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Abstract

Import restrictions on biological materials are used widely as pro-
tection against exotic invasive pests and pathogens. While a scienti�c
risk assessment is needed to justify an import ban under the WTO SPS
Agreement, economics plays little role in determining the choice of import
regime. Using a real option framework, we model the uncertain and irre-
versible costs from lifting an import ban and derive decision rules about
the optimal timing, when ex ante research and development yields posi-
tive but uncertain bene�ts. The insights gained are applied to Australia�s
current import policy for bananas.
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1 Introduction

Biological invasions by exotic species1 can cause signi�cant damage to human
health, domestic agricultural production and the natural environment. Aus-
tralia�s default position on quarantine, since the Quarantine Act 1908, has been
to ban imports of biological material unless it is shown to be safe to do other-
wise. This trade-policy stance continues to create tension with Australia�s trade
partners in the World Trade Organization (WTO). Members of the WTO are
bound by the rules de�ned by the Agreement on the Application of Sanitary
and Phytosanitary Measures (hereafter, the SPS Agreement) which, in general,
requires greater �exibility with respect to quarantine policy than an outright
import ban (WTO, 1995)2 . However, economics is allowed to play only a very
limited role in de�ning a Member�s quarantine policy (see Article 5:3 for details)
and it has been argued in Anderson et al. (2001) and by MacLaren (2001) that
this constraint creates a profound weakness in determining a Member�s SPS
policy.
The trade tensions created by Australia�s default position on quarantine

policy can be illustrated by the decade-long interaction between the Common-
wealth government and the government of the Philippines on bananas. In 2000,
after a formal request from the Philippines, an import risk assessment (IRA)
was initiated by the Commonwealth and a draft report issued in 2002 (The
Senate, 2009). By this time, discussions were taking place on not just bananas
but on fruits and vegetables of export interest to the Philippines. When these
consultations failed to satisfy the latter government, it made a request in the
WTO for the formation of a dispute panel and in 2003 a panel was established
with six Members having third-party rights, a re�ection of Members�concerns
about Australia�s quarantine policy (WTO, 2006). However, the panel was
never composed and the Australian government instituted a review of import
risk assessments for a number of fruits, including bananas. In 2008, a report
was published on the �ndings from the IRA (Biosecurity Australia, 2008).
In summary, the IRA revealed that of the 122 species of pests and diseases

that had the potential to cause damage if imported, 21 had an unacceptable level
of risk if no risk management protocols were put in place (Biosecurity Australia,
2008, p.16). The probabilities of unrestricted entry, establishment and spread
for these 21 ranged from 0.16 to 1.0 (Biosecurity Australia, 2008, Tables 4.1
and 5.4). On the basis of the analysis of probabilities and consequences, the
recommendation made in the IRA was to permit imports of bananas from the
Philippines, conditional on risk management protocols being put in place in
that country for those pests and diseases that did not achieve the acceptable
level of protection (ALOP) at unrestricted entry. An advice notice for this

1We follow the de�nition of exotic or invasive species given by Costello and McAusland
(2003), but focus speci�cally on crop pests and pathogens that have been unintentionally
moved beyond their natural range or zone of dispersal. We understand an invasion by these
organisms to be their entry, establishment and spread in the new country, causing ecological
or agricultural damage.

2See in particular Articles 2.1, 5.3, 5.6 and Annex A:4 for the rules with respect to de�ning
a Member�s WTO-consistent quarantine policy.
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risk-mitigation strategy was issued in 2009 (Biosecurity Australia, 2009).
The import risk assessment on which this decision had been made was crit-

icised on a number of grounds by a Senate Committee (The Senate, 2009).
Amongst those criticisms, perhaps the most important was the doubt expressed
that the risk management protocols that were required to be put in place in the
Philippines before exports would be accepted, were judged largely to be imprac-
ticable. Therefore, if these risk management protocols do not allow exports to
reach Australia�s acceptable level of import protection, then Australian growers
of bananas will not be exposed to the possible importation of exotic pests and
pathogens; and, importantly, Australian consumers of bananas will continue to
face higher prices, as well as risk of events similar to that which occurred in
2006.3

An alternative approach for Australia would be to put in place a set of import
risk management protocols at the border. Within the economics literature on
trade and invasive species, the focus has been on determining the usefulness of
at-the-border policies. For example, single tari¤s or trade volume restrictions
are found to be less e¢ cient in reducing the introduction and impact of invasive
species (Costello and McAusland, 2003; Costello et al., 2007) than instruments
combining tari¤s with inspections (McAusland and Costello, 2004) and �nes
(Merel and Carter, 2008). A number of studies also conclude that the costs
of driving invasive species risk to zero using mitigation actions, such as border
inspections and treatment, can be prohibitive (Mumford, 2002; Shogren and
Tschirhart, 2005).
As a third approach for Australia to manage the risk associated with im-

porting invasive species, a case could be considered for investment, a priori,
in bio-economic research and development (R&D) to develop e¤ective adapta-
tion strategies behind-the-border to manage the invasive species externality that
accompanies trade. Behind-the-border adaptation strategies are designed to re-
duce the impact of biological invasions, while taking the probability of entry,
establishment and spread of them as a given (Shogren and Tschirhart, 2005;
Perrings, 2005). Adaptation measures include early detection systems, biologi-
cal and chemical control options, as well as accommodative strategies but their
development requires time and �nancial resources, and their duration is subject
to uncertainty (Saphores and Shogren, 2005).
In this paper we investigate the trade-o¤ between delaying the lifting of an

import ban in order to conduct bio-economic research into the development of
invasive species control measures behind the border, and the bene�ts from en-
gaging in freer trade immediately. The optimal trade policy decision is modelled
as an optimal stopping problem in continuous time.4 We allow explicitly for the
irreversibility of R&D expenditure on behind-the-border adaptive measures; for
the irreversibility of invasion damage; for the uncertainty about the e¤ectiveness

3 In 2006, a cyclone reduced production by 90 per cent (Australian Banana Growers Council,
2006) and caused the retail price to increase by a factor of approximately �ve.

4This type of methodology is also adopted in Saphores and Shogren (2005), where the
optimal timing decision relates to the application of a control measure to minimize the damage
from an already present invasive species population.
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of R&D expenditure on adaptation; and for the uncertainty about the timing of
invasion by exotic pests and pathogens. However, we make no attempt to model
the institutional arrangements that would be necessary to generate the scien-
ti�c knowledge upon which practical adaptation strategies could be designed,
while acknowledging that, in practice, these arrangements would be crucial to
the discovery and implementation of successful adaptation strategies.
A technical departure in our paper is the invasion probability being mod-

elled as a Poisson jump process in addition to the output from R&D following
a geometric Brownian motion. The next section presents the development of
a stochastic model of an import regime with exotic species invasion. We de-
rive simple decision rules that govern the optimal timing of lifting the import
ban as a function of invasion risk and damage, R&D investment and R&D un-
certainty. In Section 3, the model is applied to the case of Australian banana
imports. The numerical results obtained highlight the importance of accounting
for uncertainty and irreversibility when developing economic decision rules to
determine optimal quarantine policies. Section 4 concludes.

2 A Real Options Model of Import Regime

The problem of pursuing the optimal quarantine policy in the next instant is
modelled as a real options problem in continuous time. In this framework, the
welfare consequences of a freer trade policy are evaluated speci�cally against the
risks and costs associated with importing exotic invasive pests and pathogens. It
is assumed that the importing country is free of these commodity-speci�c pests
and pathogens as long as a trade ban is maintained. The bene�t of delaying
the removal of import restrictions is linked to learning about the bio-economic
parameters of these invasive organisms and to the development of an adaptation
strategy, such as an e¢ cient control measure, which is designed to minimize
invasion damage.5

2.1 Objective Function

Let F (u;C(t; u)) be the total discounted welfare from the production and con-
sumption of an agricultural product in a single country. It is a function of the
prevailing trade regime, u; and the total costs associated with exotic species,
C (t; u). The decision to lift the import ban in the next instant is based on
maximising the present value of the total net bene�ts

F (C (t; u)) = max
u

1Z
0

e��dt [(1 + u�)N + (1� u�)P � C (t; u)] dt; (1)

where u is a continuous control variable,

u = [0; 1] : (2)
5Such delays are permitted under Article 5:7 of the SPS Agreement.
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A value of u = 0 represents the status quo of a complete and unconditional im-
port ban, whereas u = 1 implies free trade and 0 < u < 1 is some intermediate
trade policy where imports are subject to speci�c regulations. The parameter
� > 0 in equation (1) is the real rate of discount and N and P are the consumer
and producer surpluses respectively. Lower domestic prices following the re-
moval of the trade ban (u > 0) ; bene�t consumers by 0 � � and hurt producers
by 0 � � � 1: The total cost associated with exotic crop pests and pathogens,
C (t; u) ; varies with time (t) and the adopted trade regime (u).
It is assumed that the importing country conducts research into the develop-

ment of an e¤ective adaptation strategy while the import ban is in place. With
a progressively open trade policy, expenditure on research and development is
increasingly redirected towards another type of defensive expenditure, namely
the implementation of adaptation actions, such as monitoring for signs of do-
mestic outbreak and the application of control measures. As adaptive actions
a¤ect the extent but not the probability of biological invasions, the total cost
C (t; u) ; is the sum of two components,

C (t; u) = �
 (t; u) + 
 (t; u) ; (3)

where �
 (t; u) is defensive expenditure, with � being an exogenously deter-
mined proportion of invasion damage 
 (t; u) :6 Invasion damage is a stochastic
dynamic variable, which depends on the adopted quarantine policy and defen-
sive expenditure. Invasions can only occur, in the absence of invasions caused
by travellers, with some degree of open trade and potential invasion damage de-
creases the more time and �nancial resources are dedicated to R&D. Over time,
invasion damage, 
 (t; u) ; is assumed to follow the mixed geometric Brownian
and Poisson process

d




= � (1� u)��dt+ (1� u)1=2 ��1=2�dz + u��1dq; (4)

where the mean, � (1� u)��dt; models the success from conducting R&D in
terms of decreasing invasion damage at rate ��; where 0 < � < 1; due to
the development of e¤ective adaptation measures. A relatively larger research
and development budget, represented by a larger proportion �; accelerates this
process.7 Uncertainty surrounding the success of R&D is assumed to be de-
creasing in �, with � reducing the variance of the expected invasion damage

var (d
) = (1� u)��1�2;

and hence the standard deviation, (1� u)1=2 ��1=2�; in (4) ; where fz (t)g1t=0 is
a standardized Wiener process such that dz � N (0; dt) : The variance parameter
�2 is exogenous. The last term in equation (4) models the damage from random
invasion events as a decreasing function in proportion to R&D expenditure, �:

6 In this model optimization occurs with respect to the quarantine policy adopted, where
the expenditure on R&D is a �xed proportion of invasion damage. For an analysis of optimal
expenditure on bioeconomic research see Saphores and Shogren (2005).

7We assume that the results of R&D are successfully implemented.
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Invasion events follow the Poisson process dq in (4), which is normally and
independently distributed of dz,

dq = 0 with probability 1� �dt;
(5)

dq = 1 with probability �dt;

where � is the joint probability of entry, establishment and spread (PEES) over
the time interval dt. This probability � is constant over time as it is not a¤ected
by behind-the-border adaptation measures and is assumed to be independent of
previous introductions.8 By de�nition, invasions by commodity-speci�c exotic
pests and pathogens cause damage 
 (t; u) and can only occur where there is
some degree of open trade (u > 0) :
Given (3) and (4), the stochastic di¤erential equation for the total annual

cost associated with invasive species, C (t; u) is

dC

C
= � (1� u)��dt+ (1� u)1=2 ��1=2�dz + u��1dq: (6)

The chosen trade policy, u; a¤ects C in several ways. Under the current no-
trade regime (u = 0) ; the only costs are from bioeconomic research into the
development of an e¢ cient adaptation strategy to control known exotic pest or
pathogens that could become established after trade bans are lifted. Equation
(6) under a trade ban is thus

dC

C
ju=0 = ���dt+ �

�1=2�dz:

At the other extreme case of free trade (u = 1) ; expenditure on invasive
species research is re-directed towards the implementation of the adaptation
strategy that was developed while u = 0: The intuition is that unregulated free
trade in a speci�c agricultural commodity requires con�dence within the home
country that potential outbreaks of exotic pests and pathogens, while still dam-
aging, will be met by e¢ cient strategic responses and adequate control options.
Hence, under free trade, C (t; u) is constant until the next random introduction
and establishment of a new exotic pest and pathogen causes it to jump upwards.
The extent of the jump is the damage from exotic species invasions, which is a
function of resources that were allocated to R&D expenditure before trade bans
were lifted.

dC

C
ju=1 = �

�1dq:

In the intermediate case of restricted trade (0 < u < 1) ; R&D is conducted
while exotic species invasions are also experienced and hence dC follows (6) :

8Assuming time constant probabilities aids the tractability of this model, where the empha-
sis is on new trade �ows. In an analysis of long established trade �ows Costello et al. (2007)
relax this assumption and �nd marginal invasion risk by new exotic species to be decreasing
in the duration and intensity of the trade �ow.
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This case describes a preferential trade policy, whereby only imports from high
risk countries are banned. For the purpose of this paper, an exporting country
is considered high risk, if the importing country has no adequate adaptation
strategy in place to deal with the pests and pathogens that originate from
that exporting country. On the other hand, imports from countries that are
associated with less damaging pests and pathogens may proceed unregulated.
Such discrimination is permitted by Article 6 of the SPS Agreement. As a
result, the scope of R&D in the intermediate case (0 < u < 1) is reduced to
include only those exotic pests and pathogens that are associated with high risk
exporting countries.

2.2 The Optimal Timing of Removing Quarantine Restric-
tions

Finding the optimal quarantine strategy involves maximising the objective func-
tion (1) with respect to the control variable u. As the objective function (1) and
the constraints are not explicit functions of time, the problem is autonomous.
In addition, given that the objective function has an in�nite time horizon, the
optimal solution is based on rewriting (1) as9

�F (C (u)) = max
u

�
(1 + u�)N + (1� u�)P � C (u) + 1

dt
Et [dF ]

�
: (7)

The conditional expectation, 1
dtEt [dF ] in equation (7) is found using

10

Et [dF ] = �dtE
j
t [dF ] + (1� �dt)E

nj
t [dF ] + o (dt) ; (8)

where Ejt denotes the expectation at time t conditioned on the occurrence of the
Poisson event and Enjt denotes the expectation conditioned on the Poisson event
not occurring. The term o (dt) collects higher order terms in dt: Expression (8)
may be simpli�ed to

Et [dF ] = E
nj
t [dF ] + �dt

�
Ejt [dF ]� E

nj
t [dF ]

�
+ o (dt) ; (9)

where Ito�s Lemma is used to derive

Enjt [dF ] =
@F

@C
Enjt (dC) +

1

2

@2F

@C2
Enjt (dC)

2

=

�
� (1� u)��CFC +

1

2
(1� u)��1�2C2FCC

�
dt: (10)

Expression (10) is based on E [dz] = 0 and on the higher order terms in dt
approaching zero as dt approaches zero. Similarly, (10) implies for (9) that
Enjt [dF ] in the second term may be disregarded due to the higher order in dt:

9The notation (t) on time dependent variables is henceforth omitted to aid with the expo-
sition of the model.
10See pp.121-124 in Malliaris and Brock (1982) for a more detailed exposition of the gener-

alized Ito formula for jump processes.
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The expected change in the value function conditional on the Poisson event
occurring Ejt [dF ] ; is

�dtEjt [dF ] = �dt
�
F
�
C + u���1C

�
� F (C)

�
; (11)

since the higher order in dt implies that the terms � (1� u)��Cdt and
(1� u)1=2 ��1=2�Cdz(t) may also be disregarded. The dynamic programming
approach de�nes F as the optimal solution with respect to u; hence the control
variable in equation (11) is the optimal trade policy, denoted u�: Substituting
(10) and (11) into (8) yields

Et [dF ] =

�
� (1� u)��CFC +

1

2
(1� u)��1�2C2FCC

�
dt

+�dt
�
F
�
C + u���1C

�
� F (C)

�
and substitution into (7) yields

�F = max
u

n
(1 + u�)N + (1� u�)P � C � (1� u)��CFC

+
1

2
(1� u)��1�2C2FCC + �

�
F
�
C + u���1C

�
� F (C)

��
:(12)

The value function F is obtained as the solution to the following second-order
di¤erential equation

�F = (1 + u��)N + (1� u��)P � C � (1� u�)��CFC

+
1

2
(1� u�)��1�2C2FCC + �

�
F
�
C + u���1C

�
� F (C)

�
; (13)

where u� is the solution to the maximisation problem in (7).
Equation (13) is linear in the control variable u; which implies that the

solution is bang-bang, whereby the two possibilities for the optimal value of u
are

u� =

8<: 0 : no trade

1 : free trade.
(14)

Hence equation (13) may be solved separately for the cases of no trade and
free trade. To distinguish between the two solutions, let the value function
corresponding to u� = 0 be denoted F and the value function corresponding to
u� = 1 be denoted f: Comparison of F (C) and f(C) determines if maintaining
import restrictions or lifting all restrictions immediately yields the greater net
bene�t.

The problem is further speci�ed by the following boundary conditions

F (1) = 0; (15)
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F = f; (16)

FC = fC : (17)

Condition (15) states that in the limit, where costs associated with exotic pests
and pathogens are in�nite, the bene�t from changing trade policies in the future
is zero. The value matching condition (16) says that the switch from no trade
to free trade is optimal when the net present value of expected bene�ts arising
from no trade is exactly equal to those arising from free trade. A third, smooth-
pasting condition (17), imposes further structure on the model, requiring �rst-
order continuity with respect to the state variable C:
Finding the solution to F involves setting u� = 0 in (13), which yields the

ordinary di¤erential equation (ode)

�F = N + P � C � ��CFC +
1

2
��1�2C2FCC ; (18)

with the general solution

F = A1C
�1 +A2C

�2 ; (19)

where A1 and A2 are unknown constants of integration. The constants �1 and
�2 are respectively the positive and negative square roots of the fundamental
quadratic, which is obtained by substituting the general solution and its partial
derivatives

FC = �AC��1;

FCC = � (� � 1)AC��2;

into (18). The fundamental quadratic is

0 = ��� ��� + 1
2
��1�2� (� � 1) ;

which yields the expressions for �1 and �2

�1 =
1

2
+
��2

�2
+

s
2��

�2
+

�
��2

�2
+
1

2

�2
;

�2 =
1

2
+
��2

�2
�

s
2��

�2
+

�
��2

�2
+
1

2

�2
:

Boundary condition (15) requires lim
C!1

F = 0:With �1 > 0, boundary condition

(15) is only satis�ed if A1 = 0: Combining the homogeneous solution with the
particular solution to (18) yields the total net present value of maintaining the
current no-trade policy

F = AC� +
N + P

�
� C

�+ ��
; (20)
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where AC� = A2C�2 : The �rst term in equation (20) describes the bene�ts from
restricting trade in terms of having time to develop an e¤ective adaptive strate-
gic response to invasion. The second term is the discounted level of consumer
and producer surplus, and the third term is the discounted total cost.
The net present value of lifting the trade ban is obtained by substituting

u� = 1 in (13), which yields

�f = (1 + �)N + (1� �)P � C + �
�
f
�
C + ��1C

�
� f (C)

�
: (21)

Substituting the linear equation of the general form

f = aC + b (22)

into (21) and simplifying yields expressions for the intercept

b =
(1 + �)N + (1� �)P

�
; (23)

and the slope coe¢ cient

a =

�
�

�
� �

��1
; (24)

which is the e¤ective discount factor of the stochastic variable C: The solution
of (21) is

f =

�
�

�
� �

��1
C +

(1 + �)N + (1� �)P
�

: (25)

Note that for (25) to be a decreasing function in C the term
�
�
� � �

��1
< 0;

which is the case when the probability of entry, establishment and spread is less
than ��11

� < ��: (26)

The smooth-pasting condition (17) is used to solve for AC� in (20) ; where

AC� =
1

�

�
1

�+ ��
+

�

�� ��

�
C; (27)

which, upon substitution into (20) yields

F =
1

�

�
1

�+ ��
+

�

�� ��

�
C +

N + P

�
� C

�+ ��
; (28)

which is now linear in C: Using the value matching condition (16) and substi-
tuting (28) for F and (25) for f in (16) gives

1

�

�
1

�+ ��
+

�

�� ��

�
C+

N + P

�
� C

�+ ��
=

�

�� ��C+
(1 + �)N + (1� �)P

�
;

11The value a < 0 in (22) implies that the cost function is increasing as marginal costs are
positive.
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which yields the expression for C(T ); the level of C where lifting the import
ban is optimal

C (T ) =

�
�

� � 1

�
(�+ ��) (��� �)

�+ ��2

�
�N � �P

�

�
: (29)

C (T ) is the total cost associated with invasive species at the time when trade
restrictions are lifted. With � < 0 and �N > �P; the solution (29) also contains
the parameter restriction from (26) of � < ��: This restriction must be satis�ed
for C (T ) > 0. If (26) does not hold, then C (T ) < 0; which implies that import
bans should be lifted immediately. The same conclusion results for � < ��
and F (C (0)) < f (C (0)) ; where C (0) = �
 (0) : In this case, the net present
value from immediate free trade, f (C (0)) ; outweighs the net present value
from maintaining the import ban, F (C (0)) : The time it will take until lifting
the import ban becomes optimal is impossible to predict with certainty due to
the variance around R&D output. However, an expected time period may be
derived from equation (6) as

T = � 1

�+ ��
ln

�
C (T )

C (0)

�
; (30)

where C (T ) is given by (29). As long as C (0) > C (T ) ; the bene�ts from
waiting and developing a more e¤ective adaptation strategy while protecting
the economy from the risk of costly biological invasions outweigh the bene�ts
from lower prices of allowing import immediately. As a result, T > 0 is the
expected mean number of years it will take to develop an adaptation strategy
capable of reducing the invasion impact to the optimal level, 
 (T ) :

3 Application to Australian Trade Policy Con-
cerning Bananas

The stochastic model of the optimal timing of quarantine decisions developed in
Section 2 is now applied to Australian import policy for bananas, as described
in Section 1.

3.1 Background

James and Anderson (1998) were amongst the �rst to demonstrate the potential
value of economics in quarantine decisions using the Australian banana market
as a case study. In their study a static, partial equilibrium model is used to
compare three situations with respect to imports, namely, an outright ban, a
cost-free import risk management regime at the border, and unrestricted free
trade. When the authors allow imports of bananas together with their associated
exotic pests and diseases, the optimal policy is ambiguous a priori because
of the unknown size of the shift in the domestic supply function caused by
invasion damage. Using data on domestic prices (for 1996) measured at three
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levels in the supply chain (farm-gate, wholesale and retail) they conclude (with
appropriate caveats) that the losses to Australian banana producers are more
than outweighed by the gains to consumers. The latter could compensate the
former and still leave the country better o¤ than with the import ban, even if
the industry were wiped out as a result of exotic species invasions.
Javelosa and Schmitz (2006) repeat the analysis of James and Anderson

(1998) using data for the year 2003 and they also extend that study by calcu-
lating the welfare e¤ects for the Philippines of a change in Australia�s import
regime. They too conclude from their static and deterministic analysis that,
even if exotic pests and diseases were to wipe out the Australian banana in-
dustry, the country would still be better o¤ by allowing the free importation of
bananas than by continuing with the long-run practice of banning imports.

3.1.1 A Dynamic Stochastic Analysis

We now re-assess these conclusions by applying the dynamic stochastic model
developed in Section 2. We therefore explicitly allow for: (i) the stochastic oc-
currence of invasion events under free trade; (ii) the irreversible environmental
consequences of free trade; (iii) the economic bene�ts that arise from conduct-
ing research into the development of behind-the-border adaptive management
strategies for invasive species during the period of time for which imports are
banned; and (iv) the uncertainty surrounding the e¤ectiveness of the adapta-
tion strategies. The analysis is based initially on the parameter values shown in
Table 1, where the static welfare e¤ects were derived from estimates in Javelosa
and Schmitz (2006).
The data on prices and quantities for 2003 given in Javelosa and Schmitz

(2006, Table 1), together with their assumed values of the price elasticities of
demand and supply (�0:5 and 1:0, respectively), allow us to calculate the para-
meters of the domestic demand and supply functions and the levels of consumer
and producer surplus under both the import ban and under free trade. Assum-
ing an own-price elasticity of demand of �0:5 for the base case seems reasonable
(Clements, 2008) and an own-price elasticity of supply of 1:0 is consistent with
the range of values estimated by Abdallah and Sheales (2005). Lifting all im-
port restrictions on bananas is expected to bene�t consumers by an estimated
$175m annually, resulting in a free trade consumer surplus of $760m (Table 1).
Producer surplus is estimated to fall by $66m from $135m. The resulting net
gain in social welfare is $109m, which exceeds the remaining producer surplus
were the industry to be wiped out through the invasion of exotics, implying a
welfare gain even if this extreme event should occur. However, this conclusion
ignores the costs and bene�ts of developing an adaptation strategy.
Insert Table 1 about here.
The calculation of the costs of the adaptation strategy requires estimates of

the parameters 
 (0) ; �; �; �; � and �: The bio-economic parameters used in the
base case were derived from the �nal import risk analysis report (Biosecurity
Australia, 2008). Of the 122 pest species considered, 21 were characterised by
unrestricted probabilities of entry, establishment and spread of between 0:16
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and 1, which, combined with the potential expected consequences of invasion,
exceeded ALOP and resulted in the notice given to the Philippines (Biosecurity
Australia, 2009).
Given that the �nal IRA provided most information on the black Sigatoka

fungus, we used the bio-economic characteristics of this pathogen as the basis
for our analysis. The consequences of infection by black Sigatoka fungus were
characterised as moderate, which requires for the restricted probability of entry,
establishment and spread to be less than 0:05 to achieve ALOP (Biosecurity
Australia, 2008, see Part A, Tables 4.1 and 5.4). The base case parameter value
adopted in our analysis for PEES is � = 0:01 or one invasion event in 100 years
on average.12 The parameter value for invasion damage if no prior R&D has been
conducted is 
 (0) = 52 or approximately 75% of free trade producer surplus.
This �gure is derived under the assumption that domestic banana producers
experience yield losses of 38% as a result of infection (Biosecurity Australia,
2008, see Part B, p147); which translates into a loss of free-trade producer
surplus of $43m: In addition to production losses, it is further assumed that
producers will bear 1=3 of the on-going control costs13 from increased fungicide
spraying and the public 2=3 of the costs, which yields a proportional defensive
expenditure of � = 0:33 of total invasion damage, 
 (0).
The R&D process under base case assumptions is characterised by an ex-

pected return per dollar allocated to R&D of � = 0:15 with an expected stan-
dard deviation of � = 0:1: The value to choose for the risk-free, real social
discount rate is one of unresolved debate (Stiglitz, 1988, see chapter 10 for a
discussion). In particular, he argues that it is incorrect to increase the risk-free
rate in the evaluation of risky projects. Harrison (2007) has proposed values
for the risk-free rate in the range of 3�4 per cent, although he then proposes
that an additional 3�4 percentage points should be added as a risk premium.
Because our analysis explicitly models risk, we use the risk-free social discount
rate (�) and choose a value for it of 4 per cent. The choice of these parameters
satis�es the constraint imposed by equation (26) and provides conditions under
which investment in R&D may be justi�ed on the basis of economics.
The net social welfare gains from autarky and free trade under base case

assumptions are reported in the third-last and second-last rows of Table 1 as
$19:2bn and $18:9bn respectively. Making use of equations (29) and (30), the
optimal time over which to conduct R&D, in the absence of free trade is 5.5
years (see Table 1, last line). This outcome di¤ers from the conclusion of "free
trade immediately" (as in James and Anderson (1998) and Javelosa and Schmitz
(2006)), which is obtained when the analysis ignores the discounted and uncer-
tain costs and bene�ts of developing a successful adaptation strategy behind the
border.
12The probability � = 0:01 corresponds to the PEES that results from a combination of

designating areas of low pest prevalence and trash minimisation (Biosecurity Australia, 2008,
see Part B, Tables 10.2 and 10.21).
13The total on-going control costs were estimated at $36m for the autarky-size domestic

industry (Biosecurity Australia, 2008, see Part B, p147). Evaluated for the free-trade case,
this �gure is proportionately less, $26m; of which 1/3 is equal to approximately $9m:

13



3.2 Sensitivity Analysis

The robustness of the case for delayed free trade is tested against variations in
the values of base case parameters. The parameters that are varied are the price
elasticities of supply and demand, the probability of entry, establishment and
spread of an invasive pest or pathogen (�), the damage from invasion (
 (0)) ;
the proportional defensive expenditure (�) and rate of discount (�) ; and the
mean rate of reduction in invasion damage (�) and its standard deviation (�).

3.2.1 Demand and Supply Elasticities

The importation of di¤erent varieties of Asian bananas could make the own-
price elasticity of demand for Australian bananas more elastic. Table 2 shows
the simulation results for a more elastic consumer demand, using an own-price
elasticity of demand assumption of �0:75: This value is more elastic than the
value of �0:6 chosen by Abdallah and Sheales (2005). For reference, the base
case assumption of �0:5 is also reported. Similarly, the sensitivity of the base
case result is tested with respect to the elasticity of supply by assuming a greater
supply elasticity of 1:25; which was calculated by Abdallah and Sheales (2005).
The analysis reveals greater sensitivity of the case for delayed free trade with
respect to the supply elasticity assumptions than assumptions regarding the
own-price elasticity of demand. While both the supply elasticity of 1:25 and
the own-price elasticity of �0:75 reduce the optimal time in which to invest in
R&D, only the combination of both leads to the conclusion that import bans
should be lifted immediately without conducting R&D prior to permitting free
trade.
Insert Table 2 about here

3.2.2 Real Social Discount Rate, PEES, and Invasion Damage

The relationship between the real rate of discount, �; the probability of entry,
establishment and spread, �; and the expected damage from an invasion event
at time zero is complex and non-linear. Figures 1a-d show that for each rate of
discount, there exists a range in � � 
(0)� space (plotted along the diagonal
axes), for which delaying the importation of bananas in favour of conducting
R&D is optimal. The optimal time of conducting R&D (plotted on the vertical
axis) is represented by the �n-shaped forms for � = 0:01 (Figure 1a), for the base
case � = 0:04 in Figure 1b, for � = 0:07 (Figure 1c), and for � = 0:10 (Figure
1d). The �n shifts towards higher PEES and becomes wider as the discount
rate increases. This implies that the type of invasion threat that is targeted for
R&D depends on the discount rate applied and that R&D is optimal for wider
range of invasion threats when discount rates are high (Figure 1d). For each
discount rate there is an upper threshold for PEES, beyond which the immediate
lifting of import bans is optimal. The position of this threshold is determined
exogenously by the parameter values of � and � according to (26) : Increasing
� for a given � increases the threshold for PEES and the range of invasion risks
for which delays in free trade in favour of R&D are optimal.
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Insert Figures 1a-d about here.
This point is further illustrated in Table 3, which reports the values for T for

three cross-sections along the 
� axis in Figure 1b at 
 (0) = 35 (i.e. 50% damage) ;

 (0) = 52 (75% damage) ; and 
 (0) = 69 (100% damage) ; whereby � is ad-
justed to maintain the same margin greater than �

� as in the base case scenario
thereby ensuring that restriction (26) is always satis�ed. For example, an up-
ward adjustment of the expected frequency of invasion events from one to three
in one hundred years implies that a comparable annual defensive expenditure
of 0:33 for the base case is � = 0:99: Table 3 shows that the probability and the
extent of invasion damage has a signi�cant impact on the optimal timing of free
trade. Low invasion probabilities of up to �ve occurrences per one thousand
years should result in an immediate lift of import bans. More frequent expected
invasions, lead to increased periods of R&D of up to 13:2 years, provided the
government is willing to invest su¢ ciently in invasive species research and devel-
opment. These simulation results suggest that maintaining the current import
ban in the short and medium run may be optimal in some cases in order to pro-
tect and prepare against invasions by exotic pests and pathogens with expected
arrival probabilities of at least once in 100 years.
Insert Table 3 about here.
The simulation results reported in Table 3 suggest that defensive expendi-

ture on invasive species research and management is important in determining
the timing of free trade. This �nding is further explored in Table 4, which re-
ports optimal delays to free trade for variations in defensive expenditure � as a
proportion of invasion damage 
. It is shown that the base case result of free
trade being optimal after 5.5 years of R&D is very sensitive to the amount of
defensive expenditure allocated to invasive species research and management.
For the base case arrival probability of an invasion event of � = 0:01 and the
base case discount rate of � = 0:04; � > 0:25 if rule (26) is to hold. A min-
imum investment in R&D of � = 0:251 leads to extremely long waiting times
before trade bans should optimally be lifted. However, increasing defensive ex-
penditure by an additional eight percentage points reduces the optimal time to
lift import bans signi�cantly from 56:7 years to 5:5 years. Indeed if invasive
species management budgets are sizeable relative to expected damages, it may
be optimal to engage in free trade immediately.
Insert Table 4 about here.

3.2.3 Mean rate of reduction in damage and its standard deviation

Table 5 shows that the e¤ect of the expected progress in R&D (�) on T is
ambiguous, with the level of uncertainty about R&D success (�) playing an
important role.14 With little uncertainty (� = 0:05) and slow expected R&D
progress (� = 0:01) ; the bene�t of delaying free trade is zero (T = 0:0) : This
bene�t increases with uncertainty and R&D progress, hence T increases from
0 to 11:5 years for increases in � from 0:05 to 0:2 and from 0 to 5:3 years for
14The nonlinear relationship between the moments of geometric Brownian motion and op-

timal decision thresholds has also been documented by Majd and Pindyck (1985).
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increases in � from 0:01 to 0:25: The bene�t of faster expected R&D progress
in terms of reducing the optimal delay of free trade becomes more apparent in
more uncertain environments, hence the reduction in T from 11:5 to 8:9 years
in the last column of Table 5.
Insert Table 5 about here.

4 Conclusions

The threat of economic damage from biological invasions of pests and pathogens
may be signi�cant and it justi�es the careful determination of the optimal trade
policy to be adopted. While static economic net welfare bene�t analyses support
decisions in favour of unrestricted free trade in the presence of high-risk imports
of agricultural commodities, scienti�c import risk assessments, mostly devoid of
economics, do not.
The development of an e¤ective behind-the-border-adaptation strategy takes

time and is costly. In order to determine the optimal timing of when trade bans
should be lifted in the face of invasion uncertainty and R&D uncertainty, a
stochastic continuous-time model of optimal quarantine decisions was devel-
oped. In particular, the time dynamic characteristics of the costs associated
with managing the invasion risk and its consequences were modelled as a com-
bined Brownian motion and Poisson jump process.
Application to the case of banana imports into Australia showed that even

when net economic welfare gains are to be realised from lifting import bans, it
may still be suboptimal to do so immediately when a longer time horizon is con-
sidered. Where the bene�ts from investing time and money in learning about
the speci�c risks and their e¤ective management and control before lifting the
import ban outweigh the opportunity cost of temporarily foregoing the welfare
gains from free trade, the optimal strategy is to delay allowing free trade. Under
the assumptions for Australia, used in Table 1, the optimal delay to free trade
in bananas is 5:5 years from the time research into banana speci�c exotic pests
and pathogens and the development of e¤ective adaptive strategies commence.
The expected optimal length of the delay is determined largely by the expected
damage from invasion, the probability of an invasion occurring and the relative
size of the defensive expenditure the government is willing to allocate to ex-
otic pest and pathogen management. Larger expected damage, higher invasion
probabilities and lower defensive expenditure all increase the expected delay
to free trade. Moreover, the model suggests (Figure 1) that a threshold for
high, unrestricted probabilities of entry, establishment and spread exists, which
implies that the import risk is to too great to be cost-e¤ectively reduced by
behind-the-border adaptation measures. If this threshold is exceeded, the net
social welfare maximising trade policy is immediate free trade.
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Figure 1a: � = 0:01 Figure 1b: � = 0:04

Figure 1c: � = 0:07 Figure 1d: � = 0:10
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Table 1:
Base case parameter values and results

Parameter

N Consumer surplus status quo 585
�N Increase in consumer surplus in A$m pa 175
P Producer surplus status quo 135
�P Decrease in producer surplus in A$m pa 66

 (0) Invasion damage in A$m pa 52
� PEES 0:01
� Defensive expenditure share 0:33
� Real rate of discount 0:04
� Mean rate of invasion damage reduction 0:15
� Exogenous standard deviation of R&D 0:1

Results

F (C (0)) Autarky net present value ($bn) 19.2
f (C (0)) Free trade net present value ($bn) 18.9
T Expected number of years of R&D 5.5

Table 2:
Expected years of R&D for varying demand and
supply elasticities

Elasticity Elasticity
of Demand of Supply

1a 1:25

�0:5a

CS
�CS
PS
�PS


 (0)
b

T

585
175
135
�66
52

5:5

585
175
108
�63
34

0:5

�0:75

CS
�CS
PS
�PS


 (0)
b

T

389
180
135
�66
52

5:0

389
180
108
�63
34

0:0

a Reproduced from Table 1.
b Producer surplus losses from an invasion event,

(0); are taken to be 75% of the free-trade pro-
ducer surplus.
See Table 1 for all other parameter values.
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Table 3:
Expected years of R&D for varying PEES,
�; and invasions damage, 
(0); with ad-
justed defensive expenditure share, �:

� � 


35 52 69

0:005 0:17 0:0 0:0 0:0
0:010 0:33 1:1 5:5 8:7
0:020 0:66 8:0 10:8 12:9
0:030 0:99 9:6 11:7 13:2

See Table 1 for all other parameter values.

Table 4:
Expected years of R&D for varying de-
fensive expenditure share, �; and invasion
damage, 
(0):

� 
 (0)

35 52 69

0:251 51:6 56:7 60:4
0:33 1:1 5:5 8:7
0:400 0:0 2:5 5:3

See Table 1 for all other parameter values.

Table 5:
Expected years of R&D for varying R&D
success, �; and R&D uncertainty, �:

� �

0:05 0:1 0:2

0:01 0:0 0:0 11:5
0:05 0:0 2:4 11:3
0:10 1:7 4:5 10:7
0:15 3:7 5:5 10:0
0:20 4:7 6:0 9:4
0:25 5:3 6:2 8:9

See Table 1 for all other parameter values.
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