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Abstract

Increasing volumes and speed of agricultural tradd the opening of new markets for
agricultural products create greater challengesysiems established to protect countries
from invasive organisms that can be harmful to humwad animal health, crops and natural
environments. In reaction to the threat of exot&stp and diseases, the World Trade
Organization recognises the right of country memherprotect themselves from the risks
posed by exotic pests and diseases through thecafogh of Sanitary and Phytosanitary
(SPS) measures. One possible response from expadimtries facing SPS trade barriers is
to obtain pest-free area (PFA) certification. Whadege benefits can potentially be achieved
from greater access to world markets through tb@béshment and maintenance of a PFA,
certification can be expensive. This paper aimgléntify a theoretical framework on which
to base the cost benefit analysis and the costsbandfits to be measured, from which a
methodology for measuring costs and benefits magldweloped. The literature relevant to
analysing PFAs reveals that cost benefit analysith® establishment of PFAs incorporate
complex links between the economic aspects of type of pest management and the
biological characteristics of the pest or diseasgdted and its environment.
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1. Introduction

The development of world trade and increase irrttexcontinental movement of people and
goods has raised concern about threats from in¥amiganisms that may affect human and animal
health, agriculture and natural environments (Aladed al., 2000; Cook and Fraser, 2008; Homin
al., 2002; Klassen, 2005; Lichtenberg and Lynch, 20@dé&mford, 2002; Olson and Roy, 2002;
Sharov and Liebhold, 1998). In relation to agrigtdt invasive species can be the cause of significa
costs in production, including increases in pestagament expenditures, yield reduction, reductions
in consumers’ and producers’ welfare and loss pbexand domestic markets. Investment in research

and development (R&D) on biosecurity has, as aegumsnce, become increasingly important.

The allocation of funding between R&D projects aming biosecurity issues should be
based on expected welfare gains to consumers ardligers. Cost benefit analysis (CBA) is a
standard economic tool to assess priorities for bmsecurity R&D projects and guide investment
decisions. The aim of this literature review isdentify a theoretical framework on which to base t
cost benefit analysis, to identify the costs andefies to be measured and to propose a methodology
for measuring costs and benefits. One type of pestagement is analysed: the establishment and
maintenance of fruit fly free areas through sutaaite and control. A methodologically sound CBA
is an essential starting point to measure gairms fiesearch and development into improved methods

of surveillance and exclusion.

The remainder of this review is organised as fadp®ection 1 introduces the theoretical
framework that constitutes the basis of the cosefieanalysis and reviews important factors tivat |
the development of pest management strategiestohhracteristics of the pest and the environment
studied, Section 2 examines in detail the costs lagnkfits to be measured per type of agent
(producers, consumers and government), and Se@&iqrovides methods for estimating key

parameters of CBAs for a pest free area.

2. The analysis of pest-free areas: a review of the
literature

In reaction to the threat of exotic pests and dissathe Agreement on the Application of
Sanitary and Phytosanitary (SPS) Measures of thedANfoade Organization (WTO, 1995) recognises
the right of WTO members to protect themselves fthenrisks posed by exotic pests and diseases. A
country may impose bans, quarantine measures er ttide restrictions on products (from a trading

partner) that bear potential risks to human, aniongllant life or health (Cook and Fraser, 2008).



One possible response from exporting countrieqfatiiese types of SPS trade barriers is to
obtain pest-free area (PFA) certification (Klassd05; Lichtenberg and Lynch, 2006). However,
this can be expensive, as the establishment amitenaince of a PFA requires the implementation of
surveillance systems, exclusion measures and d@laapid response in the case of an outbreak (for

instance Plant Health Australia’s system of resppR$1A, 2009).

There is an extensive literature relevant to amady$FAs, but some of this literature
addresses national rather than regional biosecsaciyemes. To develop a methodologically sound
CBA for a regional PFA requires modification of thational scale approaches already extant in the
literature. According to Fischhoff (1977), an aater CBA assumes that: (1) all significant
conseqguences can be enumerated in advance; (2)ngkesduprobability, cost and benefit judgments
can be produced; (3) the often disparate costdandfits can somehow be compared to one another;
(4) people really know how they value different sequences today and how they will value them in
the future; and (5) what people want is to maxintize difference between expected benefits and
costs. Thus, the objective is to analyse the codtleenefits of the establishment of a PFA over a

period of time.

2.1 Prevention versus control

Prevention and control are the two basic ways déiceng the costs of an invasive species
(Olson and Roy, 2005). The regulatory authoritypoticy maker has to make a choice between
different activities aimed at avoiding or mitigagilamages from a pest. The choice of establishing
and maintaining a PFA results in considerable nessubeing allocated to prevention activities and
strategies for early detection. The only contrghteigy implemented in case of an outbreak is
eradication. In this literature review we compahne tthoice of PFA certification with its most
probable alternative (i.e. pre- and post-harvesttrob of crops and fruit). Since prevention and
control have different costs and deal with the faobof invasive species in different ways, the

fundamental question is the right balance betweewemtion and control measures.

Some studies have examined the role of both prmrernd control strategies. Shogren
(2000) formulated the problem of managing invaspecies as a choice between mitigation (e.qg.
guarantine, trade and transport regulations toaedbe risk of introduction, and control efforts to
reduce the pest population if it has been introdu@nd adaptation (changes in production and
consumption decisions to reduce the damage cayséuklpest). His bioeconomic model does not
distinguish prevention and control measures asrapaconomic problems and, consequently, it

cannot be easily approached from a PFA perspective.



Olson and Roy (2005) analyse the optimal levelprefvention and control that minimise
expected social costs (from prevention, control imdsion damages) and how these optimal levels
vary with the initial invasion size, the invasiomogth rate and probability distribution of pest
introductions. They obtain different combinatiorfspeevention and control levels depending on the
expected marginal damages, the marginal costsntfaand the marginal costs of prevention. The
authors however, do not compare the changes imalseeifare between the different prevention and

control levels.

Kim et al. (2006) consider the optimal allocation of resosrdeetween preventive
(exclusionary) measures and control activities. yThigstinguish in their analysis the notion of
discovery as opposed to the arrival or establistinoérthe pest, noting that there is a time gap
between the arrival of the pest, its discovery im@stablishment. The regulatory authority or @pli
maker might then implement control measures upatosery of the pest (i.e. prior to its
establishment but not necessarily soon after ofaitssal). Their model examines the trade-offs
between pre-discovery preventive activities, postavery preventive activities, and post-discovery
control activities. Their analysis reveals thasieconomically efficient to allocate more resosroe
prevention measures before an invasive speciesedwkred as long as the marginal net benefits
(avoided damages) from expenditures on pre-invgsiementive activities exceed the net benefits of
expenditures in prevention and control after digscgv However, the authors treat discovery as a
function of the arrival time and do not consideissible policies that could change the speed of
discovery such as surveillance and monitoring digs; which are important investments for the

maintenance of PFAs.

Lichtenberg and Lynch (2006) examine the invaspecges management problem directly
from a PFA perspective. They consider the welfamgfrom PFA certification. They analyse and
compare two different situations for an exportirmytry or region: first, the pest is present in the
region but the region remains a net exporter; aedred, the region chooses to certify itself as A.PF
They assumed the presence of the pest risks a etengssation of exports, leading to a short-run
increase in the supply of produce on the local miarkhis reflects the case where costs of quamntin
or of post-harvest treatment become prohibitivethere is an export ban. The authors first consider
the optimal choice of control measures when the pegpresent and then the choice of PFA.

Subsequently, they analyse the costs and benéftBA certification (see appendix A).

The welfare gains are highly concentrated on predudNhen an exporting country or region
certifies itself as a PFA then producers may geamfreduced pest damage (increased marketable
yield), reduced pest control (e.g. insecticide cosgraying) and reduced quarantine and/or post-

harvest treatment. If this PFA certification is agnised by importers then market access can be



improved (producers can henceforth export theidpee to new markets where a higher price is
received). Reduced use of chemicals for pest cloatrd post-harvest treatments may improve the
guality of the fruit, which can then be sold atighter price. However, local consumers’ welfare may

be reduced as a result of higher prices when daenable part of the product is exported.

A minimum level of surveillance and monitoring hasbe undertaken within the region and
at its borders to achieve PFA certification andntaih pest-free status. Maintaining pest-free statu
also requires immediate eradication in case ofwhreak. After the establishment of a PFA, some
surveillance and monitoring costs are variable fions of the frequency and intensity of monitoring.
However, once the system has been demonstrated &fféctive these costs may become fixed.
Hence, fixed costs of surveillance, monitoring ag@hdication protocols under area freedom

certification are assumed in Lichtenberg and Lyachbdel.

Lichtenberg and Lynch’s analysis provides a basiméwork for a deterministic evaluation
of welfare gains from PFA certification. Howevearther elements could be included in their study.

In particular, those associated with the charaaties of the pest and spatial factors.

2.2 The characteristics of the pest and spatial factors

With PFA certification, the expected costs of ecatlon partly depend on the probability of
new incursions. Lichtenberg and Lynch (2006) assuhige probability to be constant. Yet the
probability of incursions might change over time $ome invasive species. In the case of Queensland
Fruit Fly (Qfly) in Australia, there has been aorigase in the incidence of outbreaks in areas asich
the Murrumbidgee Irrigation Area, Sunraysia (batbalted within the Fruit Fly Exclusion Zone) and
Adelaide since 1987 (Sutheedtal.,2000). Climate change may permanently shift tiséribution of

the fly through time, possibly increasing the ptabty of incursion in more temperate areas.

Moreover, as the Qfly population spreads and fimisre hosts, the density of the fly
population beyond the borders of the Fruit Fly Hgdn Zone (FFEZ) can naturally increase over
time. Consequently, the probability of Qfly beingresad through new and numerous transit vectors
may increase (for instance, due to an expansitimeitraffic of fruit). Therefore, there may be end

of increasing numbers of incursions independewtiofate change.

The pest population size and its spread are impooc@amponents of their impact upon crops.
In the Lichtenberg and Lynch (2006) model, the pegtulation size changes over time according to
its net natural growth (including immigration) afteontrol measures are put in place. However, the

initial size of introductions and the rate of spteaf infestations are not necessarily known with



certainty. Generally, there is little empirical @ehce to accurately assess the probability of
establishment of a pest, its distribution and imipaca new environment (Myerst al, 1998).

Moreover, the Lichtenberg and Lynch (2006) analykises not include spatial factors determining
invasions and their control, such as the area deduyy the pest, the impact of the pest per aréa un

the dispersal patterns of the invader and hetemityeof the landscape.

Bioeconomic analyses of invasive species managemelicies have only incorporated
recently the spread geometry and rate of spreatieopest in their models. Sharov and Liebhold
(1998) consider some spatial factors of invasiams their control in their study. They analysed the
costs and benefits of modifying the rate of sprehihvasive species. They consider the dispersal
patterns of the pest by including spread predistithhat assume random diffusion in a homogenous
environment (reaction-diffusion model, with a rddate of spread that is constant in every direxgtio
see appendix C). Although the study does not apprdbe problem from a PFA perspective, it
emphasises the importance to a CBA of certain factioat may significantly affect results. The
authors demonstrate that when a pest is presepipisg its spread is not an economically viable
strategy unless there are natural barriers (see Sitgrov, 2004). The optimal pest management
strategy (eradication of the pest, slowing the apref the pest or doing nothing) depends on the siz
of the infested area (compared to the potentiatispgange), the damage caused by the pest per unit
area and the discount rate chosen to calculatepthsent value of net benefits. The authors
acknowledge however, that for theoretical purpdeesassumptions of reaction-diffusion models are
more convenient, but the rate of spread of a pest fts introduction point can change according to

the direction of spread and the area that can paligrbecome infested.

Carrascoet al. (2009) also adopt a reaction-diffusion model ostpgpread. The authors
identify the optimal control policy depending oretkize of the invasion at discovery, the rate of
spread of the pest and the capacity of the regylatothority to reduce this rate of spread. They
analyse the switching point between different managnt policies depending on the stage of the
invasion (arrival, establishment and spread). Tiemonstrate that eradication is optimal for small
initial sizes of invasion when the pest is detectetbr larger sizes of initial invasion if the rdgtory

authority has a high capacity of reducing the oditepread of the pest.

However, reaction-diffusion models do not captusagl distance dispersal events (when
invasive species expand their area of infestati@n establishment of isolated colonies). Jump-
diffusion models amend reaction-diffusion by inéhgllong distance jumps as a second method of
dispersal alongside localised diffusion (Shigesatdal, 1995). In the case of fruit flies, a jump can be

triggered by travellers carrying infested fruit gwfaom the pest population front creating isolated



colonies (or satellite colonies). If not controllatiese colonies grow, coalesce, and contribute to

population spread (Sharov, 2004). Consequenthglating rates of dispersal can be observed.

Working on the economics of surveillance, Kompad &te (2009) assume that both the
spatial growth of an infested area and growth iputetion density follow logistic functions, rather
than a Malthusian constant rate of growth. In theecof surveillance, this implies that the area
infested can initially grow almost exponentiallget growth slows as saturation begins and when the
species reaches its potential range, growth stapsyith all else equal, surveillance expenditure ha

diminishing marginal benefits.

2.3 Pest-free areas and surveillance activities

The benefits of managing the population spreachbs® determined by how early the pest is
detected. The time until detection may be reducgdnbesting more heavily in a surveillance
programme, with early detection likely critical sniccessful eradication. Kompas and Che (2009)
analyse the problem of determining the optimal plsurveillance measure for an exotic pest or

disease.

An optimal level of surveillance effort is one thainimises the costs associated with a
potential pest or disease invasion at three letieésdamage and revenue losses caused by therpest o
disease before and after it has been detectedp#te of pest or disease management once it has bee
detected and the cost of the surveillance prograitsaelf (see appendix B). Kompas and Che (2009)
apply their model to the case of surveillance gbdBa fruit fly (Pfly) in Australia. In general, the
earlier the pest is detected, the lower will be daenage incurred and the cost of pest management.

There is a trade-off between earlier detectionarsd.

2.4 CBAs of pest-free areas and research and development investment

The above models will have to be adapted beforeigirg a theoretical framework for CBA
that is useful in policy-making and prioritisingvestment in R&D Research on biosecurity is an
investment (in the production of knowledge) thampetes with other activities for scarce resources.
Like for any investment, a choice has to be madevden alternative investments (Alsten al,

1995), so the results of CBAs may provide a guatébfosecurity R&D projects to be prioritised.

Research projects provide knowledge that either pbemments existing technologies or

substitutes them. The regulatory authority theredathe problem of choosing an investment on



biosecurity research that optimises the technologyse or an investment that develops a new one.
The dynamics of technological competitions, howewan be quite complex. The system usually
tends to reinforce the use of an already dominextefsively used) but inferior technology, locking
the market into one technology, and ignoring ottwmnpeting technologies (with a relatively small
amount of development) that could well be supdficieveloped (Cowan and Gunby, 1996). Policy

directions should therefore concentrate resourcasnay that overcomes this inertia.

3. Welfare impact

Pest-free area certification represents a welfapeease when the economic gains from
exports, reduced pest control and reduced pestglaoféset the cost of surveillance, monitoring and
eradication protocols necessary to maintain aesdfym certification. A cost benefit analysis isduhs
on a comparison of a country or a region over arptay horizon with and without PFA certification.
For a full CBA, the measure of welfare is the sumnge in consumers’ and producers’ welfare for
the affected population over the life of the PFélative to the costs of establishing and maintagjnin
the PFA. Instead of a full CBA, some studies omgaant for producer surplus and implicitly assume
that consumer surplus is unchanged (for instanicewaterhouseCoopers, 2001). The welfare impact

on different types of agents (producers, consumedsgovernment) are considered in turn.

3.1 Producer welfare

With the establishment of the PFA, producer swgprofit plus fixed costs) may be subject
to any of the following effects: First, grice effectas average producer prices rise due to a larger
proportion of produce selling to high price expoirkets. Second, anput use effeatesulting from
a reduction in the application of pesticide. Thma@rop damage effeatith reductions in crop losses
due to the absence of pests. Fourthpst-harvest cost effeethere the PFA mitigates the need for
expensive post-harvest treatments such as chipimgr to the supply of produce to export and
domestic markets. Fifth, guality effectwhere fruit exported without post-harvest treattriends to
be of a higher quality and thereby receiving agmpcemium on both domestic and export markets.
Sixth, a compliance effectrelating to costs associated with complying witke tsurveillance,
monitoring and eradication (in case of an outbreaeklirements for PFA certification. Other effects
can be identified, such as benefits to those iramiwn the stages of production beyond the farm, gate
and the improved attractiveness of the PFA forcagfiral investments, but quantifying reliable

values for these benefits is likely to be difficult

Producer welfare should be assessed both in the shoand long run. For instance, the

establishment of a PFA may lead to investment atabshment of new production capacity leading



to a new equilibrium in the industry. In contrabie demise of a PFA may see a gradual reduction in

production until the industry reaches a new eqpiilib.

3.1.1 Price effect

Export markets demanding low pesticide and/or loestpcommodities are growing
(Hendrichset al., 2005; Mumford, 2005). As a response to this, coemtor regions seek PFA
certification and implement area-wide integratedtp@anagement programmes to increase trade
opportunities (Devorshak, 2007). This is the cametlie FFEZ (Jessupt al., 2007). With area
freedom certification potentially providing accéssigh price export market, then CBAs of pest-free
area certification need to include the benefitm@iv market opportunities or improved retention of

existing markets.

The costs of restricted market access have to akiaed conservatively in order to avoid
overestimating the total welfare benefits of PFBgdreet al., 2005). For instance, the assumption
that the removal of area freedom certification pamantly closes the access to a particular market
may lead to overestimation. In some cases, produnight be able to continue exporting to the same
markets after disinfesting the fruit. Mango expdrtsn north Queensland during the Pfly outbreak
can be cited as an example of this. Mango expordspan were stopped soon after Pfly was detected
and rapid restoration of these exports was a pyioAn acceptable vapour heat treatment was
developed and the lucrative Japanese market reedpeith only one season lost to local growers
(Cantrellet al.,2002). In some other cases, the estimates ofrlagtet access can also increase if the
commodities produced outside the infected arealae (assumed to be) banned. Beztral. (2005)
cited as an example the possible overestimationavket losses during the citrus canker incursion in

Queensland.

Moreover, to estimate the gains from exports theabdity in response of importing
countries to either pest presence or pest outbrigattee exporting country, and the prices received
from different markets (international and domestiz)produce, have to be compared. When the pest
is present and, as a result, a ban is imposed éyoomore importers then alternative markets not
imposing these prohibitive bans may replace théittomal one. Consequently, production hitherto
exported to those countries might be diverted b@ointernational markets (that do not impose a ban
but require quarantine or post-harvest treatmemnthe pest is known to be present) as well as the
domestic market. Hence, high-priced markets mayldsé but the commodity may be sold to

alternative markets where a lower price is rece(B=hreet al.,2005; Waaget al, 2004).
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In contrast, some revenue losses could be neglettex Productivity Commission (2002)
highlighted that revenue losses may continue eften @an animal disease has been eradicated, due to
the time taken to rebuild international marketsisTid also the case for horticultural products:reife
the pest is no longer present, a number of yeapgafen pest-free status may be necessary before

access to some markets is again approved (Enk2@dh; Hinchy and Fisher, 1991).

3.1.2 Input use effect

Another important benefit of pest-free status &salroided cost of pest control. Without PFA
certification, producers would have to implementtcol measures (e.g. insecticide cover spray) to
diminish yield losses caused by the pest. Howadepending on the case studied, the estimation of
avoided control costs may be fairly complex. In tlhse of a programme that eradicates or reduces a
pest, the previous costs of control (prior to timplementation of the programme) are relatively well
known. Mauet al.(2007) showed the benefits to single farmers oficed insecticide cover spraying
after participating in the Hawaii Area-wide FruityFPest Management programme. But for non-
invaded areas the potential costs of control iffest becomes established can only be estimated fro
the expected value of inputs that would be necgdsacontrol the pest (e.g. pesticides, the cobts o
labour and equipment). This cost would depend an pbtential distribution, abundance, and

spreading rates of the invaders (Stohlgren and&ehr2006).

PricewaterhouseCoopers (2001) estimated the likehyual costs of fruit fly control in the

Fruit Fly Exclusion Zone (FFEZ) if PFA certificatiovas abandoned. They obtained information on
the control costs per hectare for some horticultpraducts in Queensland and multiplied it by the
estimated areas under production of the same pi®authe FFEZ. Although the authors adjusted the
costs for a lower intensity of infestation in theBZ compared to the infestation in Queensland, they
did not actually calculate this infestation intépsand did not take into account the potential
distribution of the pest and its rate of spreader€his always some question about the validity of
supposing what the impact of a pest would be imrgiqular area from experience in another region
because conditions can vary greatly (Hinchy anthd¥is1991). So the economic evaluation of pest
control requires an understanding of the biologifestures of the pest and accurate taxonomic,
geographic, and temporal data concerning the pesghd region studied (Stohlgren and Schnase,
2006).

11



3.1.3 Crop damage effect

Some of the benefits of PFA certification corregpaa the reduction or elimination of the
estimated production losses. Without certificatiéermers would take action to reduce damage
caused by the pest. Hence, production losses wmiloiverestimated if instead no pest management
was assumed (Joffe, 1998). For this reason, whaluaing the costs and benefits of pest-free area
certification, studies that try to identify the potial loss to agriculture in the absence of pestrol
and compare this potential loss with the actugdrospective costs of control are not relevant te th
literature review (e.g. Wright, 1986; AECgroup, 2D0The potential yield losses that a pest canecaus
are important since the optimal control policy #opest can change significantly depending on the
damage costs per unit of invaded area (Carraseb, 2009; Kompas and Che, 2009; Sharov, 2004,
Sharov and Liebhold, 1998).

In order to calculate the potential production éssef a pest over time, a number of biological
parameters must be considered (Kompas and Che,).28@#ntific analysis may provide this
information, as well as the estimated producticssés under different control strategies. However,
agricultural production may be stochasktoducers may apply a certain level of inputs riegkeo to
produce a planned level of outputs, but the achugbut can be different from the planned output
because of factors that are not under the contrptaducers, such as weather, natural disasters and
diseases (Hinchy and Fisher, 1991). Additionally,itahas been mentioned before, the empirical
evidence may not provide an accurate assessmémt pfobability of establishment of a pest, iterat

of spread in time and space, and its behavioumievaenvironment.

Some other important elements have to be considetezh estimating the crop damage
effect. The evaluation of producer losses due te@stic pest becoming established is generally
based on cuts in farm yield (usually calculatedulgh the value of crops multiplied by the estimated
potential physical los§)and do not take into account the ongoing effectspmducer revenués
(Myerset al.,1998). This may lead to an overestimation of thedfits. Also when uncertainty exists
regarding the probabilities of biological invasiptise public and decision makers might consider the

potential losses more seriously than if better imi@tion on the risks was availablgioagland and

! Pimentelet al. (2000) estimated in the value of crop losses éUBA due to introduced pests. The authors muwetiplhe
value of total potential US crop production by thercentage of crops that introduced pests desiiay et al. (2007)
presented the estimated benefits to single farnfrems applying the Hawaii Area-wide Fruit Fly PestaWagement
programme (the programme’s objective was to sugguepulations of three types of fruit flies). Thémmefits include the
yield increase, improved quality (price increagmproved labour productivity and reduced contradtso

2 A pest can reduce farm yield, but depending hoesé¢hlosses are distributed between producers, ctiv@l acosts to
producers might be smaller than the value of yiess$. For instance, if the pest is widespreadghicaltural systems a loss
in output can increase revenues to producers (tice pf the commodity is adjusted by the law of @ypand demand,
according to the price elasticity).

% Given the uncertainty attached to both the prdhiasi of biological invasions and the productivinf preventive
biosecurity measures, another set of questionsviesahe decision maker’s choice between preverdiosh control as a
function of human preferences for risk (see Fineo#il, 2007).

12



Jin, 2006)In such cases, the expected benefits of biosecméigsures, and the reduction of the risk

of pest invasions, tend to be overestimated (Hetaah.,2002; Perrings, 2001).

3.1.4 Post-harvest cost effect

Reduced quarantine and/or post-harvest treatmdnpsoducts grown in a PFA are also a
significant advantage mainly because post-haniegtfdstations treatments are relatively expensive
processes (Lindner and McLeod, 2009). These berafiply to domestic as well as export markets.
Chemical treatments (mainly methyl bromide or ethgl dibromide fumigations and dips) and cold
storage are used for many fruits and fruit fly seeqHallman and Quinlan, 1996; Lindner and
McLeod, 2009).

Estimates of costs of post-harvest treatment peretdor particular products can be found in
some studies. In the case of the FFEZ, cold-disiafmns of citrus and pome fruits have been
estimated at $50/tonne and chemical treatmentooiestruit and other fruits at $100/tonne (TriState,
2003). In order to estimate these costs, previ®lsdbf different post-harvest disinfestation method
have obtained information on the price applied bmpanies involved in each type of treatment and
the characteristics of the fruit (the type of treant applicable to the fruit and the amount necgdsa

disinfest it)?

Legal restrictions on the use of chemicals for {h@svest treatments may change the costs
and benefits of PFAs and R&D projects. Since thé ©880’s, several countries have progressively
banned fumigations with ethylene dibromide dueafety concerns and growing public resistance to
chemical pest control (Lindner and McLeod, 2009)isThas also been the case for methyl bromide.
Although the latter can still be used for quaramtamd pre-shipment purposes, its progressive phase
out for all other purposes and concerns aboutétgative impacts on the environment and human
health may reduce its availability in the futurendgr such circumstances, exporting countries will
need to find alternative technologies to secure kaetataccess; for instance, integrated pest
management systems such as PFAs. Research ora@tesmmight not have an immediate value but
could generate potential benefits if they rapidigyide the industry with an alternative when itlwil

be needed.

4 Mahlous (2002) estimated the cost of cold stofgiates per tonne per month to compare them wildiation costs.
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3.1.5 Quality effect

The benefits of reduced post-harvest treatmentsaaniied pest control are not limited to
how much these activities would cost: the absefahemical residues from abatement of pesticides
in control and post-harvest treatments may alsotadtie benefits of PFA certification. Chemical
residues and cold storage treatments may reducgutilgy of the commodities treated and therefore
affect marketability (Suthersdt al, 2000; ABARE, 2009). Fruit of higher quality cafsa attract

price premiums if consumers prefer non-treated &nod are willing to pay more for it.

3.1.6 Compliance effect

There are also costs associated with the maintenah®FA for producers. These include
compliance costs for surveillance and monitoringniaintaining the PFA, and costs borne by
producers during eradication of fruit fly outbreaks the absence of a PFA, these costs would be
replaced by general control costs. For instanceghé FFEZ when an outbreak is declared, bait
spraying is required in the outbreak zone (200 enedius from the incursion point) and a larger
outbreak area (1.5km radius from the incursion poifhere are also quarantine costs for producers
and packers during the eradication campaign: aifl fty hosts within 15km from the incursion point
are classified as being in a suspension area atbhze disinfested before being sent to fruifife

areas (PricewaterhouseCoopers, 2001).

3.2 Consumer effects

For a full CBA both consumer and producer’'s welfare accounted for. However, some
CBAs only take into consideration changes in predsicwelfare, or do not provide a thorough
analysis of consumers’ surplus. It could be arginedl when the investment is paid for by producers
alone and the establishment and maintenance offai®khe result of a commercial decision for
producers acting cooperatively, only their welfaveuld need to be accounted for. However, the
success of area-wide integrated pest managememrapnnes largely depends on effective
management and public support, which necessanigivias public financing, public accountability,
legislation, enforcement, community participationdasubstantial infrastructure and organisation
(Dyck et al, 2005). The problem is then estimating the netasdienefits of this pest management

strategy, including both consumer and produceriane

Measuring the effects of PFA certification or othgolicy changes on the welfare of
consumers may appear more difficult than that osueing the impact on producers (Hinchy and

Fisher, 1991). The later are assumed to maximieétqrso the change in profits can be used to
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measure the welfare impact of a policy change.d®asumers’ welfare is determined by the quantity
of goods that they can consume in accordance Wwiin preferences, their income and the prices of

the goods. Consumer surplus increases as highetitipgof a product are obtained at a lower price.

On the one hand, the establishment of a PFA witiblly reduce domestic consumer surplus
as larger quantities of product are diverted tooexmarkets and prices rise. As a result of theabs
of the pest and the subsequent reduction in pramulisses, there is an increase in the overajlgup
of produce, but larger quantities are exported. S8quently, domestic supply decreases and prices
augment in the domestic market. On the other howeamsumers may benefit from knowing that a
product is free of a particular chemical, therefttere might be a willingness to pay for reduced

pesticide contamination in produce.

Clearly, every modification in the pest managem&nategy will have an impact in both
consumer’s and producer’'s welfare. In any caseswmer surplus is likely to be higher when all
production is consumed locally. Even in the evenaro outbreak (under PFA certification) if post-
harvest treatments are excessively costly or amréX@an is imposed, the consequent flooding of

produce onto the local market may raise consunrgiugiin the short term.

3.3 Government expenses

In the literature dealing with invasive speciesgvanting the entry of a pest in an area is
generally regarded as the most profitable stratebgn calculating costs of quarantine services
(Finnoff et al, 2007). It is usually considered cheaper to pidtez PFA (region or country) from the
introduction and establishment of a pest and pitetlen pest problem than to deal with it through
control or eradication (Enkerlin, 2005; Hendriakisal, 2005). However, PFA certification can be
expensive, as this requires implementing certaitiviaes to maintain area freedom. These can
include border control, surveillance, eradicatiamd amaintenance of quarantine areas when an

outbreak occurs, research and development, comationéeducation costs and management costs.

3.3.1 Border control

For the majority of fruit flies, and in particular the case of Qfly, the main mode of entry
into a fruit fly free area is by movement of inedtfruit (Clift and Meats, 2001). Border control
activities are therefore essential for the maimeeaof PFAs and reducing the likelihood of
outbreaks. By preventing the entry of the pestlieadion costs are avoided. PricewaterhouseCoopers

(2001) obtained information on funding providedthg Commonwealth and State governments and
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industry to cover costs associated with roadblockshe FFEZ (road signs, monitoring of the
movement of vehicles, accrediting staff and contrfothe movement of host fruit). In addition to

minimising the probability of pest arrival, the meinance of a PFA also depends on early detection.

3.3.2 Surveillance and monitoring

The objective of surveillance is to minimise theipg between the arrival of a pest and its
discovery. Early discovery of the pest may diminilsé risk of an outbreak, for instance, if thedlie
are detected and destroyed before they can brdfedtife post border monitoring and surveillance
may reduce the time of detection of establishethreaks and the costs associated with the presence
of the fly; such as yield losses, control costs aratlication, and loss of market access (Lindndr an
McLeod, 2009).

The presence and absence of fruit flies is mordtbsethe national trapping grid in Australia.
In the case of the FFEZ, regulatory authorities ais®phisticated grid system of fruit fly trapsr ba
codes and bar code readers, and an internet-basedling and reporting system to monitor the pest
presence (Jessugt al., 2007). Approximately 3000 Qfly and 3000 Mediterwan fruit fly (Medfly)
traps are deployed within the FFEZ on a 400 metig i towns and a kilometre grid in fruit
production districts (TriState, 2003). Pricewaterb®Coopers (2001) estimated the costs of
surveillance in the FFEZ using Commonwealth andeSgavernment data on operational costs that
included activities such as maintenance of thd ftyitrapping grid and fruit fly trap monitorindn
the case of Pfly, Kompas and Che (2009) obtainestdéxpenditure on lures to estimate the costs of
the surveillance system for Pfly in Australia, imting their installation, monitoring, diagnosis and
embodied travelling time. A percentage was addedctmount for indirect costs (such as publicity,
awareness campaigns, and laboratories). Howevelireat costs of administration or other

management were not included.

3.3.3 Eradication

In case of an incursion within a PFA, pest popaltaiare eradicated as soon as possible after
detection to restore a pest free status. The obstsadication may be a function of the size & th
invading population and the area invaded. Accordinlylyerset al. (1998), cost benefit analyses of
eradication comprise biases that tend to overestirnanefits and underestimate costs. Eradication
costs may be underestimated because they oftendmdlirect effects only, such as immediate

expenditure for personnel, materials, and equipnirritother costs that are more difficult to evédua
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are often ignored. The later can include the peatinent preparatidrand the costs of reducing the
pest population before eradication takes pPtacemmunication, public relations and consultation
spent by the agencies proposing the eradicatiogranome; escalating costs for locating and killing
the last individuals expenditure in higher surveillance to avoid pt&meintroductiofi; additional
efforts to prove the absence of the pest; and efidets of pesticide treatments to human health and
the environment (e.g. non-target death of nativecigs, chemical accumulations in waterways). In
order to estimate eradication costs in the FFEZgRm@aterhouseCoopers (2001) obtained information
on the costs of bait spray applications, the opmratf a fruit fly production facility in New South
Wales, the sterile fruit fly maintenance and redeastivities and other operational costs associated

with eradication.

3.3.4 Research and development

The boundaries of the costs of R&D concerning diqdar programme may be difficult to
fix. The costs of research and development direclgted to a PFA can be limited to the costs
assumed by the regulatory authority or to the costgrojects that unequivocally benefit the PFA
establishment and maintenance. For instance, PateelnouseCoopers (2001) estimated the costs of
research and development directly related to tHeZHby considering only two research projects: one
designed to gain a deeper understanding of the meweof Qfly infested fruit into the FFEZ and
another in relation to sterile insect technologpwdver, research conducted by other agencies can
also generate substantial benefits to the PFA@sequently, the costs of research and development

may easily be underestimated.

Substantial benefits may be generated by fruit RIgD.° Research that develops better
surveillance systems may reduce the risk of lo#s®swould result from a fruit fly incursion throug
earlier detection. Improved surveillance systemgraperly implemented, might increase the benefits

generated by the establishment and maintenancd-A$ Be.g. add to the benefits of the FFEZ).

® These can include all demonstrations and triafsrawe the effectiveness of techniques and to haittinical capacity and
public confidence before a particular techniquesisd for eradication.

® For instance, in order to use Sterile Insect Tephn(SIT) for eradication, the pest population tmabe reduced to a low-
enough density level so that the SIT control igeiffre. In the case of Medfly this can cost apprately US$6000 per kin
(Mumford, 2005).

" The marginal costs of eradication increase witinfapest population density (Hoagland and JifQ&Q but this is usually
not taken into account when estimating the coseradication. Moreover, marginal costs of killing iasect also rise with
spread. Thus the costs of locating and killinglést individuals depend upon the pest populatiaze and its spatial spread.
Kotani et al. (2009) indicated that the cost structure of an ieedihn programme depends on the methods or tesgyol
used.

8 Stricter quarantines and other exclusion tactiay frave to be implemented to decrease the protyabflireintroduction
and to prove pest-free status (Mumford, 2005).

® Quantifiable benefits from fruit fly research prois can be either potential or realised benéfiis.an examination of why
prospective benefits might not always be achiewsdlsndner and McLeod (2009).
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Research that demonstrates non-host status of grodould enable access to new markets for
horticultural exports. Better methods for the cohtnd management of fruit flies might reduce some
of the crop losses caused by the pest, lower trsts cof control activities and/or attract new
agricultural investments that enable the develogroénew industries (Lindner and McLeod, 2009).
Alternative methods of control that reduce or sitilnst pesticide use could result in less negatide s
effects to human health and the environment. Imgdoand cost-reduced post-harvest treatment
processes can generate new market access beHefitsver, some research outcomes, such as lower
costs of control activities and improved post-hatvigeatments, could reduce the gains from the

maintenance of PFASs.

3.3.5 Education/communication costs

Expenditure in education/communication is also ingrt for the maintenance of pest-free
status, as lack of awareness within the communétly compromise the PFA by increasing the
frequency of incursions and the time taken to defmst outbreaks. These costs can include
information provided to packing sheds and growexs education to the community and travellers in

the surrounding area.

3.3.6 Management costs

Management costs generally include strategic praprstaff management, technical support
and management of all legal and policy aspectsRFA. They can also incorporate accreditation and
inspection of packing sheds, and audit of compkaagreements. However, some costs associated
with the absence of the pest are sometimes igndreese can include the costs of publicity and
marketing of the improved pest free quality prodircen the PFA, and additional management and
infrastructure necessary to deal with the posditidecased pressure on land use resulting from the

absence of the pest (Mumford, 2005).

4. Methods for estimating costs and benefits related to a
PFA

4.1 Probability of pest outbreak

The potential production costs (crop damage effelefpend on the probability of pest
outbreak. The benefits of border control can benesed as the gains obtained from delaying the time

to the next pest outbreak (Beaet al., 2005) or keeping outbreaks as far as possible ftoop-
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abundant zones. The threat of pest outbreak igrdieted by the risk of the pest arrival and how
likely it is for the pest to become establisfe@ee appendix E). A pest incursion is more likely
occur when border activities are not effective artiigh number of potential carriers of the pest can
enter the PFA. The amount of infested fruit carbigdeach of them also affects the probability aftpe
introduction (Horaret al, 2002). However, reliable data on the number att parriers entering a
PFA and the amount of infested fruit that they gamight not be available. As a consequence,
different methods have been used to calculate ribigapility of outbreak; in particular, by looking a
the number of past incursiohisAs it has been mentioned before, however, thibadsdity might not
remain constant over time for some pests (dueiteatd or other changes to the distribution of the

pest).

Once the pest has been introduced, a number afrfadetermine how likely it is for the pest
to spread and become established. Knowledge alhisustessential to evaluate the invasion pressure
(Hendrichset al.,2005). The spread or dispersal ability and the gibdiby of establishment of a pest
depend on a number of variables such as host gehet numbers, and season (Hinchy and Fisher,
1991). Some other factors that should be considetesh looking at the spreading and establishment
potential of a pest include the environmental ctigréstics that may predispose a habitat to invgsio
potential for adaptation of the pest, reproductsimtegy of the pest, method of pest survival,
movement of commodities and potential natural eesraf the pest (Nairet al.,1996; Stohlgren and
Schnase, 2006).

If the pest is introduced into a PFA and an outbiealeclared, the pest populations are soon
eradicated to restore pest-free status and maictaiification. Therefore, the probability of pest
outbreak not only has an effect on the potentiatpction costs but also on the potential costs of
eradication. Moreover, when an outbreak is declaiteid important to investigate how successful

eradication activities may be.

4.2 Probability of eradication

The expected costs of eradication are determingtidoprobability of pest outbreak and how
likely it is for the eradication campaign to be sessful. Myerset al. (1998) and Kompas and Che

(2009) identified some factors that may affect $hecess or failure of eradication programmes. The

10 According to Stohlgren and Schnase (2006), stutliasfocus on particular species in selected regimight get more
accurate probabilities because the characteristiche species’ life history are important factdos estimate potential
invasions.

1 Kompas and Che (2009) estimated the probabilita &¥ly incursion in Australia by looking at the nbem of Pfly

incursions since 1990. They obtained a probahilitgne every five years and assumed that this jbibityais characterised
by a normal distribution with a standard deviatidri0%, or N(0.2, 0.02).
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timing of the discovery of a pest in a PFA and Homg it takes for the regulatory authority to iaté

an eradication programme to restore area freed@minaportant factors. Eradication programmes
have more chances of being achieved when monitégicigniques for low densities are efficient and
inexpensive. Eradication also has more chancesioigbrapid and cost-effective when the pest is
detected early. The way in which the eradicatiommaign is carried out can significantly change the
outcome; an aggressive eradication programme stgzpby the public may result in a successful
eradication. Public conviction that a pest is ofeptial economic importance, and support from
effective education programmes, are key elemersis ebntributing to the success of eradication

campaigns.

Some other factors, linked to the biological chaastics of the pest or disease targeted,
make a pest more or less susceptible to eradica@oganisms that migrate by short-distance
dispersdf, have low reproductive rates, few generationsypar, do not have genetic variability and
do not develop resistance or behavioural changeritrol pressures are more likely to be succegsfull
eradicated (Myerst al.,1998; Shigesadat al, 1995). The host and the habitat requirementsi®f t
pest also need to be considered; with greater pililyaof eradication when the potential species
range and its likelihood of adapting to the newatan are low? Powerful suppression methods
(such as sterile male, insecticide baits, and potesecticides) also influence the success of
eradications. Other pest characteristics that migive an effect on the probability of eradication
includes, among others: the survival of the péstcapacity to move independently of infested hosts

the range of hosts it can attack; and, the aturaicéiss of lures in the case of fruit flies.

4.3 Behavioural elements

The probability of an outbreak within a PFA decemaghen biosecurity measures increase in
efficiency and make introductions less likely. Isign pathways and the frequency of pest
introductions into a vulnerable area depend orepatof trade and travel (Perringisal., 2002). So
the invasion probability increases with the numbgipotential carriers of the pest (e.g. travellers
carrying Qfly infested fruit into a PFA). When thember of potential carriers becomes very large
then invasion becomes virtually certain (Horah al., 2002). Some authors explain this by
emphasising the fact that prevention of invasivec&s in agriculture depends on the least effective

contributor. For example, in the case of borderntrmnif one roadblock is not effective and faits t

12 pest migration by short-distance dispersal expahdsinfested area from its periphery, while loristahce dispersal
generates new satellite colonies that can bedan the pest population front (Shigesadal, 1995).

13 For instance, some characteristics of the scremworight contribute to its successful control. Orfettem is its

association with mammals. Major populations of weverms are likely to be associated with herds ofmésticated

mammals, so its distribution is easier to monitorthe release of sterile males. Also, the fact fteewworm flies can be
trapped and are easily produced and steriliseltitaboratory contributes to its eradication (My&tral.,1998).
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keep the pest out of the PFA, the fact that alethmay be effective is irrelevant. The risk to all
depends on the capacity of the weakest contri@®errings, 2001). The prevention of pest invasions
has therefore been described by some authors allia good problem of the “weakest link” type: a

public good because of its non-rival benefits and-aexcludable beneficiaries (Hinchy and Fisher,
1991; Burnett, 2006), and a “weakest link” becatls level of prevention is determined by the
weakest contributor (Horaet al.,2002; Perrings, 2001; Perringsal.,2002; Shogren, 2000). This is

also true for monitoring and controlling pests, tiiee the control involves eradication, suppression,

containment or any other type of control (Perrir§¥)1; Perringgt al.,2002).

Some authors argue, however, that the preventiimvasive species should be modelled as a
“weaker link”, instead of a “weakest link” publiogd (Burnett, 2006). If the level of prevention is
considered to be determined by the weakest comtripthis would imply that zero prevention by one
contributor causes the overall level of preventiorbe zero effective. Generally, this should not be
the case. So, for a weaker link public good, loimeestments by some contributors reduce the returns
of those that invest more, but those that investenmoay benefit from higher protection than the
poorer contributors. However, the incentive strugtthat results from the weaker link public good
problem causes contributors to inadequately invesinvasive species prevention (individual
contributors might invest less expecting that athsill provide sufficient levels of prevention; see

appendix D).

5. Conclusion

Investment in R&D on biosecurity has become indregg important as a result of growing
concern about threats from invasive organisms. &Weuation of past research investments on
biosecurity, the analysis of alternatives and ftiging research investment are all determined by

economic and productivity issues.

There is an extensive literature analysing the resoc) problems caused by invasive
species. Parts of the literature focus on the hisneff living without a particular pest or disegseg.
AECgroup, 2002; Mumfordet al, 2000; Waageet al, 2004; Wright, 1986). Other approaches
concentrate on the optimal trade policy to addtessnvasive species issue (Cook and Fraser, 2008;
Costello and McAusland, 2003; James and Anders@®8)lor optimal preventive measures (Hoean
al., 2002; Mumford, 2002).

Knowledge on the bioeconomics of pests and diseasamsagement has significantly
increased in recent years. After an invasive spdas been introduced into a new environment, some

studies concentrate on assessing the optimal tfideetween preventive (exclusionary) measures
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and control efforts (Finnoft al, 2007; Jensen, 2002; Kiet al, 2006; Leunget al, 2002; Olson and
Roy, 2005) or determining the biological and ecoitoparameters that induce a country to control an
invasive species (Saphores and Shogren, 2005). Suhers have focused on determining if
eradication is the optimal pest management stra(Bgynettet al, 2007; Eiswerth and Johnson,
2002; Fraseet al, 2006; Kotani, 2009; Myerst al, 1998; Olson and Roy, 2002).

Many of the bioeconomic modelling approaches hawacentrated on pest population
dynamics (Andowet al, 1990; Shigesada, 1995), but few have includedlibgersal patterns of the
invasive species (Cachet al, 2008; Carrascet al, 2009; Sharov and Liebhold, 1998; Sharov,
2004).

The literature relevant to analysing PFAs revetidat cost benefit analysis of the
establishment of PFAs incorporate complex linksMeen the economic aspects of this type of pest
management and the biological characteristics efpbst or disease targeted and its environment.
Cost and benefit estimates can lead to differetitarnes depending on how these links are examined.
There is a risk of overestimation of benefits andarestimation of costs that may inefficiently dtre

biosecurity R&D investments.

The welfare gains of establishing and maintaining?l@A are highly concentrated on
producers/growers, whereas its implementation digpem government intervention. In terms of
economic efficiency, the main justification for pigksector investment in this type of pest
management is that there is a “market failure™i@ private production and funding of key activities
necessary to the maintenance of PFAs. The prevemtionitoring and control of invasive species are
therefore a public good problem. This is also thgecfor research on biosecurity and has implication
for investments priorities. Because public resosiraee limited, to solve the problem of a market
failure the regulatory authority should concentratbigher proportion of the resources available on
types of research that the private sector hasvelgtittle incentive to support, but have a higpcial

payoff.

Further research on the subject could incorporatenaber of elements that have been either
ignored or simplified in previous work. First, tariability in response (of importing countries) to
either pest presence or pest outbreaks (in therixgp@ountry) may be studied, allowing for strateg
behaviour on the part of the importers in termgudrantine or PFA requirements. Second, the spatial
dimension of invasions and their control could halgsed under different assumptions than those put
forward in reaction-diffusion models (random diffus in a homogenous environment); for instance,
by including functions that take into account th&tribution of host fruit and other characteristafs
the invaded environment. Finally, the invasive sgedssue raises the problem of private actions

where individuals do not consider the consequefaresocial welfare.
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Appendix A

Optimal certification of pest-free status

Lichtenberg and Lynch (2006) analyse the case aéxqorting country or region with and without
PFA certification.

Without PFA certification, when a pest is presehg region (country) decision maker may choose
different levels of control levelv at a unit cost oft,, for different periods in order to maximise
consumer and producer’s surplus in the long teronsGmer surplu€Sp) is a function ofp, the
price of the product. Production is characterizgdabrestricted profit functionR(p,v,N) = max
{pf(s, N) — X v; sj}, wheres,..., Sy are inputsy;,..., vy are input pricesN is the pest population size
andf(s,N) is the production function.

Let py, be the world market price amdthe unit cost of the quarantines and/or treatmeagaired for
exports when the pest is known to be present. dhatty remains a net exporter when the levet of
allows forp, — a > pg; In this case, exports would equgl — qq. If the quarantine or treatment
requirements are prohibitively costy such thatp,, —a’< py, the country or region ceases to be a net
exporter and consumeg, as illustrated in Figure 1.

Figure 1. Implementation of control measures
P

R(p,v,No)
.

“

A

b R(p,v,N*)
A Y

No, corresponds to the initial pest population. Thé metural growth of the pest population is an
upside-down U-shaped functi@(N). The use of control measureseduces the pest population by
an amounk(w) (soN’ := dNdt = G(N) — k(w)), and consequently increases the supply of thdymt
(the supply curve moves tB(p,v,N*)). In the long term, infestation levels are redlide an
equilibrium levelN* that maximises consumer and producer’s surplus
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f {CS(p, — a) + R(p,, — a,v,N) — ¢, wle Ptdt
0

subject taN' = G(N) —k(w). p corresponds to the discount rate.

With PFA certification, the exporting region is naquired to quarantine or treat the product for
exports and avoids these costh (Therefore, the region receives the full worldrked pricep,. But
the maintenance of area freedom requires implemgrai minimum level of surveillance and
monitoring activities. LeM be the costs of monitoring. In case of an incursibe pest is eradicated
soon after detection to restore area freedom abshFg{c,). Let x be the probability of a new
incursion, so that the expected costs of maintgipiest-free status equdl + «F(c,). Then the total
welfare is

CSpw) + R(pw,V,0) =M —uF(cy)

Certification is worthwhile if the region’s longsuequilibrium welfare with certification exceeds it
long-run equilibrium welfare without certification

[CSpw) + R(Pw,v,0) =M —uF(cw)] > [CSpw —a) + R(Pw —a,V,N*) —CyW*]

This can be rewritten:

[R(Pw,v,0) =R(pw —a,v,N*)] > [CHpy —a) —CIpu)] + [M + uF(Cw) —Caw*]

The term on the right side of the inequality isit@rease in producer surplus (profit) that resfutisn
increased average producer pricpace and quality effects reduced level of crop loss due to the
absence of pestsrpp damage effegtand removal of expensive post-harvest treatrfgogt-harvest
cost effedt The first term on the left side of the inequalg the reduction of the region’s consumer
welfare due to increased prices. The second tettmeiglifference between the costs of maintaining
pest-free status and the pest control costs whepdbt is present without PFA certification (which
allow for thecompliance effecnd theinput use effedb be measured).

Producers gain the areaa + b + ¢c + d + e + f + g #+1i of increased revenue (Figure 2), but
consumers lose the area a + b. So the net behé&fit certificationisc+d+e+f+g+h +i.
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Figure 2.

Rip,v,N*)

R(p,v,0)
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Appendix B

Optimal surveillance

Kompas and Che (2009) analyse the problem of datargithe optimal plant surveillance measure
against an exotic pest or disease. Optimal suaveiél is one that minimises the total present value

(1) the potential production costs (crop damagé)reeand after the pest is detected, (2) the piaient

costs of pest management, and (3) the costs cliveillance programme itself.

The potential production costs depend on the piiblyabf pest outbreals, the production loss per
unit areac, (which is a function of the density of the pB%t)), and the size of the infested af&9.
At timet the infested area is

S
S(t) — max

whereS,a« is the maximum carrying capacity of the p&tis the initial infested area amds the net
area growth rate. Figure 3 illustrates the growttihe infested area (following a logistic functidimst
growing at an increasing rate, then, as saturdtagins, the growth slows, and when the maximum
carrying capacity is attained, growth stops). Withsurveillance, the pest will be detected at some
point by the public; this natural detection poistB.. The objective of surveillance is early
detection, so that the pest is detected at i@ when the infested area X beforeT(Bmay, When

the infested area By ax

Figure 3.

Infested area

Maximum capacity of carrying

SITT&X

Bl'ﬂd)\

Natural detection point

Choice of early detection

time

0 T(X) T(Bmax) T(max)

The value ofT(X) can be written as

oy 2 e 1)/ (n2gp 1)
g

Similarly, at timet the pest density is
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D
D(t) — max

1+ (Dg—;”— 1) et

whereDpax IS the maximum capacity of pest densidy,is the initial density andl is the net density
growth rate.

The production cost caused by the pest is given as
CRy(t) =0 c(t) 1)
The production loss per unit area is a functiothefdensity of the pest so that
c(t) = &(0) D)

wherec,(0) is the initial cost unit per an unit area a thitial densityD(0). The potential production
cost per year can then be written as

D. S.
CPy(t) = 0 ¢, (0) Dma’:“" - Sma’:“" :
1+(D—0—1)€ 1+(S—0—1)€g

Under a given surveillance programme, there ardymtion losses before the pest is detected (from
T(0) to T(X)) and after it has been detected until it is catedy eradicated (from(X) + 1 until Tg).
So the aggregated present value of productiorsiose the arrival of a pest until it is eradicaited

Tg
D S.
PVCPP — Ze—rt o Cp(O) 5 max < max
= 1+ (%— 1)ent||1+ (%— 1)e~st

for r the discount rate. During the period of pest manant (after the pest has been detected, the
outbreak declared, and until the pest is eradi¢dtexipresent value of ongoing production losses ar
given as

Ty
PV CP; = Z e TTX+) ¢ X AR

t=1

whereTy is the time required to manage the pésis a management coefficient (denoting the buffer
area included in eradication) aAdR is the average loss in production revenue peraned (due to
lost revenue from domestic sales and trade baihsis The total potential production losses are given

by

Tg
D S
_ —rt max max

TCP = z e g Cp(o) 14 (Dmax ~ 1) ont| |14 (Smax ~ 1) gt
=0 Do S0

Tm

+ Ze-T<T(X>+0 ¢ X AR
t=1
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The potential costs of pest management dependeoprtibability of pest outbreak, the size of the
area infested when the pest is detected and thegearent cost per unit areg(t) (which is a
function of the pest densify(t)). At T(X) the potential pest management cost is

Cu(X) =0 cu(®) X

The cost per unit area is a function of the derdithe pest so

Dmax

1+ (Dg—;”— 1) et

cu (8) = ¢y (0)

wherecy(0) is the initial cost unit per unit of area a¢ tinitial densityD(0). By substitution, the pest
management cost for an infested aXda given as

D
Cy(X) =0 cy(0) Dmar:ax ” X
1+ (—Do - 1) e

At T(X) the present value of the total costs of pest mament is

Dmax

TCy(X) = e TX) ¢ ¢, (0) D - X
1+ pax 1)e

The costs of the surveillance programme dependoandarly is the pest detection objectiUX) (so
that a corresponding are@s infested when it is detected) and the efficjeoicsurveillance activities.
Thus the more effective is the surveillance progrnamthen the lower the expenditure on surveillance
for a given areaX. Assuming that the marginal benefit of surveilenexpenditure decreases
continuously, and; is the coefficient of surveillance effectiveneise shape of the surveillance
expenditure functiorE(X,n) is a hyperbola that gets closer to the verticad &orizontal axes as
surveillance efficiency increases. The expenditunetion is given by

Emax (Bmax - X)
Bmax(nX + 1)

E(X,n) =

where E(X,n) is the surveillance expenditure correspondingXt@nd 7, Enax IS the maximum
surveillance expenditure for the earliest detectig, is the size infested area at the latest detection,
X is the infested area under a given surveillanagrmamme. Figure 4 illustrates the surveillance
expenditure function.
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Figure 4.

Expenditure (AS)

Ernax Expenditure curve with 1,
\
"I
e \‘ Expenditure curve with 1, (n.< n;)
\|
L]
A
A
E2 * n= 0
‘\ B’max > Bmax
E’ T
o X Binax B’ max Infested area

The aggregate present value of surveillance codiistiie pest is detected &¢X) is

T
TE(X,n) = 2 o—rt Emax (Bnax — X)
Bax(nX + 1)

t=1

Optimal surveillance minimises the surveillancetggthe potential production costs and the potentia
management costs:

T(X)
E B -X
minTC = et max(Bnax ) Surveillance costs
stX o Bnax(mX + 1)
Potential production costs
Tg
+Ze_rt o C (0) Dinax Smax
p Dmax —ht Smax —gt
t=0 1+(D—0—1)€ 1+(T—1)€g
Tm
+ Ze—r(mﬂm ¢ X AR
t=1
—rT(X Dmax .
+e7 T g ¢4,(0) X Potential management costs
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Appendix C

Spread model of invasive species

Few bioeconomic models of invasive species dynataks into account the geometry of the invasion
(Carrascoet al, 2009). Some of those that have considered thgedial patterns of the invader
incorporate spread predictions of reaction-diffasimodels into the management of invasions.
Reaction-diffusion models assume random diffusioa homogeneous environment. They are partial
differential equations where the main parameteescathe rate of population growth, and the
diffusivity of the population. Carrascet al. (2009) includes an example of this type of modeis
Skellman model:

aD 62D+62D oD
ot V\axz Tayz) te

wheredD/ot represents the change in population deri3iggt timet and spatial coordinates,Y) that
is caused by random diffusion (first term of thghtihand side of the equation) and local population
growth ¢D). The solution of the reaction-diffusion model is:

m =, /4ey

which predicts the spread of the invasive speadsliow a continuous expansion at an
asymptotically constant radial velocity represerigdh.

35



Appendix D

The weaker link model

Burnett (2006) modelled the prevention of invaspecies as a “weaker link” public good. Previous
literature identified five distinct public good tewlogies: (1) the ordinary summation model givgn b

A= Z a;
i
wherea; denotes the contribution of individuao the public good, and is the total provision of the

public good; (2) the best shot model,

A = maxq;
l

in this case, the total quantity available to eiclividual equals the largest individual contritmunj
(3) the weakest link model,

A = mjna;
l

in this case, the total quantity available to eiaclividual equals the smallest individual contribut
(4) the weights model,
A= Z Bia;
i

whereg; = 1 for the smallesti, and 0 <p; < 1 for the larges;’s, in this case, full weight is put on the
minimum contribution and fractioned weights on éarger contributions; and (5) the geometric mean

model,
n 1/71
A= (1_[ ai>

i=1

which highlights the fact that weaker links are ortant because the smaller contributor has the
highest marginal effect on the supply of the pugbod (sincéAloa, = A/ng).

Burnett (2006) defines the aggregation technolagytifie prevention public good as the geometric
mean over all contributions and assumes symmetbeirefits from the public good and asymmetric
costs of provision. The total amount of public ggodvided in a two-region case is given by

A(ay, a3) = Jaia;

The utility from investing in the prevention of iasive species corresponds to the net benefit frem t
provision of this public good. Individual utilityan be then defined as

Ui(ai, aj) = A —c;a?

which represents the difference between the gaoms &voided damages and the casté executing
and operating the prevention measure. Each regioidels how much to contribute to the public
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good. Strategies should be greater than zero (il dlve weakest link case) so that @) <« and
all contributions generate a quadratic contributiost, with 0 <¢; < 1.

For efficient prevention (Pareto optimal contriloatilevels), the regulatory authority maximizes the
utility of one region while holding the other coast by simultaneous choice @fanda,

1 S
max(a;, a;) /2 _ c;a? such that U/ > U’
a;,aj

under symmetric costs:

142 1421
ai=—— a = ——5—
Y4 As T 4l
or asymmetric COsSts:
142 142
a; = , a=
L) a(4ac) e (4c) Va(4ac) /s

where/ is the Lagrange multiplier (i.e. the weight thia¢ regulatory authority places on regits
utility). However, equilibrium prevention levels ghit differ from the efficiency level.

Under complete information, regions can calculh&rtpreferred contribution quantity based on their
own cost and the other regions’ cost. Regismproblem is then given by

1
nbz;x(aiaj) /2 _ c;a?

The Nash Equilibrium for the complete informatiase is

Under incomplete information, the other regionséy@ntion costs are not known. Burnett (2006)
assumes that costs of prevention are either high ¢r low () with probability 6 and 1 —0
respectively. The appropriate solution is the Bayedlash Equilibrium. Regioiis optimal strategy
will give the highest possible expected utility givregion’s optimal strategy. Both regions’ optimal
contributions will be cost-contingent.

Forc € {c., ¢y}, regioni’s problem is

max Jai(eo[0e (e) + (1 - 0);(c)] - ciai(co)?

ailc;
The symmetric Bayesian Nash Equilibrium is

1

a*(cy) =

2 3 %3
4,/0c; + (1 —06)cy,°c,
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1

a*(c,) =

4\/9c4/3c2/3 +(1-6)c?
L CH i

The equilibrium level of provision under completedaunder incomplete information will be below
the efficient level, since the Lagrange multiplids greater than zero. Prevention will not be optim
as individual regions observe the possible costprefention and respond according to their own
optimal contribution level, ignoring the effecttbieir decision on the other’s utility.

The utility-maximising contribution levels (undeoraplete and incomplete information) are convex
in costs, which implies that the contributions thaximise the utility of the other region’s expeatte
cost is less than the contributions that maximise tility of known costs multiplied by their
probabilities. That is, for ail= L, H,

GaiCOMPLETE(Ci; CH) + (1 _ 9)aiCOMPLETE(ci; CL) > aL{NCOMPLETE(Ci)

Substitution gives the comparison of the two exgecontribution levels as:

0 4 1-6 - 1
() Tale) e (4c)aac) e

2 PR SR
4. [0cii + (1 —0)cy, ¢,
and

0 N 1-6 - 1
) aldey) /e (ac)laac) e

4\/9c4/3c2/3 + (1 - 6)c?
L L

Contributions made under incomplete information| veilways be less than those made under
complete information.
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Appendix E

The probability of incursion

Horanet al. (2002) describe a species invasion as a Bernewdint: an invasion either occurs or it
does not occur. There is a potential “pathway” $§pecies invasions that consist of a route and a
carrier. The choices of théh carrier are denoted by the input veatorBiosecurity control costs are
Ci(u). The biomass of speciegz=1, . . . Z) introduced to a particular area by the potertatieri

is denoted byH,,. This cannot be controlled with certainty by agudial carrier, so introductions are
random but the probability of a particular levellmdmass is determined by the input choices and
characteristicstf) of the carrier. The probability thit, is introduced is Br(Hi,|u;,b;).

An introduced species may or may not invade the gestablish and spread) and cause damage
(Horan, 2002, assumes that damages only occur &r@uccessful invasion). The probability of an
invasion depends on the scale of the introducti@hthe characteristics of the area where the ingasi
species is introducedw]. The probability that an introduction results &m invasion is Br
(survivalHi,w) and is increasing ifl;. Consequently, the probability that introductiarispeciesz

by the potential carrier i lead to an invasion is Pr(u;, b, w) =

2, Pry(survival|Hy,, w)Pri, (Hi [u, b;). So invasions take place via a particular caréed the
probability of an invasion via one carrier is indagent of introductions by other carriérs

The probability of an invasion of speciegia any one oh potential carriers of the species is:

Pz(ull "'lun) = Pz(Vz = 1)

=1- 1_[(1 — Pr(u;, b;, w))

i=1

whereV, is the number of times that specieénvades a given area. If biosecurity measures are
effective and make introductions less likely, tmelqability P, decreases. The probabiliy increases
with the number of potential carriers. As— «, invasion becomes virtually certain (ig.— 1).

14 However, this may be a simplification for spediest depend on a large number of introductionsetmine established. It
is a realistic assumption only for species that establish viable populations from only small @lifintroductions, and are
suited to the new habitat.
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