 9% -8.5% -9.9%
Medium shift (20%) 0.846 1.259 0.837
Percentage change -18% -17% -19.9%
Large shift (30%) 0.753 1.129 0.774
Percentage change -26.9% -25.6% -25.9%

Note: Egg prices are in dollars per dozen, chickaoh turkey prices are in dollars per
pounds.

Under small demand shift scenario egg prices widpcabout 9%, chicken prices
will drop about 8.5% and turkey prices will dropoalb 9.9%. Under medium demand
shift scenario, egg, chicken and turkey prices @ndlp respectively about 18%, 17% and
19.9%. Lastly under the large demand shift scenagg price will drop about 26.9%,
chicken prices will drop about 25.6% and turkeyesi will drop about 25.9%. Recall
that without demand shifts, an outbreak in Texdbnet have a significant impact on
prices. The reason is that Texas production isallroportion of the national
production and cannot provoke a significant dropupply.

Next, empirical results of decision making undecentainty for ex-ante

investment are presented.
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3.5 Empirical Results of Pre-event Vaccines Investemt Decision Making

This subsection answers the question of whethgritonomically optimal to invest in
vaccines prior to the outbreak. This question dreslsed from the perspective of
outbreak probability threshold level at which timgestment should be made. The
critical information needed to solve this problesrihe fixed investment cost to be made
prior to the outbreak.

The Center for Infectious Disease Research andy@iIDRAP, 2005) reported
on their website that an lowa based vaccine matwrac(Fort Dodge Animal Health )
signed a contract with USDA in 2005 to produce 4flion doses of Al vaccines for
$800,000 and these vaccines can be stored frozényiears. After this investment each
additional dose would cost about 1.2 cents. The E®@ith, 2007) also reported that
vaccines can be produced by a China based compdn¥ eents per dose.

Using these numbers for Texas poultry industry whike total population of
birds is roughly 20 million, the fixed investmemtst would be about the half of the
investment made by the USDA or $400,000.

After solving the decision making problem describbethe last subsection of
section 2, pre-event investment in vaccines wilebenomically optimal if the
probability of Al outbreak in any of the sub-regsois bigger than 0.07. This result
suggests that for any positive probability comptisethe interval of [0.07, 1], an ex-
ante investment in vaccines production and stockowdd be made. When this analysis
is conducted for each district separately, theltesthowed that ex-ante investment in

vaccines will be economically optimal if the proldeéy of outbreak is bigger than 0.39
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in District 8-N, 0.61 in District 5-N and 0.68 inddrict 5-S. Intuitively, this results
suggested that the higher the damage the lowerutieeak probability threshold will
be.

3.6 Summary

Hypothetical Al outbreak impact on the US poultmgustry and households have been
studied under disease mitigation strategies wititwvation and without vaccination. Ex-
ante investment decision in vaccines was also aedlyThe outbreak costs vary
depending on the density of the poultry sub-reginod on whether demand shocks
during the outbreak are negligible, small, mediuntagge.

If the demand shock during the outbreak is nedkgithe total outbreak costs
depend only on the mitigation costs and prices belht their base level. An outbreak in
the District 8-N will cost about $49.998 million lthrs and an outbreak in the District 5-
N and the District 5-S will cost respectively $4284million and $28.890 million.
Should vaccination strategy be used, the totakdosie District 8-N will be reduced by
$2.832 million, the total costs in the District 5¥hll be reduced by $1.939 million and
the total costs in the District 5-S will be redudgd$1.601 million. The advantage of the
vaccination strategy is that it reduces the nunatbguarantined and culled flocks.

If the demand shock is not negligible, three sdesasf demand shocks of 10%
(small shock), 20% (medium shock) and 30% (largekhhave been studied. In these
cases, the total costs increase dramatically dagtaficant losses in producers' and
consumers' surpluses in the poultry market. Faamte, if the demand shock is small

(10%), the total costs of an outbreak in the Dis@N will be about $1,973.016 million
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with $328.487 million losses in producers' surplilise total costs in the District 5-N

will be about $1,965.627 million with $328.481 nuh in producers' surplus. Lastly the
total costs in District 5-S will be about $1,952808illion with $328.481 million in
producers' surplus. These costs increase wheretharttl shocks are medium or large.
Consistent with the results without demand shattiesyaccination strategy reduces the
total cost by lessening the mitigation cost. ThHeeotosts components related to the loss
in consumers' and producers' surpluses remainicdé¢ i the case without vaccination
being used.

Negative demand shocks during the outbreak redogkrp products market
prices. This study found that under a small sh@ekario, egg prices will drop about
9% of the pre-outbreak level. Chicken and turkeggs will drop about 8.5% and 9.9%
respectively. Under a medium demand shock scereggpprice will drop about 18%
while chicken and egg prices will drop about 179%d 48.9% respectively. Under a large
demand shock scenario, egg price will drop aboli%6nhile chicken and turkey will
drop about 25.6% and 25.9% respectively.

Finally, the study found that the ex-ante investhu&tision in vaccines
production is economically optimal if the probatyilof occurrence of the Al outbreak in
Texas is 7%. Given that ex-ante vaccines investiwasit($0.4 million) is reasonably
lower than the gain in vaccination strategy ex-fjtie¢ minimum gain being $1.939
million), it will be economically recommended tosgst ex-ante in vaccines should the

outbreak threat be high enough.
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4. EVALUATING THE COSTS OF Al OUTBREAK IN TEXAS: A

STOCHASTIC ANALYSIS APPROACH

This section examines the effects of considerigig and risk aversion in the integrated
economic-epidemic model accounting for the stoébhapiread nature of the disease.
Indeed, the epidemic model contains risky pararedtet are not known with certainty.
Risky parameters in the epidemic model are thee#egf damages as affected by the
uncertain probability of effective contacts betwéagfectious flocks and susceptible
flocks.

The objective of the work in this section is to exae the effects of including
risk on the results of the integrated economic-@pid model. To achieve this objective,
distributions of the epidemic risky parametersestmated and Monte Carlo simulation
is used to obtain probabilistic distributions oé tiotal cost of a hypothetical Al
outbreak. This approach follows closely the mettaglp of risk analysis proposed by
Pouliquen (1983) who suggested that the estima®dts be associated with their
likelihood of occurrence or with confidence intdsza

The remainder of this section is organized as WadldSection 2 presents
estimates on the parametric cumulative distributiorctions (CDF) of the risky
parameters. Section 3 uses these distributionsMatfite Carlo simulation to estimate
confidence intervals of the costs of a hypothetidabutbreak in Texas. Section 4
revisits the ex-ante vaccines production decisiaking problem but addresses it in a

risk framework. Section 5 concludes the section.
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4.1 Estimating the Cumulative Distribution Functions of the Risky Parameters
Two sets of risky parameters are present in the@eapic model. The first set is the
infectious symptomatic probability of effective ¢aat, and the second set is the
infectious latent probability of effective contact.

As shown in tables 3.5 and 3.6, probabilitiesmftact between the five types of
flocks are used to construct 25 observations de¢@ch sub-region. These 25
observations are utilized to estimate parameters@gparametric distributions including
Double Exponential, Exponential, Gamma, LogistiogtLog, Log-Logistic,
Lognormal, Normal, Pareto and Uniform. Parametéesach of these distributions were
estimated using Maximum Likelihood (ML) estimatioethods. The ML estimated
parametric distributions were compared with the ieicgd distributions

(F(x) =P(X; < x) of the same data. The closest parametric distabub the empirical

distribution is selected using a version of the dmstn-Darling (1952) goodness-of-fit
test. The various steps used in the estimatiohexfe parametric distributions follow
Richardson (2008).

The version of Anderson-Darling test used hereesighed to penalize the
distribution at the tails in order to select theselst distribution to the empirical
distribution not only at the mean but also at #ikst The formula for the test is given

below.

A= Tl(Fn(x)—ﬁn(x))z+(Fn(x)—ﬁn(x))2*l(xi <X=0)+(F,(0~F, (0071 (X, >X -0, f(xyx

where 67 = 1 is a weight function

F,()(1-F,(¥)
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fn(x) is an estimated parametric density function &fd is ah indicator function.

The statisticA of this test is compared to the perfect fidof . The best fit is the
parametric distribution for whict is the closest to 0. In the formula above, the
expression(F, (x) - Ifn(x))z* | (X, < X —0)adds a penalty when the estimated
parametric distribution deviates from the truerilisttion at the left tail. The expression
(F,(x) - Ifn(x))z* | (X, > X — o) adds a penalty at the right tail.

The results of the estimation presented in taldlebélow are based on sample
sizes larger than the 25 observations generatedjthibbootstrapping. Since consistency
of maximum likelihood estimators relies on asymigtptoperties (Pawitan, 2001),
bootstrap samples are obtained through 1000 drathg@&placement from the original
sample of 25 observations. Efron (1979) and Efrah Bibshirane (1993) recommended
a minimum of 250 observations for this type of sb@p. These bootstrap samples have
the same means as the original data but theirn@@sgare smaller because of the larger
sample size.

The Anderson-Darling test statistics for eightlod ten parametric distributions
enumerated above are presented in the table ofvbBarameters for Gamma and
logistic distributions are inconsistent with mostle data and therefore those results are

not presented here.



Table 4.1 Anderson-Darling Goodness-of-fit Statistis
Infected Effective Contacts Latent Effective Contacts
District8-N District5-N District5-S Texas  District8-N  District5-N  District5-S Texas

Double

Exponential 0.0074 0.0732 0.1013 0.0013 0.0002 9.6E-05 0.0029 2.1E-05
Exponential 0.0057 0.0644 0.0996 0.0010 0.0001 2.5E-05 0.0019 1.3E-05
Log-Log 0.0062 0.0674 0.1009 0.0011  0.0001 3.6E-05 0.0022 1.6E-05
Log-

Logistic 0.0106 0.0689 0.0812 0.0014 0.0074 0.0161 0.0487 0.00056
Lognormal 0.0045 0.0638 0.0869 0.0009 0.0009 0.0010 0.0066 6.5E-05
Normal 0.0068 0.0769 0.0982 0.0012 0.0001 4.1E-05 0.0023 1.6E-05
Pareto 65364 393207 2.E+13 82462. 2.E+13 51E+11 3.E+14 3.3E+12
Uniform 0.0245 0.2689 0.0945 0.0044 0.0002 4.1E-05 0.0042 2.9E-05
Parameterl -5.50821 -5.4190 1.1445 -7.2420 0.0065 0.0063 0.0178 0.00700
Parameter 2 1.5671 1.6584 0.0022 1.7970 4.E-05 4.0E-05 0.0003 5.5E-05

Note: parameter 1 and parameter2 are the estirpatatheters for the best parametric distributioacted. The test statistics
of best parametric distributions are in bold.

€9
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The results above indicate the lognormal distrdouis the best fit for the
probability of effective symptomatic flocks contaath District 8-N and District 5-N
while the log-logistic distribution provides thedbdit for the District 5-S data. For the
probability of latent effective contacts data, €xponential distribution provides the best
fit in the three sub-regions.
4.3- Monte Carlo Simulation Results of the Cost oAl Outbreak
The integrated model was solved simulating stoahasbbabilities of effective contacts
under four alternative demand shock scenarios (8ftathd shock, a small shock of 10%
demand shift, a medium shock of 20% shift and gelahock of 30% demand shift).
Random draws of 256 observations from each parambstribution are used in the
simulation of the model for each sub-region. Experntation showed 200 iterations are
found to be sufficient as increasing the numbetrafvs beyond 200 does not change the
distribution of the key output variables. Thesepois are used to estimate 95%
confidence intervals and to plot Kernel cumulat&ribution functions (CDF) of the
total costs under the two alternative mitigatioatgtgies. Once these CDFs are obtained,
stochastic dominance criteria are used to rankdisés under the two alternative
mitigation strategies following Meyer (1977), McC€r988) and Hardaker et al. (2004).
The strategy that dominates in the stochastic dante sense is the cost effective
strategy in our model. The table 4.2 below givesdterage total outbreak cost and the
95% confidence intervals for the District 8-N undles four demand shock scenarios

discussed previously. Separate results are comfatezach sub-region.



Table 4.2 Total Costs in District 8-N: Means and 9% Confidence Intervals

Without Vaccination

With Vaccination

Mean 95% Confidence interval Mean 95% Confidence interval
No Shock (0%) Lower Upper Lower Upper
Producer's cost 0.066 [0.000, 0.165] 0.060 [0.000 0.163]
Consumer's cost 0.497 [0.000, 1.336] 0.460 [0.000 1.336]
Mitigation cost 44.569 [28.010, 49.982] 42.918 [27.526 47.217]
Total Cost 45.089 [29.616, 49.981] 43.438 [29.122 47.218]
Small shock (10%)
Producer's cost 328.543 [328.481, 328.637] 588. [328.481 328.636]
Consumer's cost 1595.117 [1594.668, 1595.870]1595.084 [1594.668 1595.870]
Mitigation cost 28.010 [28.010, 49.982] 42.915 [27.526 47.217]
Total Cost 1968.184 [1952.612, 1973.131] 1966.537 [1952.117 1970.366]
Medium shock (20%)
Producer's cost 618.623 [618.560 618.716] 618.614 [618.560 618.707]
Consumer's cost 3016.073 [3015.642 3016.772]3016.012 [3015.642 3016.709]
Mitigation cost 43.999 [27.476 49.986] 42.914 [27.526 47.217]
Total Cost 3678.695 [3662.999 3684.189] 3677.540 [3663.016 3681.419]
Large shock (30%)
Producer's cost 858.168 [858.120, 858.242] 858.161 [858.120 858.235]
Consumer's cost 4275.864 [4275.472, 4276.467]14275.809 [4275.472 4276.411]
Mitigation cost 43.999 [27.502 49.987] 42.912 [27.526 47.217]
Total Cost 5178.030 [5162.261 5183.580] 5176.882 [5162.255 5180.808]

Note: The estimated costs are in millions of USaisl

<9
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The results of the table 4.2 are interpreted belsviollows:

* With no demand shock and no vaccination, ther® bkelihood that the total
cost will be less than or equal to $45.1 millioheTe is 95% confidence that the
total cost of the outbreak will be between $29.8iom and $50 million. Should
the vaccination strategy be used there is 50%ili&et that the total cost be less
or equal to $43.4 million and the 95% confidendernval is narrower ranging
from $29.1 million and $47.2 million.

* With a 10% demand shock and no vaccination strategy, there is 50%
likelihood that the total cost will be less thanegual to $1,968 million and
there is 95% confidence that the total cost wilbeéveen $1,953 million and
$1,973 million. That confidence interval will bermawer if vaccination is used
and the average total cost lower. In this caseetise50% likelihood that the
total cost will be less or equal to $1,967 millamd the confidence interval will
be between $1,952 million and $1970 million.

* With 20% demand shock and no vaccination stratasgg uthere is 50%
likelihood that the total cost will be less or ebgue$3,679 million and the 95%
confidence interval will be between $3,663 milliand $3,684 million. With
vaccination strategy used, there is 50% likelihtiat the total cost will be less
or equal to $3,677 and the 95% confidence intamithbe between $3,663
million and $3,681 million.

* Finally, with a 30% demand shock and no vaccinatibare is 50% likelihood

that the total cost will be less or equal to $5,iiBion and the 95% confidence
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interval will be between $5,162 million and $5,18#4lion. Under vaccination,

there is 50% likelihood that the total cost willless or equal to $5,177 million

and the 95% confidence interval of the total coditbve between $5,162 million

and $5,159 million.

To represent visually the above findings in terrhstochastic dominance,

figures 4.1 to 4.4 show the cumulative distributfonctions of the total cost.
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Figure 4.1 District 8-N: total cost distributions under 0% demand shock
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Figure 4.2 District 8-N: total cost distributions under 10% demand shock
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Kernel CDF (20% Demand Shock)
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Figure 4.3 District 8-N: total cost distributions under 20% demand shock
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Figure 4.4 District 8-N: total cost distributions under 30% demand shock

Figures 4.1 to 4.4 show that the proposed vacadnatirategy dominates the
current strategy by first degree stochastic dongeaifihat is, there are higher
frequencies of realization of lower cost under waaton strategy than a no vaccination

strategy. Next, similar analyses are presentethisub-region of the District 5-N.



Table 4.3 Total Costs in District 5-N: Means and 9% Confidence Intervals

Without Vaccination

With Vaccination

Mean 95% Confidence interval Mean 95% Confidence interval
No Shock (0%) Lower Upper Lower Upper
Producer's cost 0.027 [0.000, 1.000] 0.023 [0.000, 0.098]
Consumer's cost 0.211 [0.000, 0.920] 0.183 [0.000, 0.922]
Mitigation cost 40.562 [30.174, 42.547] 39.073 [29.662, 40.607]
Total Cost 40.799 [31.204, 42.548] 39.279 [30.695, 40.609]
Small shock (10%)
Producer's cost 328.506 [328.481, 328.576]328.502 [328.481, 328.575]
Consumer's cost 1594.859 [1594.668, 1595.496]594.834  [1594.668, 1595.497]
Mitigation cost 40.560 [30.173, 42.547] 39.071 [29.661, 40.607]
Total Cost 1963.925 [1954.255, 1965.696]1962.407  [1953.745, 1963.757]
Medium shock (20%)
Producer's cost 618.584 [618.560, 618.650]618.580 [618.560, 618.650]
Consumer's cost 3015.812 [3015.642, 3016.378015.790 [3015.642, 3016.379]
Mitigation cost 40.559 [30.173, 42.547] 39.140 [29.970, 40.879]
Total Cost 3674.955 [3665.209, 3676.749]3673.510  [3665.009, 3675.081]
Large shock (30%)
Producer's cost 858.139 [858.120, 858.199]858.137 [858.120, 858.199]
Consumer's cost 4275.626  [4275.472, 4276.122275.606  [4275.472, 4276.124]
Mitigation cost 40.557 [30.173, 42.547] 39.140 [29.970, 40.879]
Total Cost 5174.323  [5164.503, 5176.140]5172.883  [5164.303, 5174.472]

Note: The estimated costs are in millions of USaisl

69
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If the outbreak occurs in the District 5-N, thelmaiak cost results given in the
table 4.3 above under the four demand shift scesarie interpreted as follows:

» With no demand shock, there is 50% likelihood thattotal cost will be less or
equal to $40.8 million and the 95% confidence waewill be between $31.2
million and $42.5 million. When vaccination strayeg used, there is 50%
likelihood that the total cost will be less or egua$39.3 millions and the
confidence interval will be between $30.7 milliomde$40.6 million.

» With 10% demand shock, there is 50% likelihood thattotal cost will be less
or equal to $1,964 million and the 95% confidenterval will be between
$1,954 million and $1,966 million. Should the vawation strategy be used, there
is 50% likelihood that the total cost will be lessequal to $1,962 million and
the 95% confidence interval will be between $1,8%Hion and $1,964 million.

« With 20% demand shock, there is 50% likelihood thattotal cost will be less
or equal to $3,675 million and the 95% percent Enfce interval will be
between $3,665 and $3,677 million. When vaccinasioategy is used, there is
50% likelihood that the total cost will be lessequal to $3,674 million and the
95% confidence interval will be between $3,665 imilland $3,675 million.

» With 30% demand shock, there is 50% likelihood thattotal cost will be less
or equal to $5,174 million and the 95% confidermterival will be between
$5,165 million and $5,176 million. When vaccinatstnategy is used, there is
50% likelihood that the total cost will be lessemqual to $5,164 and the

confidence interval will be between $5,164 and $8,thillion.
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To analyze these results in terms of stochasticimmee criteria, cumulative
distribution functions of total outbreak costs untte four demand shock scenarios for

both strategies are given in figure 4.5 to 4.8 Wwelo
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Figure 4.5 District 5-N: total cost distributions under 0% demand shock
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Figure 4.6 District 5-N: total cost distributions under 10% demand shock
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Kernel CDF (20% Demand Shock)
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Figure 4.7 District 5-N: total costs distributionsunder 20% demand shock
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Figure 4.8 District 5-N: total costs distributionsunder 30% demand shock

Similar to the results obtained from Districts 8Mdccination strategy first
degree stochastically dominates the current styatader the four demand shift
scenarios. Next, CDF plots of the total outbreast oo the less dense sub-region

(District 5-S) are presented under the four densdmitis scenarios.



Table 4.4 Total Costs in District 5-S: Means and 85 Confidence Intervals

Without Vaccination

With Vaccination

Mean 95% Confidence interval Mean 95% Confidence interval
No Shock (0%) Lower Upper Lower Upper
Producer's cost 0.032 [0.000, 0.092] 0.026 [0.000, 0.086]
Consumer's cost 0.204 [0.000, 0.604] 0.173 [0.000, 0.595]
Mitigation cost 27.045 [20.006, 28.926] 25.950 [19.619, 27.335]
Total Cost 27.281 [20.670, 28.928] 26.148 [20.281, 27.337]
Small shock (10%)
Producer's cost 328.511 [328.481, 328.562]328.506 [328.481, 328.559]
Consumer's cost 1594.856 [1594.668, 1595.187]594.831  [1594.668, 1595.187]
Mitigation cost 26.972 [21.142, 28.951] 25.883 [20.747, 27.350]
Total Cost 1950.339 [1944.873, 1952.101]1949.220  [1944.479, 1950.502]
Medium shock (20%)
Producer's cost 618.588 [618.560, 618.637]618.583 [618.560, 618.633]
Consumer's cost 3015.810 [3015.642, 3016.103015.787 [3015.642, 3016.102]
Mitigation cost 26.971 [21.142, 28.951] 25.882 [20.747, 27.349]
Total Cost 3661.369 [3655.865 3663.154]3660.253  [3655.470, 3661.553]
Large shock (30%)
Producer's cost 858.139 [858.120, 858.170]858.136 [858.120, 858.170]
Consumer's cost 4275.630 [4275.473, 4275.8891275.607  [4275.473, 4275.889]
Mitigation cost 26.970 [21.142, 28.951] 25.881 [20.747, 27.349]
Total Cost 5160.738 [5155.195, 5162.545]5159.624  [5154.801, 5160.943]

Note: The estimated costs are in millions of USaisl

€L
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If the outbreak occurs in the less dense sub-regfi@istrict 5-S, depending on

the demand shock scenarios, the total outbreakagabkthe table 4.4 above are

interpreted as follows:

Without demand shift, there is 50% likelihood ttiag total cost will be less or
equal to $27.3 million and the 95% confidence waewill be between $20.7
million and $28.9 million. If vaccination strategyused, there is 50% likelihood
that the total cost will be less or equal to $26illion and the 95% confidence
interval will be between $20.3 million and $27.3Iran.

With 10% demand shock, there is 50% likelihood thattotal cost will be less
or equal to $1,950 million and the 95% confidenternval will be between
$1,944 million and $1,951 million. If vaccinatiotrategy is used, there is 50%
likelihood that the total cost will be less or ebia$1,949 million and the
confidence interval will be between $1,944 milliand $1,951 million.

With 20% demand shock, there is 50% likelihood the total cost will be less
or equal to $3,661 million and the 95% confidenderval will be between
$3,656 million and $3,663 million. If vaccinatiotrategy is used, there is 50%
likelihood that the total cost will be less or ebue$3,660 million and the 95%
confidence interval will be between $3,655 milliand $3,662 million.

With 30% demand shock, there is 50% likelihood thattotal cost will be less
or equal to $5,161 million and the 95% confidenterval will be between
$5,155 million and $5,163 million. If the vaccirati strategy is used to control

the outbreak, there is 50% likelihood that theltotest will be less or equal to
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$5,160 million and the 95% confidence interval Wi between $5,155 million

and $5,161 million.

To visualize the above results in District 5-S ask in terms of first degree

stochastic dominance, the total cost under bottiegres are presented in figure 4.9 to

4.12 below.

Kernel CDF (0% Demand Shock)

1.000
0.800 -
0.600 -
0.400 -
0.200 -

0.000 \ \ \ \ \ \ \
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00

Cost (in million)

Probability

—— Current ==\/accination

Figure 4.9 District 5-S: total costs distributionsunder 0% demand shock

Kernel CDF (10% Demand Shock)
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0.200

0.000 ‘ ‘ ‘
1935.00 1940.00 1945.00 1950.00 1955.00
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-

1960.00

Vaccination

- CUurrent

Figure 4.10 District 5-S: total costs distributionsunder 10% demand shock
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Kernel CDF (20% Demand Shock)

1.000
0.800 -
0.600 -
0.400
0.200
0.000 ; 7 e T T T T

3650.00 3652.00 3654.00 3656.00 3658.00 3660.00 3662.00 3664.00 3666.00

Cost (in million)

Probability

= Current == \/accination

Figure 4.11 District 5-S: total costs distributionsunder 20% demand shock

CDF Kernel (30% Demand Shock)
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0.600 -
0.400
0.200 -
0.000 ‘ T T

5145.00 5150.00 5155.00 5160.00 5165.00 5170.00
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Cost (in million)

= CUrrent == \/accination

Figure 4.12 District 5-S: total costs distributionsunder 30% demand shock

Consistently with results showed in the other sedjans, the vaccination
strategy first degree stochastically dominatesctiveent strategy under the four demand

shift scenarios.
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4.4 Ex-ante Vaccines Investment Decision under Stoastic Epidemic Spread

Model

In the following, results of the ex-ante investmenvaccines production decision are
obtained under the hypothesis that the diseasadptbrough stochastic contacts. The
assumption regarding the fixed investment cosiesitical as in the previous section
where the value of $0.4 million fixed investmenstis used in the estimation. Here, the
threshold probabilities are estimated for the erfitate of Texas (Combining all the
districts) and each of the three districts sepbraidéne obtained simulation results show
that the threshold probabilities above which araete investment in vaccines could be
made vary with the disease transmission paraméibesdensity of the threshold

outbreak probability for Texas is given in the fig4l.13 below.

Threshold Probability Distribution

I

© O
o

o
IN

Frequency

o
N

0.07 0.09 0.11 0.13 0.15 0.17 0.19 0.21 0.23 0.25 0.27 0.29 0.31
Threshold Probability

o

Figure 4.13 Distribution of the threshold probability in Texas
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Simulated results for all Texas districts in fig4r&3 show that the threshold
probability is 0.07 with 82% likelihood. That isyer 100 simulations of the contact
rates, the threshold probability of 0.07 occurgiBzs and other higher threshold
probabilities occur 18 times. In fact, the threshof 0.11occurs with 12% likelihood
and threshold of 0.14, 0.21 and 0.32 have equiiyithood of 2% to occur.

Each district simulated separately shows thathheshold probabilities above
which investment in vaccines should be made amerwely 0.39(or 0.40) in District
8-N with 67% likelihood, 0.61 in District 5-N with8% likelihood and 0.68(or 69) in
District 92% likelihood. Figures 4.14 to 4.16 belave the densities of the threshold

probabilities in the three districts separately.

Threshold Probability Distribution

e o
NI

o ©
N oW

Frequency

o
-

T T T T T H T T T T T T T T T T T T * T T T T T T H T T H

0.39 0.43 0.46 0.50 0.53 0.57 0.61 0.64 0.68 0.71 0.75 0.79 0.82 0.86

o

Threshold probability

Figure 4.14 District 8-N: distribution of the threshold probability
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Threshold Probability Distribution
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Figure 4.15 District 5-N: distribution of the threshold probability
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Figure 4.16 District 5-S: distribution of the threshold probability
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4.5 Summary

This section presented estimates of the total@sthypothetical outbreak in Texas
under stochastic disease spread. Consistent 8klanalysis methods, 95% confidence
intervals are constructed and the two disease atitig strategies are compared using
stochastic dominance criteria. Depending on theastehshock scenarios the findings
are summarized as follows.

The study show that in absence of a demand ski€gimation reduces
respectively the mean outbreak costs by $1.6 miiloDistrict 8-N, $1.5 million in
District 5-N and $1.1 million in District 5-S. Alsdt narrows the range in particularly
reducing the upper bound of the 95% confidencevats respectively by $2.7 million
in District 8-N, $1.9 million in District 5-N and1$6 million in District 5-S. The same
type of results occur when demand shifts are fadtar with the mean damage
reduction being $1.6, $1.2, 1.1million under 10,22@ 30% demand shifts respectively
regardless of the district of outbreak. Similarhder the demand shifts scenarios, the
range is reduced and the upper tail truncated.

The stochastic dominance results suggested thattwnation strategy
dominates the current strategy in first degreehststic dominance sense. These results
applied to each of the three Texas districts rdgasdof the demand shift scenarios and
the risk aversion coefficient of the decision makerfact, risk aversion of the decision
maker become relevant when there are crossingeioumulative distributions of the

total costs.
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Finally, this section estimated the distributiortloé critical outbreak probability
above which an ex-ante investment in vaccines ishnoaking under a stochastic
disease spread. The results suggested that ia¢keof the possibility of a simultaneous
outbreak in all districts an ex-ante investmentancines should be made if the
probability of the outbreak is greater than 0.0e Tikelihood of this threshold is about
82%. If only individual outbreaks are considerduh thresholds will be respectively 0.39
in District 5-N with 60% likelihood, 0.61 in Distii 5-N with 78% likelihood and 0.68

in District 5-S with 92% likelihood.
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5. CONCLUSION AND FUTURE RESEARCH OPPORTUNITIES

This dissertation did an economic-epidemic evatunatif alternative Al disease control
strategies as an input to disease response plaafforgs. Specifically the study
evaluated two options:
» the current USDA recommended approach that eskedslia quarantine zone in a
5-miles radius around the outbreak site within \whegery flock is depopulated,
and then a varying surveillance radii around tloetezplus movement restrictions

and testing (Pelzel, McCluskey and Scott 2006); and

* an alternative mitigation strategy which is recomaed by the World Animal
Health Organization that vaccinates all suscepfibleks in near proximity to the
guarantine zone in addition to the current stratggted above (OIE 2007 and

2008).

To carry out this evaluation an integrated econeepiciemic model was developed and
applied to a hypothetical outbreak in selected $eaultry producing regions.

The total outbreak costs of the current and theimation strategies were
estimated under deterministic and stochastic epiddisease spread assumptions. Also,
the outbreak probability that justifies ex-anteastment in vaccines was studied.
Arising from this effort the following conclusiomsay be drawn:

» Vaccination reduces total outbreak costs compareket currently recommended

USDA strategy.

* The economic impact of an outbreak depends heanilwhether and by how

much consumer demand for poultry products is adfibcturing the outbreak.
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* Not surprisingly Al outbreaks in sub-regions thavé dense poultry populations
yield more damages than less dense sub-regions.

* Inthe absence of a demand shift losses are laogehprised of disease control
costs with the animal losses being rather small.

* When demand shifts, profit losses and consumengfusulosses dramatically
increase the total outbreak costs.

» under the possibility of a widespread outbreak s&ail Texas sub-regions it is
optimal to invest ex-ante in vaccines productiothd probability of the outbreak
is greater than 0.07.

» If the outbreak is analyzed separately in eachidisex-ante investment in
vaccines is optimal if the probabilities of outlkeae respectively 0.39 in
District 8-N, 0.61 in District 5-N and 0.68 in Distt 5-S.

The contributions of this work are several:
The modeling and analysis contribute to the anslgsd understanding of the

economic impact of animal diseases.

The model developed integrates both the epidenddiameconomic analysis
simultaneously to an extent not done before inAheontext and provides a

framework for future evaluations.

The epidemic model includes control strategies ploatray a more realistic

representation of animal disease management.
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» The use of partial equilibrium economic model akkoanalysis of disease effects
across sub-regions details that a general equifibanalysis framework could not

incorporate.

The study is not without limitations. In particuthe epidemic model was build
by economists and could be improved with more wdékta collection and disease
understanding. Also, the lack of geographical infation on poultry farms in Texas has
limited the use of spatial modeling approach indksign of the epidemic model.
Finally, the model has not directly included lo$snternational trade for some time and
has not calculated the spill-over effect on subtgs for poultry products.

Future research could be conducted in two direstibirst, a more
comprehensive research epidemic model of the posktctor could be developed to
better support the economic analysis and modeblireemarkets and wildlife effects
among other factors. In this regard, the use ofygagahic information systems (GIS)
data to the extent available would be greatly bieraf Second, the economic model
could be expanded to allow examination of the iogilons of the Al outbreak on
substitute products markets, feed markets, otlggome and international trade. In this
regard, the forestry and agricultural optimizatioadel developed by McCarl et al.

(2005) could be used.
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APPENDIX |

District
1-N

District
1-5

District

28

District
G

District
T

Texas Hens & Pullets of Laying Age
December 1, 2008 Inventory

[] 7.087.000
[] 5.300,000

District
8-s5
[] 867.000
[] 5291000 combined districts

Source: USDA TEXAS HENS & PULLETS OF LAYING AGE: Decembdr, 2007
Inventory

District
10-5
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APPENDIX Il

CONTACT RATE SURVEY

1-How many weeks are the average cycle of your paryl production?
Weeks

2-How would you classify the size of your poultry peration? (Please check all that
apply)
o Layers less than 400 birds
Layers comprise between 400 and 100,000 birds
Layers greater than 100,000 birds
Broilers
Turkeys

o O 0o

3- If your operation is one or more of the above, lpase show how many times you
send to other categories during an average cycle?

1. Layers less than 400 birds

From | 2.Layers between 400 and 100,000 birds
3.Layers greater that 100,000 birds
4.Broilers

5.Turkeys

4- How many times do you receive from other categms during the average cycle?

1. Layers less than 400 birds

From | 2.Layers between 400 and 100,000 birds
3.Layers greater that 100,000 birds
4.Broilers

5.Turkeys

5-What is the full capacity of your poultry feeding operation?
birds

6-What borders your premises? (Please check all thapply)
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Other poultry premises
River/Stream/lake
Open lands

Other

o O O0Oo

7-How many of your employees who work in your prense also raise chicken,
turkey or other birds in their own home? (Please 1l in the space or check box)

o] Employees

o Don't know
8- Are any of your employees allowed to work for dter poultry producers? (Please
check one)

o Yes

o No

9-If your answer is “yes” to the question above; mase show the number of times
per week that your employees go to other premisekrough the following table.

To
1. 2. 3. 4, 5.

1. Layers less than 400 birds

From | 2.Layers between 400 and 100,000 birds
3.Layers greater that 100,000 birds
4.Broilers

5.Turkeys

10- How often do the following visit your premise pr average cycle?

Number of time

Feed trucks

Dead animals pick
up

Consulting
veterinarian
Consulting
nutritionist
Manager of multi
farm

Other

11- Do the following visit only your premises or mliiple other premises per trip?
(Please check the correct answer).
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Yes Only [ No multiple other | Don’t know
my premises
premises

Feed trucks

Dead animals pick
up

Consulting
veterinarian
Consulting
nutritionist
Manager of multi
farm

Other

12- If your answer is “no” to the question above, [gase show how many times the
trucks leave your property to other premises per wek through the following table.

To
1. 2. 3. 4. 5.

1. Layers less than 400 birds

From | 2.Layers between 400 and 100,000 birds
3.Layers greater that 100,000 birds
4.Broilers

5.Turkeys

13- Please show the movements of the veterinariam the nutritionist from your
property to other premises per average cycle throdgthe following table.

To
1. 2. 3. 4, 5.

1. Layers less than 400 birds

From | 2.Layers between 400 and 100,000 birds
3.Layers greater that 100,000 birds
4.Broilers

5.Turkeys

14- What other precautions do you take to avoid dease spread in your property?
(Please check those that applies)

o Plastic cloths and gloves for employees

o Every employee must clean his hands before and afterork

o Clean the site after every production cycle

o Other
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15- If you answer one or more of the above, what the estimated cost per average

cycle?

Cost per cycle

(or) every twg
Cycles

Plastic cloths and gloves

Detergents

for cleaning

Production

cycle cleaning

Other

16- If your animals was not infected but are constined in a quarantine zone and
no birds movements are allowed in or out, how muctvill you estimate your loses?

Scenarios| Length of Movement ban Projected loss ($per head
1 One week

2 Two weeks

3 1 Months

p—

17- What is the projected monetary cost to pay workrews to vaccinate or test your
birds one time?

Vaccinate $

Test $

Hrs/days
Hrs/days

18- In case of an outbreak how are you going to mage the carcasses disposal?
o Incinerate the carcasses
0 Bury the carcasses

o Other

19- If you choose one of the above options, how ofucan you estimate the cost?
0 Incinerate the carcasses

0 Bury the carcasses

o Other

Comments
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