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Traditionally, cost-bene t analyses (CBAs) focus on the déct costs of animal disease,
including animal mortality, morbidity, and associated rgonse costs. However, such
approaches often fail to capture the wider, dynamic marketmpacts that could arise.

The duration of these market dislocations could last well &r an initial disease outbreak.
More generally, current approaches also muddle de nitionf indirect costs, confusing
debate on the scope of the totalities of disease-induced ecnomic impacts. The aim
of this work was to clarify de nitions of indirect costs in tle context of animal diseases
and to apply this de nition to a time series methodological tamework to estimate the
indirect costs of animal disease control strategies, using foot and mouth disease
(FMD) outbreak in Scotland as a case study. Time series analg is an econometric
method for analyzing statistical relationships between da series over time, thus allowing
insights into how market dynamics may change following a dease outbreak. First an
epidemiological model simulated FMD disease dynamics baskon alternative control
strategies. Output from the epidemiological model was usedio quantify direct costs and
applied in a multivariate vector error correction model to gantify the indirect costs of
alternative vaccine stock strategies as a result of FMD. lm@ct costs were de ned as

the economic losses incurred in markets after disease freeun is declared. As such,
our de nition of indirect costs captures the knock-on price and quantity effects in six
agricultural markets after a disease outbreak. Our resultsuggest that controlling a
FMD epidemic with vaccination is less costly in direct and direct costs relative to
a no vaccination (i.e., “cull only”) strategy, when considéng large FMD outbreaks in
Scotland. Our research clari es and provides a framework foestimating indirect costs,
which is applicable to both exotic and endemic diseases. Stadard accounting CBAs
only capture activities in isolation, ignore linkages acss sectors, and do not consider
price effects. However, our framework not only delineates tien indirect costs start, but
also captures the wider knock-on price effects between seatrs, which are often omitted
from CBAs but are necessary to support decision-making in aimal disease prevention
and control strategies.

Keywords: indirect costs, animal disease, foot and mouth disea
model, market impact, disease control strategy

se, time series modeling, vector error correction
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INTRODUCTION

to help determine who the economic impact of alternative aaim
disease scenarios likely fall upon.
Animal diseases represent threats to the enVironment, ahima A Country's animal disease status Changes over time. For
welfare, public health, and the economy. Livestock diseasgis reason, we assume direct costs are the sum of losses from
contribute to losses viaincreased mortality, reduced potifity,  the rst con rmation of a notiable disease outbreak until
control costs, loss in trade, decreased market value, aod fo disease freedom is declareid), Accordingly, indirect costs are
insecurity (). The economic and social impacts of livestockde ned as the economic loss incurred in a ected commodity
disease have been recognized globally, in both developed agfirkets (e.g., domestic and international trade) and ineoth
developing countries?). Quantifying the economic impact of an sectors (e.g., tourisnajfterdisease freedom is declared. Applying
animal disease outbreak is important in support of preventionhis de nition, indirect costs are related to knock-on e ects
and control decisions for improved animal health. (i.e., shocks) in markets as a result of changes in prices and
The economic costs of animal disease can be categorized @fantities for producers and/or consumers, which can also be
either direct or indirect losses. described as revenue foregone, after disease freedom. Using
Over the last decade, the direct cost of zoonotic diseases hfisease status as a marker, our de nition of indirect costs
been estimated at more than $20 billion and indirect losges Q)bjective]y di erentiates when direct costs end and indirausts
over $200 billion to aected economies as a whoB. (This  pegin to avoid double counting.
highlights that indirect costs are an important aspect of the A range of models are available for assessing the economic cost
economic impact of an animal disease outbreak, and as thegglivestock disease&(). Based on our de nition, indirect e ects
estimates suggest, can be larger in magnitude than dirests co capture the substitution and displacement in markets as atesul
(3-5). While direct disease costs are important, indirect costgf changes to price and output in agriculture and tourism sectors
are also of concern6} because the costs of disease do not7). Capturing such dynamics is challenging and there is a need
stop at the farm-gate, within the agricultural sector, oteaf for models that encapsulate the impacts of a disease outbreak in
disease-freedom is declared. Disease can a ect a wide rdngenultiple agricultural markets and linkages with non-agicial
sectors of the economy including rural business and tourisndectors 21). Traditional cost bene t analyses (CBAs) based on
(7). However, few studies evaluate the full economic cost Ghrm accounts and partial budgets cannot capture such dyrgmic
disease outbreaks)( Often only farm costs are considered andand as such partial equilibrium (PE,(22-24) and computable

indirect impacts are not included( 10). There is a danger that general equilibrium (CGE)7 25, 26) models are being used to
estimates of economic costs of animal disease fail to capture

indirect costs and may underestimate the true costs of an
outbreak. It is important to understand the full economic toé
animal disease outbreaks, and to achieve this, econoneasks TABLE 1 | Non-exhaustive literature review summary of the de nitionsf direct
cost frameworks must include indirect costs. This is esaknt and indirect components of animal disease costs.

to support holistic decision-making of disease prevention and; .. .oss

) - Indirect costs Source
control strategies because producers and policymakers reeed t
be aware of the broader disease impacts to improve animalkhealisible production losses (e.g.,  Disease control costs (11)
welfare strategies and policy. This will be particularly intpat  death, lower yield, and reduced  Revenue foregone from
if alternative policy options lead to signi cantly di erent firect ~ 9rowth) and invisible losses (e.g., - restricted market access
cost outcomes and hence di erent decision choices than woul§uced feriity and changes to
. A erd structure) losses
otherwise be indicated. D
. L ) isease control costs Export losses 12)
At the same time, even where indirect costs are conS|dereéi ) )
) ) . X o Isease detection, con rmation, Revenue foregone from @3)
in _the ar_1a|y3|s, the de nitions qf dlrec_t and indirect cos_l:% and control costs trade restrictions
animal disease outbreaks vary in the literature (as desdrib Production losses beyond the
Table 1). Some studies do not categorize economic costs as either agricultural sector
direct or indirect, while others do not explicitly de ne direand Farmert'ossis :ak'lng '”tod
indirect costs { 7). This non-exhaustive summary table highlights account market vaiue an
A i ) . A T compensation received
the inconsistency in the de nition of direct and indirect sts . . .
R L 3 L. Loss in pro tability Disease control costs 4
making it di cult to quantify and compare the economic impact __ . )
. K . i Disease losses that are Public expenditures and losses ©)
of livestock dlsease_s' In p_amCUIar’_ pr_eventlon and COI"lt[I!_jtS experienced at the herd level on  that occur beyond the farmgate
are allocated as either direct or indirect costs, depending Ofarm
the individual interpretation. The distinction between dit pisease control and prevention  Export losses )
and indirect economic losses of animal diseases is unclehr acosts
subjective. Often there are a lack of data and an analytic&bsses to agriculture, the food Losses to other sectors in the (15)
framework to capture indirect costs. Hence, there is a need fdndustry, the public sector, and  supply chain and tourism
a more systematic and uni ed framework on which to estimate®®"*""¢"
Disease management and Net economic welfare of the 16)

and assess the economic impact of animal diseak®s I is

. . . . .. carcass disposal costs
important to categorize direct and indirect costs more objesty

disease to producers,
processors, and consumers.
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estimate the indirect knock-on e ects of animal disease. A PE The culling of animals for disease control reduces their
model is based on supply and demand relationships to evaluageipply, disrupting domestic meat production. Economic theory
the impact of a shock, such as a disease outbreak, on one seassumes that the slaughter of animals will lead to a supply
of the economy assuming the rest of the economy is xed. Thishortage a ecting producers and consumers by increasing the
approach is thus simpli ed and ignores any sector interactionsprices consumers pay for commoditie36|. During an exotic
On the other hand, CGE models simulate how a multi-sectodisease outbreak, an export ban would be triggered which is
economy might respond to a shock until equilibrium is restared likely to put downward pressure on prices as meat destined
with linkages between di erent sectors. While CGE models linkfor export would remain within domestic markets. While this
multiple sectors and can represent the entire economy thesight be the case during an outbreak, what will happen in
also rely on economic data and in some cases estimates rofrkets after disease freedom is declared and how much prices
elasticitie$ to parameterize market responses. Hence, a weaknemsd quantities will adjust by? Time series analysis can hilp w
of these models is a reliance on estimates of elasticitieshwh this, using market data, to estimate such price and quantity
are often outdated or “guesstimated,” if available at allicw  changes, i.e., market response, without relying on estsnate
might a ect the model's performance and estimation. Therefor of elasticities from the literature. Hence, a more datas&sd
in the absence of good data or if elasticities cannot be estich  time series model can capture the relationship between prices
demand and supply relationships are based on assumptions. and substitution e ects between markets to compliment and
An alternative and complementary approach to PE and CGEeed into more comprehensive yet computationally demanding
modeling is times series analysis. Time series modelidgi§ assumption-based models, such as CGE models, which rely on
an econometric method for identifying patterns and repreggnt good data from existing literature.
statistical relationships between data series ordered twes, The overall aim of this work was to outline the steps necessary
and forecasting to predict using observed data. Time seride estimate indirect costs, i.e., the economic losses ieduin
models have been cited extensively in the literature inicdlgd markets after disease freedom is declared using a time series
in the disciplines of economics, mathematics, epidemiologynodel. We apply this in the context of a modeled Foot and Mouth
nance, meteorology, engineering, and natural sciencesime Disease (FMD) in Scotland. FMD is considered one of the most
just a few. However, their application in estimating the colst oeconomically signi cant livestock diseases globally duetso i
animal disease is somewhat limiteZB(29). In these examples, impact on production, as a barrier to international trade aridfn
time series models have estimated the impact that a diseasentrol/stamping out costs3). While the direct costs of FMD in
outbreak is likely to have on markets. The type of time serieScotland have been estimated, there is a need for indirect tmst
model selected depends on the underlying statistical progeerti also be estimated.@). Therefore, our paper seeks to remedy this
of the data 80). Time series models assume data are stationarypy estimating the indirect costs of a hypothetical FMD outbreak
such that the mean, variance, and autocorrelation structuré six of Scotland's important agricultural commodity markets,
do not change over time. Stationary properties of the datdi.e., beef, pork, lamb, chicken, milk, and feed wheat), dyd,
de ne which time series model to use. Vector autoregressivthis provide a more objective de nition of indirect costs using
(VAR) models B1) are a multivariate generalization of a a time series modeling framework. We considered agricultural
univariate autoregressive model, in which each variabla is commodity markets that were thought to be most a ected by an
linear function of past values of itself and other variablesFMD outbreak. The indirect economic impacts are likely to be
Alternatively, autoregressive distributed lag models) (are  felt much more widely than this study attempts to quantify.
based on regression equations to predict using current antl pas While FMD is likely to aect international trade and
values of time series. When cointegration is detected,laeg-  tourism, the data to support such analysis are not available
run relationship between variables, a vector error coicect at an appropriate resolution. Hence, our paper focusses on
model (VECM) is the most appropriate model to represent thehe domestic supply side evaluating indirect costs incurred by
data. A VECM estimates long-run equilibrium relationshipgla producers after a disease outbreak is over as an illustratfon
short-run dynamics between data series over ti®@.(Impulse  the method. The distribution of indirect costs was compared to
response functions (IRFsB4{) are a useful tool for forecasting direct costs on alternative FMD control strategies in Scutla
and determining the relationship between variables overeti We assess the potential impact of vaccine stock scenarios on
until a shock dissipates. An IRF describes the change in ablaria indirect costs on decision outcomes in a future outbreak aad
over atime after a shock in another variable. IRFs lend thérase the suitability of time series for contribution to decisiongport.
to modeling a disruption to supply chain shock, i.e., animals/accine capacity is importan8{, 38) and vaccination plays a key
culled following an outbreak, and simulating the responseuzh  role in large outbreaks of FMD in terms of the epidemiological
a shock in other variables. Once obtained, IRF coe cients carbene t (39 and direct economic costsl§). Hence, this paper
be interpreted as elasticitie35) on which to estimate price and evaluates the indirect costs of alternative levels of wasstocks
guantity changes for estimating indirect costs, i.e., thenemic  to compliment previous workX9). Our indirect cost estimation
losses incurred in markets after disease freedom is declare ~ framework can be applied to other animal disease outbreaks
in Scotland, the UK or elsewhere. The paper provides insights
into an econometric method which quanti es broader knock-
LJasticity measures the extent to which a proportional change imvamiable is ~ ON € €cts of noti able animal disease that a ect production and
associated with a proportional change in another variable. trade after an outbreak is over which are often overlooked.
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countries @). In addition, previously disease-free countries
Control strategy scenarios incurred outbreak costs of between $0.5 billion and $10duill
Baseline: “Cull only” (no vaccination) following an outbreak, i.e., between 0.2 and 0.6% of GB)P (
Alternative: “Cull plus vaccinate to live” These losses make FMD one of the most economically important
livestock diseases. In the UK, FMD is a noti able exotic disease
with the last outbreak in 2007 estimated to have cost the Briti
livestock sector over £100 million and the government £47
million (40). However, a larger, costlier outbreak occurred in
2001 generating losses of over £8 billigri)( During the 2001
Input outbreak, the rst case of FMD was con rmed on 20 February
data and the disease was eradicated by the end of September 2001, by
which time more than 6 million animals were slaughteréd)(
Animal health and welfare is a devolved issue in the UK,
i meaning the Scottish Parliament and Scottish Governmenghav
Epi model Time series responsibility for the health and welfare of animals in Scotland
Disease model FMD is a noti able disease and control mechanisms include
: Market e A .
dynamics dynamics movement bans and restrictions of the marketing of milk and
meat products during an outbreak. The principal control method
\ to eradicate FMD, as required under EU and national law, is the
slaughter of a ected animals (i.e., infected animals and éaogs
0 contacts) to prevent any further spread of the virus. Vaccorat
utput . . ! ) )
data is also an important tool in controlling FMD during an outbreak
However, preventative vaccination is banned under EU law,
but the Scottish Government considers emergency vaccimatio
disease control strategy during an outbred&k)( The presence
of a noti able exotic disease, such as FMD, will result in the UK
losing its FMD disease freedom status and trigger an export ban
Direct costs Indirect costs until disease freedom is declared. The loss of export trade may

Operational costs Revenue foregone persist beyond disease freedom should importing countriepaid
during an outbreak after an outbreak a precautionary approach.

L 4

Data Collection
Disease Disease Monthly agriculture commodity price and quantity data betwee
outbreak freedom January 2004 and December 2010600 156 observations) were
gathered from various sources for this study (SEsble 2.
FIGURE 1 | Economic cost modeling framework. Producer prices were adjusted for in ation using the producer
price index @7) to re ect real prices in 2011, the year in which
the modeled hypothetical FMD outbreak occurred. Some data
series were only available at either the UK or Great Britaelle
MATERIALS AND METHODS consequently these data were adjusted to re ect Scottistegric
or Scotland's share of the UK's or Great Britain's volume of
Our indirect cost methodology was demonstrated in the cghte production. The prices of UK pork, lamb, chicken, milk, and feed
of a FMD outbreak in Scotland. The indirect cost modelingyheat were adjusted by 0.99 to re ect prices in Scotlandikedat
framework Eigure 1) for estimating indirect costs involved the 5 Uk levels ¢9). Wholesale milk production was adjusted
following four steps: (i) collection of input data; (i) sefem and g re ect Scotland's share of the UK's milk productiorq).
speci cation of a time series model to simulate market dynesni - gcotland's production of feed wheat was also adjusted to re ect
(iif) simulation of disease dynamics by way of an epidemima  scotland's share of Great Britain's producticii), Scottish cattle,
model; and (iv) estimation of indirect costs based on ingingy Eig and lamb slaughtered in Scotland was adjusted to re ect

output from the time series model and epidemiological modekscottish livestock slaughtered in the rest of the UK (i.eef82%,
under alternative disease control strategies. This meitagical  pig: 5506, lamb: 15%35().

framework is described below. Scotland was assumed to be a closed economy in terms of
_ _ economic impacts on domestic supply because trade (i.e., export
Overview of Foot and Mouth Disease and import) data were not available at an appropriate monthly

FMD is a highly contagious viral disease a ecting ruminantsyesolution to determine the indirect cost after disease foeed
including cows, sheep and pigs. Globally, FMD is estimated ts declared. Consumer demand was assumed not to be a ected
cost endemic countries between $6.5 and $21 billion annuallpecause FMD is not a zoonosis and there was not su cient model
due to visible production losses and vaccination costs ireemid  power to include retail market data series.
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TABLE 2 | Description of monthly price and quantity data series.

Data series Description of data Units References

(Acronym )

Price of beef Average monthly farmgate price of Scottish steers £ Per ton (QMS 2017, personal communication, 20
(PBeef) (deadweight price) October)

Price of pork Average monthly farmgate price of pork in the UK £ Per ton (QMS 2017, personal communication, 20
(PPork) (deadweight price) October)

Price of lamb Average monthly farmgate price of lamb in the UK £ Per ton (QMS 2017, personal communication, 20
(PLamb) (deadweight price) October)

Price of chicken Average monthly wholesale price of chicken in the UK £ Per ton (Defra 2017, personal communication, 1
(PChicken) (roasters 2050g and under 2450g) September)

Price of milk Average monthly farmgate price of milk in UK £ Per liter 48)

(PMilk)

Price of feed wheat Average monthly farmgate price of feed wheat in the UK £ Per to @4)

(PWhea)

Quantity of cattle Quantity of cattle (including nished and culled cattle) of Ton (Scottish Government 2017, personal
(QCattle) Scottish origin slaughtered (carcase weight) communication, 3 October)

Quantity of pig Quantity of pigs (including sows and boars) of Scottish orig Ton (Scottish Government 2017, personal
(QPig) slaughtered (carcase weight) communication, 3 October)

Quantity of sheep Quantity of sheep (including lambs and ewes) of Scottish Ton (Scottish Government 2017, personal
(QSheep) origin slaughtered (carcase weight) communication, 3 October)

Quantity of chicken Quantity of poultry of Scottish origin slaughtered (carcas Ton (Scottish Government 2017, personal
(QChicken) weight) communication, 3 October)

Quantity of milk Quantity of wholesale milk produced in the UK Liters 46)

(QMilk)

Quantity of feed wheat Quantity of Scottish feed wheat (animal feeding stuff) Ton @6)

(QWheat)

production in Great Britain

Time Series Model Selection

A time series model was used to quantify the indirect costs, i consistent scale.
the economic losses incurred in markets after disease draed
is declared, in domestic commodity markets associated with Testing of Stationarity and Cointegration

FMD outbreak in Scotland. The steps for selecting the mos$tationarity is an underlying statistical property of datauigd

appropriate time series model are presenteHigure 2[Adapted
from Wooldridge 62), Johnston and DiNardo53)]. Following

were expressed in natural logs to ensure the series were on a

for time series analysis. A stationary process is such that the
mean, variation, and autocorrelation in the structure oéttiata
data gathering and transformation, the order to which dades  do not change over time. A trend in the mean due to the presence

are integrated and the presence of cointegration deterntines of a unit root or deterministic trends are causes that vieltte
times series model selected. In our case, a VECM was setexted underlying assumption of stationarity.
an IRF evaluated market dynamics resulting from a hypothktica The data series were tested for stationarity (i.e., the pase

outbreak for the estimation of indirect costs.

Data Exploration and Processing
Descriptive statistics and plotting were used to summarizerder O, or at the level, ifY

of unit roots) using the augmented Dickey-Fuller [ADEd] test

to detect the order of integration, a metric describing atuobt

process in time series analysis. A time serigsisvYintegrated of

| .0/ is stationary; is integrated

and visualize the characteristics and patterns in the dataf order 1, denoted by[1), if it is not stationary but the rst

series, including the presence of seasonal variation. Balasodi erence (i.e.,Y;
adjustments were performed by estimating and removingtationary, butY;

Y: 1) of the series is stationary. Y§ is non-
| d such thatd > O is stationary, then

seasonality from the data to understand underlying trendd a the data series is integrated of ordierAgricultural commodity

movement in the data over time, masked by seasonal variatiamarket data are assumed to be stationary but typically suth da

(54-57). Data were expressed in natural logarithms to ensure thexhibit non-stationary behavio50).

series were on a consistent scale.
Following the methodological frameworkFigure 1), data

Examining

the stationary process of the data and
cointegration between the time series will determine withici

series were decomposed into seasonal, trend, and residumbdel to analyse the dat&igure 2 Adapted from Wooldridge
components Figure S). The seasonally decomposed data serie2) and Johnston and DiNardo 5Q)]. Cointegration is a
suggest that the pattern of seasonality is similar acrosstingon statistical property that identi es long-run relationshipgtween

for each variable. Therefore, seasonality was removedieelgli
before modeling the data. Following removal of seasonaléya

data series. Data series are cointegrated if all the seres a
integrated of order 1, (i.el,(1)) and a linear combination of
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Time series of data

Y

Data collection

Data exploration Descriptive statistics and data visualisation
Data processing Data transformation, and seasonal adjustment
|
v v v v
All data series All data series All data series All data series
Test of stationarity stationary at I(0) stationary at 1(0), I(1) stationary at (1) and stationary at I(1) and
i or (0) and I(1) 1(2) cointegrated

Model selection . Autoregressive Auto regressive Vector error correction
Regression distributed lag models model

FIGURE 2 | Summary of steps in time series model selection. Source: Agaed from Wooldridge 62) and Johnston and DiNardo §3).

these series are integrated of order O (1.€2)). If cointegration denoted byl (wherel D 1, :::, p 1) andt is the time period.

is present, this suggests there is an equilibrium relatignshiu is aK 1 parameter vector associated with the intercept and
in the long-run, although the series may diverge from that is aK 1 parameter vector associated with a time trend,
equilibrium in the short-run. Johansen's trace te§t3(is a The deterministic regressonsand contribute to both the short
statistical procedure to determine whether two or mdi@) and long-run components of;. 0, is aK K matrix of sbort-
time series are cointegrated. The Johannsen's trace testsgds run dynamic adjustment coe cients atlag 1 ofY; |. ~is
because it is robust to skewness and excess kurtosis. Imsige caK K error correction matrix and the long-run equilibrium
that cointegration is present a vector error correction mbige SIationship amongy; is determined by the rank, The matrix
selected, which models both short and long-run relatiopshi contains long-run relationshipé assuming there is a reduced
jointly in multiple data series. In cases where no cointagrat rank of 0 r K it follows that = D ° The strength of

is detected alternative models, such as autoregressive aggintegrating relationships is determined byand ° Where,
autoregressive distributed lag models, are appropriéigure 2 isak r matrix of speed of adjustment to equilibrium coe cients
Adapted from Wooldridge$2) and Johnston and DiNardd&@)].  of which K variables adjust to error correction terms at varying
speeds and ®isar K matrix of long-run cointegration
coe cients. "t isaK 1 vector of independently and identically
distributed errors over time with a mean of 0 and covariance
matrix, 6 -. Following this,aVECM{ 1)in (1) can be written as:

Model Selection

Statistical testing for stationarity and cointegrationsdebed
above and outlined irfrigure 2[Adapted from Wooldridge %2)
and Johnston and DiNardds@)] identi ed that a VECM model
was appropriate. The Results section describes the outcome of 1Yy D CdCO011Y; 1C021Y; 2C:::

the statistical testing. A VAR model of order(wherep is the 0 "
number of lags), or a VARY), combined with an error correction COp Yo nC ¥ ,C* @
model can be modeled as a VECM wijth 1 lags, i.e., VECMY Pp Q

1) (33). According to the Granger theorent(-62), a general where,0; D ~jpbicr Based on the VECH( 1) (2)’_
multivariate VECMp 1) with K endogenous variables, an &0 IRF was estimated to evaluate how 12 endogenous variables

intercept,u, and time trenddt, takes the form: (i.e., PBeefPPork PLaml PChickenPMilk, PWheat QCattle
QPig QSheepQChicken QMilk, and QWhea) responded to

3 impulses, or shocks, (i.eQCattle, QPig and QSheepat a
particular point in time and subsequent periods. An IRF gives
the response of thkth variable when a system is shocked by one
where,Y; isaK 1 vector ofK | .1/ endogenous variables such standard-deviation in thgth variable, and the matrix allows
that the rstdierenceisY; D Y; Y; 1. The number of lags is for alternative responses in di erent variables. When data ar

X p1 Y
1;D C tC 01Y,;C Y C" (1)
ID1 t 1
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expressed in natural logarithms, the IRF coe cients represhat premises may infect susceptible ones as a function of inten-fa
percentage change in théh variable when the system is shockeddistanced;j.

by a 1% change in thgh variable. As such, the values of IRF A baseline scenario of a “cull only” (i.e., no vaccinatios) v
coe cients are interpreted as elasticities, namely IRF @#gs. alternative scenarios of “cull plus vaccinate to live” poliegs
The IRF estimates the response of endogenous vakallgc, ~ simulated. The availability of vaccine stocks at the stérao

to a one-time impulse, or shock, in variableY;j ¢, from time  outbreak was considered assuming only cattle were vaednat
t to time t C n. Where, nD 0,..., N is the number of time and that vaccinated animals would become immune to infection
periods speci ed over which the endogenous response variab#gter 4 days 42). As in previous work {9 39, we made
evolves with all other endogenous variables at tinoe earlier the conservative assumption that during this 4-day delay, al

held constant. The IRF is expressed as: cattle are completely susceptible and if infected, the disease
X progresses in the same way as for non-vaccinated cattle. &t'e al
Y, tcn D i"tcn i (3) considered that not all cattle present on vaccinated farmslevo
Y'DO become totally immune, with 10% of the cattle remaining ligta
f ng; D I'f’_tcn (4) susceptible to infection and able to transmit the virus tonfar
it that were not vaccinatedsg). In line with current regulations

in place in Scotland, we assumed that the vaccination campaign

where, Y, tcn IS a function of current and lagged ImpUIS'eS’V\{ouId start 14 days after the disease is rst detected, afigwi

or shocks, and accordingly an IRF represents the adjustmert‘he decision to vaccinate to be taken, the doses of vaccine to

r nd im f hock over time. Th ients i . . : Y
process and impacts of a shock over time e coe clents 'he received from the appropriate vaccine bank and vaccination

i are the impulse response functions, whereis an x k - . .
K © . hL pons: ' teams to be mobilized and actively deployed in the eld. Once
matrix of j matrices depending on the number of response o : o
. . - the decision to vaccinate has been made, vaccination would be
variables,Y) 1, impulses,Yj ¢, and n, the number of specied

. . . - ._implemented within a 10-km-radius bu er around each IP and
time periods over which the response variables evolve and time

. . . T . carried out within the recommended 24 K3%).
periods after which the impulse dissipatesA generalized IRF . . \
. S The model simulated the e ects of the Scottish Government's
assumes that a shock occurs at a single point in time such th

S . ) . - f—nMD contingency plan under alternative vaccine stock scesari
shocks in di erent variables are independent and invariant to,. S : -
(i.e., initial vaccine stocks ranged from 100,000 to 5 omilli

the oro!ermg of vangblesS@). If correlation bet\(veen the eIror - 4oses as in Porphyre et alL9). Brie y, we considered that, for
terms is detected it suggests that a shock in one variable is . . : . .
. . . . each vaccine stock scenario, 10,000 epidemics were sichulate
likely to be accompanied by a shock in another variable and an

. . assuming that FMD is introduced in a single susceptible her an
orthogonalized IRF is used to model structural shocks. spread silently to four additional herds due to delays in deie

Epidemiological Model new incursion events. Although we arbitrarily considereaith

We used the Warwick FMD model to simulate the spread of FM pputbreaks will be initiated with ve infectious premises, thias
following a hypothetical introduction in Scotland in June 2011Pased on the fact that: (1) itis unlikely for cattle farms éonain
and simulate various scenarios of vaccinatio®)( This model is Undetected for long period of time given the high awareness of
a fully stochastic, spatial, farm-based model that was dpeell farmers to the disease in the UK due to the traumatic experience
and used during the FMD epidemic in 2001 in Great Britaiiz¢ ~ during the 2001 outbreak; (2) the noticeable symptoms of FMD
67) and was later modi ed to represent the Scottish livestocknection in cattle 68 and; (3) the implementation of the
industry (39). Although transmission of FMD is restricted to stgndstﬂlregulaﬂons which would limit the spread qf F_MD doet
all farms with cattle, sheep or both, disease control awivi animal movementg). As such, the spread of FMD is likely to be
implemented in the model will involve farms showing atleaseo Mostly driven by local spread and a ect a relatively small nemb
animal susceptible (including pigs and deer). The model ferrth of farms within gghort perlod. Over all simulations, we used th
assumes FMD individuals will pass through four epidemiologicaS@me set of all initially infected herds. These were locat¢e
states: susceptible; infected, but not infectious; infesti or ~county of Ayrshire, which has a high density of premises and
reported infected and thereby culled. Following the introtion ~ @nimals, and has been previously identi ed as an area whereth
of the virus in a giverjth premises, the model assumes that eacl Potential for extensive initial sprea@), and hence represent
ith premises is infected with a daily probability; depending the worst case scenario for FMD spread in Scotland.

on its own susceptibilitg and on the transmissibilityl; of the Output data from the epidemiological model included the
surroundingj premises such that: number of animals (i.e., cattle, pigs, and sheep) culled feake
0 1 control purposes, which informed the estimation of indirect
X costs. Direct economic costs, i.e., the economic losseséttin
MiD1 exp@ § TiK dj A markets before disease freedom is declared, were estinmated f
i6p the epidemiological model data and are publish&@) (

whereS andT; depend on the species (i.e., cattle and sheep) anlindirect Cost Estimation

on the related herd size on premises3(67). The component The indirect costs, i.e., the economic losses incurred inkets

K dij is the so-called “transmission kernel function” and after disease freedom is declared, associated with a FMDeaitb
determines the scaling factor on the rate at which infectedn Scotland were estimated by integrating output from the time
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TABLE 3 | Summary statistics of monthly agriculture commodity priceind quantity data between January 2014 and December 2016 D 156 observations).

Data series Minimum Maximum Median Mean Standard Coef cient of
(units) deviation variation
Price of beef 2,446 3,870 3,132 3,126 400.32 0.128
(£ per ton)

Price of pork 1,096 1,667 1,401 1,400 114.34 0.082
(£ per ton)

Price of lamb 2,317 5,476 3,711 3,694 566.18 0.153
(£ per ton)

Price of chicken 928 1,681 1,347 1,341 140.27 0.105
(£ per ton)

Price of milk 0.20 0.32 0.26 0.26 0.03 0.109
(£ per liter)

Price of feed wheat 78 207 117 129 36.18 0.281
(£ per ton)

Quantity of cattle 12,034 19,226 14,996 15,353 1,746.00 0.114
(ton)

Quantity of pig 1,679 7,246 4,580 4,230 1,502.50 0.355
(ton)

Quantity of sheep 2,073 9,048 5,376 5,319 1,429.50 0.269
(ton)

Quantity of chicken 1,841 11,337 6,868 6,892 2,017.50 0.293
(ton)

Quantity of milk 92,533,221 131,099,341 106,746,572 107,461,126 7,978,941.54 0.074
(ton)

Quantity of feedwheat 4,282 41,042 16,139 16,510 7,560.56 0.458
(ton)

series model (i.e., IRF elasticities) and epidemiologicatleho is declared:
(i.e., number of animals culled inputs into the indirect cottne
series model). X3 X
The IRF elasticities capture the changes in the levels of ICsD iD1 o1 (Pia Qia) (R Qi) ®)
prices and quantities in six commodity markets (i.e., beef,

pork, lamb, chicken, milk, and feed wheat) following the here | denotes commodity markets for beef, pork, lamb,
culling of 1% of animals (i.e., cattle, pig, and sheep). The IREhicken, milk, and feed wheat, aidepresents cattle, pig and
elasticities capture the adjustment of prices and quantittes sheep culledP, and Q; are the price and quantity in théh

a long-run equilibrium until the e ect of the shock dissipates ., mmadity market, respectivelydenotes the period before the
over time. We identi ed the period in which the impact of o ireak andd is the period after disease freedom is declared
the shock dissipated, i.e., the change in the IRF elasticitiegi| the supply shock dissipates. To quantify the total indirec

tended to zero. This determines up to what period to sum the.,sts across the six markets, the change in revenue is summed

IRF elasticities to quantify the total economic impact of the,crgss the commodity markets for animals culled for alteieat
animals culled.

. . scenarioss
To estimate the total impact of the supply shock, the IRF

elasticities were multiplied by the epidemiological shock. i
number of animals culled as output from the epidemiological X 3
; ; ; sD

model) as a proportion of the national production herd D1
[1,803,937 cattle; 389,995 pigs; and 6,801,134 sheep inQlLtie 2
(70)]. As a result, the IRF elasticities re ect the total economi
impact of a supply shock taking into account the size of thevhere Elpjj is the IRF elasticity of price of théh market,
outbreak in terms of animals culled. Pi, with respect to thgth species culled, and thely; is the

The indirect costs|Cs, of alternative vaccination strategies, IRF elasticity of quantity of theth market, Q;, with respect
S and six domestic commodity markets (i.e., beef, pork, lamkip jth species culled. The IRF elasticities, estimated from the
chicken, milk, and feed wheati, were estimated. The indirect time series model, capture proportional changes in the levels
costs are associated with price and quantity changes,hange of price and quantity changes as a result of animals culled.
in revenue or revenue foregone, in each markets a result Finally, the total economic cost is the sum of indirect and
of a supply shock of animals cullegl, after disease freedom direct costs.

X 6
oy (Pit (1C Elij ) (Qit (1C Elgij ) (Pix Qir) (6)
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FIGURE 3 | Times series of real producer prices ofA) beef, (B) pork, (C) lamb, (D) chicken, (E) milk, and (F) feed wheat between January 2004 and December
2016, inclusively.

RESULTS the mean) is quantity of milk produced and quantity of

feed wheat produced, respectively. On average, there is
The objective of this paper was to demonstrate a methog higher variation in the quantity of commodities rather
for estimating the indirect costs, i.e., the economic lessehan the price of commodities.Figures3 4 show the
incurred in markets after disease freedom is declaretjata series of prices and quantities, respectively, plotted
under alternative disease control strategies using timgyertime.

series analysis.

Test of Stationarity and Cointegration
Data Exploration and Processing The ADF unit root test §8, 71) was conducted on each data
Table 3 presents descriptive statistics for the data serieseries to determine to what degree data series are intey/Ete
The lowest and highest variation, according to theADF testindicated that 11 of the 12 data series containectwer
coe cient of variation (i.e., ratio of standard deviationot stationary atl(1)), excepQSheefi.e., quantity of sheep) which
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FIGURE 4 | Time series of quantities ofA) cattle (B) pig (C) sheep (D) chicken (E) milk produced and (F) feed wheat produced between January 2004 and
December 2016, inclusively.

is stationary at the level, i.8(0), at the 5% level of signi cance. signi cance. Since cointegration is detected, it was ipooated
While a VECM requires all variables to be stationaryl éit), into our model because otherwise its omission contributes t
in systems with three or more series a VECM is appropriatenisspeci cation error.
providing at least two of the variables are stationary(&) (72).
Therefore QSheeploes not impact the validity of our VECM.  Vector Error Correction Model
The next step was to test for cointegrating relationshipdn this paper, a VECM is estimated because of the presence of
between the variables. The Trace statisfieble 4 tests the null ~ stationarity in the data series &(1) and cointegration. Long-
hypothesis that there are no cointegrating relationships,fiD  run relationships were estimated using maximum likelihood
0) against the alternative that there is at least one comategy for a VECM(1) with 12 endogenous data series (ke.D12),
relationship (i.e.r 1). one lag (i,e.p 1 D1), two cointegrating relationships (i.e.,
The trace statisticlable 4 indicates at least two cointegrating r D2), and a constant deterministic regressor as shown in
relationships among our data series at the 5% level dillanetal. ().
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TABLE 4 | Johansen cointegration trace test for determining the numer of The estimated coe cient matrices for the VECM)are reported
cointegrating relationships, r. in Tables S1-S5

Null hypothesis Alternative hypothesis Trace statistic p-value

. - 37315 <0.001 Impulse Respo_nse_Funct_lon _

- P2 29226 0.02 Once a VECM was identi ed an impulse response function (IRF)
ro2 ro3 237.76 0.06 was estimated to evaluate short-run dynamics. The coicelatf

r o3 ro4 185.55 0.16 the variance covariance matrix suggests there is littlestation

ro4 rs 141.05 0.32 between the coe cientsTable S§. In which case, a generalized
rs rs 103.10 0.51 IRF is the most appropriate IRF, which is invariant to the order

r o6 ro7 75.88 0.51 . : , .
R 8 5405 0.46 of endogenous variables. A generalized IRF was estimatéd wit
- r9 3271 0.58 1,000 bootstrapped replications. The supply shocks dissipate in
roo r 10 18.65 0.53 the market variables at di erent time horizons, from 2 to 13

r 10 ro1 8.78 0.39 months. The IRF elasticities capture the response of variables
ro1u rbiz 3.20 0.07 a 1% shock decrease in the production of caffligre 5A), pig
Maximum-likelihood test of the cointegrating rank. (Figure 5B), and sheepKigure 50 due to animals culled until
Trend assumption: Constant. the supply shock dissipates. As described in the Materials and

Lag selection (lad> 1) based on Akaike information criterion (AIC) and Bayesiananfation

o> Methods, these IRF elasticities represent a 1% change because
criterion (BIC).

the data are expressed in natural logarithms. The IRF eléssici
were multiplied by the hypothetical epidemiological shock as
a proportion of the national production herd [1,803,937 cattle

1 In PBegqf 389,995 pigs; and 6,801,134 sheep in June 200)1{q estimate
1In PPork the total impact of the supply shock.
In PLamhb

1 In PChicken

2 3 2 3 Indirect Costs
1 011 0112 The magnitude of indirect, direct, and total costs condudive
pd :6cq . -
that economic costs vary with size of the initial vaccineckto

3
1 In PMilk;
11n QBeef : large outbreaks is presented kigure 6. These results suggest
1 In QPork 12 0121 01212 Total i . 4 ' h
11n QSheep otal economic costs range from £400 to 950 million, wit
3

1 In PWheat

median direct costs between 10 and 24 times larger in madaitu

llnlr?glr\]/:ﬁltfn than indirect c_osts. Indirt_ect costs con;titu_te 9% of total sost
1 In QWheat under a baseline scenario of no vaccination (i.e., “cully®nl
2 and between 4 and 8% of total costs under alternative scenario
1In PBesf 1 of “cull plus vaccinate to live” as the size of the initial vinec
1inPPork 1 bank decreases from 5 to 0.1 million doses. Losses in rexvirnue
linPLamh 3 some commodity markets (e.g., beef, pork, lamb, and chicken)
1In PChicken 2 3 are partially o set by gains made in other commodity markets
1InPMilk; 1 11 12 (e.g., milk and feed wheat). Hence, the net e ect on indirect
1inPWheat 1 c 2 : : g 1150 112 costs is likely to be lower compared to the presumption that all
1InQBeef ; : 21100 212 commodity markets lose revenue during an outbreak.
1InQPork 1 121 122 The distribution of indirect costs, i.e., the economic Issse
1InQSheep 4 incurred in markets after disease freedom is declared, in the
11n QChickenp baseline and alternative vaccine stock scenarios is pebémt
1In QMilk; 1 Figure 7. Controlling an FMD epidemic with vaccination has
11nQWheat ; a lower median indirect cost than the baseline scenario of no
In PBesaf 1 vaccination (i.e., “cull only”). Overall, there is less artainty,
In PPork 1 i.e., spread, in indirect costs associated with vaccination
In PLamh 1 compared to the baseline strategy of no vaccination. Varttieg
In PChickep 1 size of the vaccine stock impacts on the variability of inclire
In PMilk; 1 "lt3 _cos:ts associated wit_h an ou_tbreak. Th_ere is widgr variaition
In PWheat 1 2 ] % @ indirect costs g;somated with alternative scenario of/vb_en
In QBeef , : 0.1 and 0.3 million compared to 0.5 to 5 million doses in the
In QPork 1 "12t vaccine bank. These results suggest that vaccinationaivedly
In QSheep , more bene cial than a strategy of no vaccination. Howevesyen
In QChicken 1 uncertainty is associated with fewer doses of vaccinesikto
In QMilk; 1 0.3 million) compared to more doses of vaccines (i.e., 0.5t0 5
In QWheat ; million) in the bank, when considering indirect costs.
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FIGURE 5 | Impulse response elasticities associated with a 1% increasi the quantity of(A) cattle (B) pig and (C) sheep culled for disease control purposes.

DISCUSSION have contributed 91% of total cost3)(To a certain extent, the
ratio of indirect to direct costs may depend on the de nition
Our study conrms controlling an FMD epidemic using of direct and indirect costs used. Our de nition of indirect
vaccination costs less, on average, than under a no vaminat costs considers indirect costs as the losses after diseaderfre
strategy ). In our study, indirect costs constitute only betweenis declared and is comprised of change in revenue in various
4 and 9% of total costs. In other studies indirect costs @(CG%gricu]turm Commodity markets. Economic losses experiénce
direct costs, i.e., between 79 and 979bdr 29% of total costs during an outbreak are de ned as direct costs. In our studg th
(5). Over the last decade the indirect costs of zoonotic diseasoss in revenue in some commodity markets (e.g. beef, pork,
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FIGURE 6 | Median direct, indirect, and total costs (£ million) assoated with
the baseline (no vaccination) and alternative (vaccinatipvaccine stock
scenarios (i.e., 0.1, 0.2, 0.3, 0.5, 1, and 5 million doses)tahe start of the
epidemic. Green and orange lines represent median direct ahindirect
economic costs, respectively.

consistent framework to evaluate them, making it dicult
to assess the costs of alternative animal disease relative to
one another. An economic cost framework should “(1) Be
consistent with economic principles; (2) Be derived from and
consistent with veterinary control measures; and (3) ldelu
an explicit de nition of the economic perspective and the
stakeholders included”1@). Our framework meets these three
criteria because; (1) it distinguishes objectively betwdieect

and indirect economic costs using disease status to avoidldoub
counting costs; (2) the estimation of costs is derived from
veterinary control measures adopted by the Scottish Governim

in an epidemic scenario; and (3) direct costs incurred during
an outbreak are broken down by economic perspective of
government and industry19) while indirect costs come from
the economic perspective of markets considered, in our case
the producers of agricultural commodities. This indirectsto
framework can be extended to other economic perspectives,
e.g., tourism and retail, explicitly taking the perspective of
stakeholders beyond the farmgate that are impacted after an
outbreak, which is often not considered in other studies.sThi
aspect is important for policy makers responsible for disease
outbreak prevention and mitigation decisions who may be
required to make important and di cult choices at regional,
national or international level. Failure to account for ingia
beyond the farming sector has been a criticism of decision
making in previous UK FMD epidemics/@, 74). Besides the
direct costs associated with production, economic modely ma

be called upon to inform producers and policy-makers of the
broader knock-on e ects associated with indirect costs after
disease freedom is declared because such costs might a ect
lamb, and chicken) are partially o set by gains made in othewarious markets and also have implications for trade.
markets (e.g. milk and feed wheat). Therefore, the overatl n  This paper presents a framework that outlines the necessary
e ect suggests the magnitude of indirect costs is lower thasteps to estimate indirect costs, i.e., the economic lossaséd
had all the commodity markets su ered a reduction in revenuein markets after disease freedom is declared, using timesserie
Furthermore, the loss in revenue in exports was not consitlereanalysis. Using agricultural commodity data, time serieslel®
because export trade data were not available. The loss oftexpoan capture market dynamics and the knock-on price and
trade may persist beyond disease freedom should importinguantity e ects between markets, which are often omitted from
countries adopt a precautionary approach. Other examples dfaditional farm account-based CBAs and other methods. RE a
0 setting could include: decrease in employment in a partioul CGE models have been used to explore the indirect costs of
sector and increase in employment to an economy overalgnimal disease outbreaks. A drawback of these models ithidiat
costs to one farm o set by gains to other farms; and reducedhey are sometimes based on strong assumptions in the absence
tourism expenditure vs. an expansion in household expendituref good data, e.g., elasticities, de ning the demand and suppl
(7). Furthermore, an exotic disease, such as FMD, is likely teelationships in multiple sectors to anticipate the likely ecmic
have indirect consequences that were felt over a larger mumbimpact of a supply shock. Often elasticities are taken from the
of sectors than this study attempts to quantify, e.g. tourismliterature or assumed unless estimations are developedttjire
and retail (7). Lower than expected indirect costs may also bdor the model. By contrast, our econometric approach estimates
explained by the vaccine bank scenarios considered in thisrpapelasticities directly from data to capture production and pric
because only the worst case scenario for direct costs wiasea@d dynamics and equilibrium levels, without the need for retyin
(39. In addition, we have not considered the costs of farmon the literature or making key assumptions and as such can
management practices such as restocking livestock, folgppwircomplement PE or CGE models.
disease freedom, that could have disease implications ot su PE models can examine a single sector or multiple markets
costs could be included as additional component of indirests.  capturing changes in production and prices. An advantage of
In the future, it would be interesting to consider other saeios CGESs over time series models is that they can represent areenti
and how the trade-o between direct and indirect costs varie economy. However, a drawback to CGEs is the use of more
under alternative prevention and control strategies. complex modeling techniques and results that can be di cult
Economic cost frameworks that classify costs as eithdo interpret (21). Our time series model can incorporate further
direct or indirect are often subjective and there lacks amarkets and sectors, providing such data are available pwith
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FIGURE 7 | Kernel probability density function of the distribution oihdirect economic costs (£ million) associated with the baaline (no vaccination) and alternative
(vaccination) vaccine stock scenarios at the start of the égemic associated with(A) 0.1, (B) 0.2, (C) 0.3, (D) 0.5, (E) 1, and (F) 5 million doses. Dashed vertical red
and blue lines represent the median indirect economic cost$or the baseline and alternative scenarios, respectively.

the modeling complexity of a CGE. A review of economic modelshe tourism industry are similar in magnitude to that of less
found that CGEs do not explicitly link to an epidemiological to agriculture and the food supply chairl¥). Our framework
model because this requires further developmeti).(Multi-  demonstrates how indirect costs can be estimated, but thidyst
market models have also been used to model the impact aoes not quantify all potential indirect costs. The scope oirict
changing access to export markets on breeding and investmeoabsts can be broadened with our methodology provided that
decisions 24). Such integration does not feature in our time appropriate data, such as tourism revenue and retail market,
series model. Nevertheless, our time series model is linkeate available. Our IRF was t with 12 response variables, each
with the epidemiological model because the indirect cosés amwith 156 observations (i.e., 13 years of monthly data), dneet
derived from the number of animals culled. Although the mtsde shocks but did not have enough forecasting power to include
are not integrated fully, a development which requires ferth additional variables. To investigate the relationshipAzsn the
interdisciplinary research. Despite this, our paper illustsate supply shock of animals culled and tourism or consumer demand
the usefulness of time series analysis in modeling the intlire would require an extension of the data series or fewer impulse
economic costs of an animal disease outbreak. or response variables, which was not possible for this study.
FMD is not a zoonotic disease i.e., it has no human health oAlternatively, a separate time series model to represent ecoasu
food safety risk. For this reason, the retail response of wmes demand and tourism could be considered.
demand was not considered. However, the FMD outbreak Data availability can also restrict the scope of indirect €ost
of 2001 had psychological impacts on members of the rurastimated when considering time series modeling. UK market
community (75). Indirect costs arising from tourism were also data are available but often such data are not disaggregated
not considered. It is suggested that economic losses grisdm  into UK administrations, such that regionalization canno¢ b
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accurately considered. For this reason, access to publicatrade relationships with global trading partners under Brexit
available data at a disaggregation required, i.e., monthlynderstanding indirect costs will become even more impattan
observations for Scotland, at the farmgate can be problematiThe UK is a net importer of agri-food production from the EU,
Where possible we have used Scottish-specic data in ourhich could have implications for EU farming and food sectors
model, otherwise UK-level farmgate price and quantity dateewe (80). The anticipated price and production changes will vary
adjusted to re ect a regionalisation for Scotland. Likewiset depending on trade agreement considered and whether the UK
export trade data were only available quarterly for the Ukelev is a net importer or export of individual commodities concedhe
however such an aggregation did not allow for su cientvditen ~ (81). There are also concerns as to the supply and access of
in the data. Hence, indirect costs do not capture the impact ofaccines post-BrexiB@). In an emergency epidemic, this could
animal disease outbreak on trade ows. If a country a ectechby pose a risk to the UK's disease status, food security and could
disease outbreak is a large exporter of livestock, a shodkein thave knock-on e ects for trade relationships. For example, the
domestic market will have knock-on e ects into internatidna UK may no longer have access to the European Union's FMD
markets, and consequently international prices if there ris avaccine bank. The UK has a reference laboratory for FMD but
export ban {6). in the face of an outbreak would the UK's national vaccine bank
If animal health is considered a public good7], better have su cient stock? Hence, as much uncertainty remains, it
estimates of indirect costs are necessary to support deeisiois important that alternative Brexit scenarios are consideie
making for animal disease prevention and control strategies  anticipate the perceived impact of leaving the EU on various
The Scottish Government's animal health and welfare sisate agricultural markets and rural sectors of the economy anel th
is to prioritize limited resources and to consider cost shgri implications for disease risk and the associated econonsitsco
responsibilities for preventing and controlling diseaseeriiore,
indirect costs are a concern for policy makers to understand
the cost of alternative prevention and control strategies ICONCLUSION
context of one another given the allocation of limited resms.
Governments need to appropriately balance the costs of diseaseconclusion, this paper has presented a framework for de ning
control between industry and the tax payer, ensuring nahciaand estimating the indirect costs, i.e., the economic losses
support for farmers and value for money for taxpayers. Duringncurred in markets after disease freedom is declared, of an
the 2001 UK FMD outbreak, farmers were compensated £14nimal disease outbreak. The time series model identi ed wa
billion for the slaughter of animals and disposal and cle@n-u VECM, a useful tool for capturing knock-on market dynamics
costs. In addition, the epidemic costed £1.3 billion to eratiic following a disease freedom/outbreak. Overall, in terms of
and other public sector costs amounted to £0.3 billion. Thendirect costs it is more bene cial to vaccinate compared to a
private sector was not compensated but also experienced ;lossesill only” FMD control strategy. Our ndings suggest indce
agriculture, food supply chain and supporting services lostosts vary with the size of the initial vaccine stock and are
£0.6 billion, while the outbreak costed tourism and suppagtin less variable when vaccination is used instead of cullingg Th
industries between £4.5-5.4 billiortlj. The moral hazard estimation of indirect costs contributes to the overall ecmic
problem arises when not all stakeholders are compensatgd ( assessment of the costs of an animal disease outbreak, which
79. When compensation is expected it may create incentiveis often overlooked but is necessary in support of decision-
for individuals to act in ways that incur costs that they knowmaking. In future, constraints on data and analytical framoeks
they will not have to bear. Compensation must be large enougthat otherwise limit the estimation of indirect costs shoudd
to ensure reporting of disease but not so large to discourageddressed. The framework presented can be applied to other
preventative biosecurity’@). Partial compensation helps spreadanimal disease scenarios to more consistently evaluateeitdir
some of the risk responsibility to farmers. Nevertheledsheke costs. It is important that indirect costs are not overlooked
that incur losses of an epidemic are not compensated. Thexeforbecause their estimation is necessary for a more compleigrgict
determining how indirect costs are distributed helps addresof the costs of animal disease outbreaks across case stadies
this by informing government of stakeholders, besides famsn better prioritize limited resources and inform cost shari@ur
and the farming industry, that are impacted by an outbreakindirect cost modeling framework can be adapted to model how
and should potentially be considered for compensation after achanges in the political economy, such as Brexit, might impact
outbreak is over. the cost of animal disease outbreaks in the future.
The indirect cost methodology presented in this study is
applicable not only to FMD but also other exotic animal diseases
Furthermore, the method is particularly pertinent in light of AUTHOR CONTRIBUTIONS
Brexit, which can be thought of as a “shock” that may alter
the UK's livestock disease risk and disrupt markets. It will beAS developed the initial concept with GG, Dr. Habtu
important to evaluate the knock-on-indirect e ects of altative ~ Weldegebriel, and TP, with further re nement from AB
Brexit scenarios that are likely to arise from changes tddra and KR. AB gathered data, developed the indirect cost model
rules and access to pharmaceuticals. New trading arrangismenvith KR and JE and carried out the modeling. AB drafted the
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