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ABSTRACT The probit 9 standard for quarantine treatment efÞcacy (99.9968% mortality) was
originally recommended for tropical fruits heavily infested with fruit ßies and it centers on high
mortality to achieve quarantine security. This standard may be too stringent for quarantine pests in
commodities that are rarely infested or are poor hosts. The alternative treatment efficacy approach
measures risk as the probability of amating pair, gravid female, or parthenogenic individual surviving
in a shipment. Thiswill be a functionofmany factors including infestation rate and shipment volume.
Applying the risk-based alternative treatment efÞcacy approach to pests on rarely infested or poor
hosts will lower the number of required test insects needed for developing quarantine treatments;
hence data for a quarantine treatment could be generated by testing 10,000 or fewer insects with
no survivors, compared with 90,000Ð100,000 insects to demonstrate the traditional probit 9 efÞcacy.
Several commodity/quarantine pest systems where this approach could be applied are discussed.
This approach would save time and resources, and help farmers export their crop on a more-timely
basis.

KEY WORDS Bactrocera dorsalis, Cryptophlebia, alternative treatment efÞcacy, quarantine treat-
ment, pest risk management

AN OVERRIDING CONCERN for countries importing for-
eign commodities is the exclusion of exotic pests of
potential economic importance that are not yet
present or are not widely distributed in the importing
country, so-called quarantine pests. Phytosanitary or
quarantine treatments are often required to disinfest
host commodities of economically important arthro-
pod pests before they are moved through market
channels to areaswhere thepest doesnot occur. In the
past, the guiding principle in quarantine treatment
research has been the probit 9 standard for treatment
efÞcacy (Robertson et al. 1994). The probit 9 standard
(99.9968% mortality) was initially recommended for
tropical fruits heavily infested with fruit ßies (Baker
1939).Theprobit 9 approachcentersonhighmortality
of the treated pest population and, for heavily infested
commodities, usually provides adequate quarantine
security. However, this standard may be too stringent
for commodities that are rarely infested or are poor
hosts.
The alternative treatment efficacy approach mea-

sures risk as the probability of a mating pair, gravid
female, or parthenogenic individual surviving in a
shipment (Landolt et al. 1984). This will be a function
of many factors including infestation rate, culling and
other postharvest removal of infested fruit, shipment
volume, shipping and storage conditions and themor-
tality these conditions exact on the pest, and other
biological and nonbiological factors (Vail et al. 1993,
Liquido et al. 1997). The probability of establishment
after shipment will be a function of many additional

factors including host availability and suitability of the
climate (Landolt et al. 1984, Whyte et al. 1994). The
main quantitative argument for deviating from probit
9 treatment efÞcacy is low infestation rate of the com-
modity.Onepractical beneÞt of reducing the required
treatment efÞcacy is that fewer insects must be tested
during quarantine treatment development.
Here, we synthesize a series of published equations

thatcalculate the riskof infestation, the required treat-
ment efÞcacy, and the necessary number of test in-
sects during quarantine treatment development to en-
sure quarantine security. Quarantine pests of the
tropical fruit rambutan (Nephelium lappaceumL.) and
several other commodities are used to illustrate the
approach and necessary conditions.

Calculating Pest Risk

The main criterion for deÞning risk is the proba-
bility of a potential mating pair or reproductive indi-
vidual surviving in a regulated consignment of fruit.
This will primarily be a function of infestation rate,
shipment size, and the efÞcacy of the disinfestation
treatment. The probability of Þnding one or more
mating pairs is given by:

P � [1 � e-NFT/2]2, [1]

where N is the number of fruit in a shipment, F is the
Þeld infestation rate (per fruit), and T is pest survival
after a postharvest treatment (Liquido et al. 1996,
1997). Equation 1 assumes a Poisson distribution of
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surviving insects in fruit (i.e., frequency distribution
for rare events [Sokal and Rohlf 1981, Couey and
Chew 1986]). NFT is the average number of live pests
in a shipment after a postharvest treatment.
If we assume the postharvest treatment (T) pro-

vides probit 9 efÞcacy (99.9968% mortality of the
pest), we can calculate the frequency of live pest
occurrence and theprobability of having amating pair
in a single shipment or series of shipments. If probit 9
efÞcacy of a disinfestation treatment results in signif-
icant overkill, the efÞcacy of the treatment can be
reduced to some extent, while still maintaining quar-
antine security. Assuming we are trying to prevent a
mating pair from arriving in a single shipment, the
equations to calculate the required treatment mortal-
ity (m) are as follows:

m � 1 � (NR/(i*n*s)), [2]

NR � � 2*(loge (1 � �P)), [3]

where i is the infestation rate (or the upper bound of
95% conÞdence interval for infestation rate deter-
mined in the Þeld if this is available), n is the number
of fruit in a shipment, and s is the natural survival rate
of insects in fruit after harvest (Vail et al. 1993). NR is
the number of fruit (N) multiplied by the infestation
rate (R) and is a constant function of P (Vail et al.
1993). We conservatively set P, the probability of
having one or more mating pairs, at 0.01 (99% chance
of having � 1 mating pair) which makes NR � 0.21.
(So, there is a 99% probability of the presence of �1
mating pair if an average of 0.2107 individuals survive
in a given quantity of fruits based on the Poisson
distribution [Vail et al. 1993]). If we assume that the
survival rate (s) is 1.0, m becomes solely a function of
infestation rate and shipment size. These are themain
factors that have a direct effect on the probability of
a mating pair surviving in a shipment, although other
variables could modify or reduce the numbers. From
these estimates, the required quarantine treatment
efÞcacy can be calculated to ensure with 99% conÞ-
dence that �1 mating pairs survives in a shipment.
Equation 2 is only valid if (NR/i*n*s) is �1, which is
not always satisÞed if pest infestation is extremely rare
(see discussion).
Estimates for the required treatment efÞcacy canbe

used to determine the number of insects that must be
tested such that if no survivors are found, wewill have
95%conÞdence that the probability of survivorsmeets
the treatment efÞcacy or probit mortality level estab-
lished. The equation to calculate the number of test
insects (n) is as follows:

n � [log(1 � C)]/log(m), [4]

where C � conÞdence level (between 0 and 1, arbi-
trarily set at 0.95), and m is the level of required
mortality (between 0 and 1, from equation 2) (Couey
and Chew 1986). The probit 9 standard requires that
93,613 insects (C � 0.95,m � 0.999968) be testedwith
no survivors. [Couey and Chew (1986) also give the
equation for calculating the required number of test
insects with one or more survivors.] This level of

testingmay not be practical for insect pests that rarely
infest the host or if survivorship on the host is poor.
With the alternative treatment efÞcacy approach, low
infestability of the host is included in a probability
equation and the number of required test insects can
be reduced.Whenm, the required treatment efÞcacy,
decreases so does the required number of test insects.
There aremanyquarantine insects onpoor or rarely

infestedhosts thatqualify for thealternative treatment
efÞcacy approach, and signiÞcant resources could be
saved by reducing the number of test insects required
during quarantine treatment development. The ram-
butan pest system in Hawaii is used to illustrate in
detail the application of the alternative efÞcacy ap-
proach and the calculation of pest risk.

Rambutan Infestation in Hawaii

Rambutan,Nephelium lappaciumL., is an evergreen
tree fruit native to west Malaysia and Sumatra and
widely grown in Southeast Asia (Zee et al. 1998).
Malaysia andThailand currently are themajor export-
ing countries. The fruit belongs to the Sapindaceae, a
family that includes the lychee, Litchi chinensis Sonn.,
and longan, Dimocarpus longan (Lour.) Steud. In Ha-
waii, rambutan is the lead crop in a rapidly expanding
tropical exotic fruits industry and exports of this fruit
have begun.
Theprincipalhigh-risk regulatorypestsof rambutan

are Bactrocera dorsalis (Hendel), Ceratitis capitata
(Wiedemann), and Cryptophlebia spp., which are all
internal feeders (USDA-APHIS-PPQ 1996). Bactro-
cera dorsalis and C. ceratitis adults lay groups of eggs
beneath the surface of the fruit. The entire larval
period is spent inside the fruit feeding on the pulp and
the last instar leaves the fruit to pupate in the soil.
Mature fruits are most susceptible to fruit ßy attack,
but the spinterns and thickpericarpof rambutanprob-
ably act as impediments to oviposition. Although adult
ÔstingÕ marks and multiple eggs can be found in ram-
butan fruits, seldom are B. dorsalis and C. ceratitis
larvae observed inside fruit while the fruit is healthy
and still on the tree (P.A.F., unpublished data).
Two species of Cryptophlebia (Lepidoptera: Tortri-

cidae) attack rambutan in Hawaii: Cryptophlebia ill-
epida(Butler), anativeHawaiian speciesknownas the
koa seedworm, and Cryptophlebia ombrodelta (Low-
er), an Australian import called the litchi fruit moth.
Both species are regulatorypests of lycheeand longan,
but recently have also been found infesting rambutan
(McQuateet al. 2000)andareaquarantineconcernon
this fruit. Cryptophlebia is multivoltine (Jones et al.
1997). Eggs are laid singly on the fruit surface and
neonate larvae penetrate the skin and feed at the
skin/pulp interface. Larvae may feed on the pulp or
bore into the seed, and leave the fruit to pupate.
Typically, only one larva is found feeding in a fruit
(McQuate et al. 2000). No insecticides are applied to
rambutan in Hawaii for control of fruit ßies or Cryp-
tophlebia.
While fruit ßies and Cryptophlebia oviposit on ram-

butan fruits, actual damage from larval feeding is un-
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common and larval survival to pupationwhen fruit are
on the tree is rare (P.A.F., unpublished data). Labo-
ratory tests and Þeld surveys in Hawaii over the past
several years conÞrm that rambutan and its close rel-
atives, lycheeand longan, arepoorhosts forB.dorsalis,
C. ceratitis, and Cryptophlebia. In a recent study, over
47,000mature fruits of ninevarieties of rambutanwere
harvested from orchards in Hawaii to assess natural
levels of infestation by any internal feeding pests such
as fruit ßies and Cryptophlebia (McQuate et al. 2000).
Fruits were held in perforated zip-lock bags with sand
in the bottom to allow larval development and pupa-
tion, then removed and held for adult eclosion. Ram-
butan fruits in this study were infested by B. dorsalis
and Cryptophlebia spp.; C. capitata was not observed.
Over all varieties, infestation rates (number of adults
emerging per fruit) for the quarantine pests were
0.0007 for B. dorsalis (33 adults emerged from 47,188
fruits) and 0.0011 (50 adults emerged from 47,188
fruits) for Cryptophlebia spp. The average number of
adults emerging per infested fruit was 3.3 for B. dor-
salis and 1.1 for Cryptophlebia.

To calculate pest risk during export shipments, es-
timates are needed for rambutan infestation rates,
shipment size, and the efÞcacy of the disinfestation
treatment. To be conservative, we determined 95%
conÞdence intervals for these single point estimates of
infestation rates and used the upper bound for further
calculations of pest risk. Using the approach of Couey
and Chew (1986) (Table 1) the upper bound of the
95% conÞdence limit was calculated as 0.0009 for B.
dorsalis and 0.0013 for Cryptophlebia.
Realistic estimates for shipment size in terms of

number of fruits can be determined using fruit weight
data. In McQuate et al. (2000) rambutan fruit weights
averaged from 34.0 g (ÔR-7Õ) to 47.9 g (ÔR-156 RedÕ).
Using these weights, a shipment of 20,000 kg would
have �590,000 fruits of the small variety and 418,000
fruits of the large variety. Because rambutan varieties
are usuallymixed in a shipment, an estimate of 500,000
fruits in 20,000 kg is realistic. Shipments sizes of 2,000Ð
10,000 kg are probablymore realistic for the rambutan
industry in Hawaii at this time, which would yield
�50,000Ð250,000 fruits.

If we assume the postharvest treatment (T) pro-
vides probit 9 efÞcacy (99.9968% mortality of the
pest), the frequency of live pest occurrence in a series
of rambutan shipments, and the probability of having
a mating pair in a single shipment for B. dorsalis and
Cryptophlebia can be calculated (Table 1). At the
largest shipment size, 500,000 fruits, the predicted
frequency of occurrence (NFT) of live B. dorsalis is
0.014 (1 individual in 71 shipments), and at the small-
est shipment size, 50,000 fruits, the frequency is pre-
dicted to be 0.0014 (1 individual in 714 shipments). At
the largest shipment size, 500,000 fruits, the probabil-
ity of �1 mating pairs surviving in a shipment is
0.000051 (5.1 � 10�5) for B. dorsalis (1 mating pair in
19,608 shipments), and 0.00011 (1.1 � 10�4) forCryp-
tophlebia (1 mating pair in 9091 shipments). In a ship-
ment of 50,000 fruits, the probability of a mating pair
in a shipment is reduced to 5.2 � 10�7 for B. dorsalis
and 1.1 � 10�6 for Cryptophlebia. Therefore, in all
cases, the probit 9 level of efÞcacy of the treatment
provides a high level of overkill, and the probability of
a having a mating pair of either of these two pests in
a shipment of rambutan is extremely small.
The required quarantine treatment efÞcacy (m)

can be calculated to ensure with 99% conÞdence that
�1 mating pair survives in a rambutan shipment or
series of shipments (Table 1). Using the upper bound
of the 95% conÞdence interval for infestation rates
determined in the Þeld, less-than-probit 9 efÞcacywas
required for a quarantine treatment for each of the
shipment sizes considered. For example, in a shipment
size of 500,000 rambutan fruits the required treatment
efÞcacy to prevent the shipment of a mating pair for
B. dorsalis is 99.953% mortality, which translates to
probit 8.31, and the required treatment efÞcacy to
prevent the shipment of a mating pair for Cryptophle-
bia is 99.967%mortality, which translates to probit 8.4.

Estimates for the required treatment efÞcacy canbe
used to determine the number of insects that must be
tested during quarantine studies such that if no sur-
vivors are found,wewill have 95% conÞdence that the
probability of survivors meets the treatment efÞcacy
or probit level established. For B. dorsalis and Cryp-
tophlebia in rambutan under three shipment size con-

Table 1. Required treatment efficacy and number of test insects for B. dorsalis and Cryptophlebia infesting rambutan in Hawaii using
the alternative treatment efficacy approach (95% confidence that <1 mating pair survives in a shipment)

Pest
Infestation

rate
95% CL

(upper bound)

Shipment size Probability
of �1 mating
pairs with
probit 9a

Treatment
efÞcacy
requiredb

Probitc
No. test insects
required (0
survivors)d(kg)

(No.
fruits)

B. dorsalis 0.0007 0.0009 20,000 500,000 5.1 � 10�5 99.953 8.31 6,372
10,000 250,000 1.3 � 10�5 99.906 8.11 1,383
2000 50,000 5.2 � 10�7 99.532 7.59 639

Cryptophlebia 0.0011 0.0013 20,000 500,000 1.1 � 10�4 99.968 8.40 9,076
10,000 250,000 2.7 � 10�5 99.935 8.21 4,607
2000 50,000 1.1 � 10�6 99.676 7.72 923

a From equation 1.
b From equations 2 and 3.
c From equations 2 and 3, and a probit table.
d From equations 2, 3, and 4.
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ditions, the requirednumber of test insects (n) ranged
from 639Ð9,076 (Table 1). For example, to ensure
quarantine security for B. dorsalis in a shipment of
500,000 rambutan fruits or less, 6,372 insects must be
treated with the proposed treatment with no survi-
vors.

Other Commodities that are Rarely Infested

Table 2 lists several additional crop/quarantine pest
situations that would be amenable to the alternative
treatment efÞcacy approach. Like rambutan, surveys
have been conducted at harvest of the internal-feed-
ing pests of lychee and longan in Hawaii, and the two
quarantine pests infesting these fruits were B. dorsalis
and Cryptophlebia. No insecticides are applied to ly-
chee or longan in Hawaii. The infestation rate for
Cryptophlebia in longan was 1.4 � 10�3 (14 adults
emerged from9,700 fruits), and the infestation rate for
B. dorsalis in lychee was 5.6 � 10�3 (201 adults
emerged from 35,722 fruits) (G.T.M., unpublished
data). Using the alternative treatment efÞcacy ap-
proach, the required treatment efÞcacy for Crypto-
phlebia in a shipment of 1,110,000 longan (10,000 kg)
would be 99.986%, and the number of insects required
during large-scale testing of a quarantine treatment
with no survivors would be 21,397. Likewise, the re-
quired treatment efÞcacy for B. dorsalis in a shipment
of 588,000 lychee (10,000 kg) would be 99.994%, and
the number of insects required during large-scale test-
ing of a quarantine treatment with no survivors would
be 49,927. For both Cryptophlebia in longan and B.
dorsalis in lychee in Hawaii, the reduction in the
required severity of a treatment and the number of
required test insects using the alternative treatment
efÞcacy approach compared with the probit 9 ap-
proach is substantial but not dramatic.
A more extreme case of an inherently poor host is

codling moth in nectarines. Only three live codling
moths (larvae) were found infesting 326,625 packed
nectarines sampled from packinghouses in the San

Joaquin Valley of California between 1985Ð87 for an
infestation rate of 9.2 � 10�6 (Curtis et al. 1991). In a
container load of nectarines with an estimated 89,600
fruits the required treatment efÞcacy for codlingmoth
would be 74.437 (probit 5.65) and, therefore, a very
limited number of insects (theoretically 10, but prac-
tically �200) would be required during large-scale
testing of a quarantine treatment with no survivors.
The alternative efÞcacy approach can be extended

beyond the consideration of quarantine pests on in-
herently poor hosts. For example, low infestation rate
at harvest could be the result of effective pest man-
agement before harvest, as in the case of peach twig
borer,Anarsia lineatellaZeller (Lepidoptera:Gelechi-
idae), in prunes and Western cherry fruit ßy, Rhago-
letis indifferens Curran (Diptera: Tephritidae) in
sweet cherries. Peach twig borer is an occasional pest
of fresh prunes in the San Joaquin Valley of California
that is easily controlled with a dormant insecticide
control program (Yokoyama and Miller 1999). The
infestation rate of fresh prunes at harvest by peach
twig borer was estimated at one larva per 8,501 fruit
(Yokoyama and Miller 1999). At this level of infesta-
tion, the required treatment mortality to prevent a
mating pair in a shipment is 99.72% (probit 7.76), and
the number of required test insects during large-scale
testing with no survivors is 1,068 (Table 2). Sweet
cherry is a good host for Western cherry fruit ßy and
consequently multiple sprays with insecticides are
necessary to suppress populations in the Þeld. At pack
out, the infestation rate of cherries forWestern cherry
fruit ßy is extremely low: from 1997Ð99, 146 larvae of
Western cherry fruit ßy were detected during inspec-
tion of 75,730,574 cherries (infestation rate � 1.9 �
10�6) for the Japanmarket (J.D.Hansen, USDA-ARS,
Yakima, WA, personal communication). At this level
of infestation, the required treatmentmortality to pre-
vent a mating pair in a large shipment (17,417 kg;
3,456,000 cherries) is 96.791 (probit 6.85), and the
numberof required test insects during large-scale test-
ing with no survivors is theoretically 92 (Table 2).

Table 2. Examples of other commodities that are rarely infested or poor hosts for quarantine pests

Pest Commodity
Infestation

rate (insects/
fruit)

Shipment size Probability
of �1 mating
pairs with
probit 9

Treatment
efÞcacy
required

Probit
No. test insects

required
(0 survivors)(kg)

(No.
fruits)

Cryptophlebia Longana 1.4 � 10�3 10,000 1,110,000 6.0 � 10�4 99.986 8.56 21,397
Oriental fruit
ßy

Lycheea 5.6 � 10�3 10,000 588,000 2.6 � 10�3 99.994 8.83 49,927

Avocadoesb 2.1 � 10�2 9,000 40,000 1.8 � 10�4 99.975 8.47 11,981
Codling moth Nectarinesc 9.2 � 10�6 15,966 89,600 1.7 � 10�10 74.437 5.65 10

Sweet cherriesd 1.8 � 10�8 17,417 3,456,000 9.9 � 10�13 Ñ Ñ
Western cherry
fruit ßy

Sweet cherriesd 1.9 � 10�6 17,417 3,456,000 1.1 � 10�8 96.791 6.85 92

Peach twig
borer

Prunese 1.2 � 10�4 20,320 627,200 1.4 � 10�6 99.720 7.77 1,068

Ñ, Not calculable from equations 2 and 3 due to extremely low incidence.
a G.T. McQuate, unpublished data.
b Liquido et al. (1995).
c Curtis et al. (1991).
d Source: Washington State Department of Agriculture F&V Inspection and USDA-APHIS.
e Yokoyama and Miller (1999).
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Harvestingclimacteric fruits (those that continue to
ripen after harvest) such as avocadoes, papayas and
bananas at a nonpreferred maturity stage can also
reduce infestation rates to extremely low levels before
a quarantine treatment is applied. Ripe avocado is an
acceptable host for B. dorsalis in Hawaii but infesta-
tion can be greatly reduced by harvesting mature
green fruit. The infestation rate in mature green avo-
cadoes at harvestwas estimated at 0.021 (Liquido et al.
1995) (Table 2), and an overseas shipping container
contains �40,000 avocadoes; the estimated number of
test insects required with no survivors during quar-
antine treatment development is 11,981. Other exam-
ples are melon ßy, Bactrocera curcurbitae (Coquillet),
in papaya, and C. ceratitis and B. dorsalis in banana.
Papaya is a preferred host for melon ßy in Hawaii if
fruit are one-half ripe or more, but typically fruit are
harvested at color break to one-fourth ripe and are
rarely infested (infestation rate � 0.02; Liquido et al.
1989). Ripe bananas are preferred hosts forC. ceratitis
and B. dorsalis in Hawaii but fruit harvested at the
mature green stage are considered nonhosts (Arm-
strong et al. 2001). If harvest at a nonpreferred stage
of maturity or pest management in the Þeld is used to
lower infestation levels of a pest as part of a quarantine
security system before export, strict certiÞcation and
inspectionprotocols are required to ensure the system
is not compromised by human error or other unfore-
seen factors.

Discussion

Acceptance of the concept of pest riskmanagement
(i.e., probability of a mating pair in a shipment) for
qualifying pests/commodities will often decrease the
number of required test insects when developing
quarantine treatments, thereby saving time and re-
sources. Also, decreasing the time involved in devel-
oping a quarantine treatment will help farmers export
their crop sooner, and allow researchers to develop
quarantine treatments for other crops on a more-
timely basis. Naturally low infestation rates deter-
mined for the primary internal-feeding regulatory
pests of rambutan in Hawaii, B. dorsalis and Crypto-
phlebia spp., suggest that this crop/quarantine pest
system is amenable to the alternative treatment efÞ-
cacy approach. Other crop/pest systems also qualify
for this approach. In crop/pest systems where infes-
tation rates in the Þeld have the potential to be high,
various pest management tactics can be incorporated
into a risk management system to arrive at low infes-
tation rates at harvest (Landolt et al. 1984, Mangan et
al. 1997), the so-called systems approach (MofÞtt
1990, Jang andMofÞtt 1994). For some highly infested
fruit crops, preharvest pest management is actually
critical to ensure that postharvest treatments causing
the probit 9 level of mortality provide quarantine
security (e.g., Mangan et al. 1997).
A high-temperature forced-air quarantine treatment

was recently developed for rambutan to achieve probit
9 efÞcacy for C. capitata and B. dorsalis, and involved

large-scaletestingofvastnumbersofeggsandÞrst instars
(T. Phillips, Oklahoma State University, unpublished
data). For B. dorsalis alone, over 250,000 late eggs and
Þrst instars were tested with no survivors. This level of
testing was far in excess of what was needed to ensure
quarantine security for B. dorsalis in rambutan based on
estimations of infestation rate (Table 1). With two fruit
ßymass rearing facilities inHawaii, probit 9 level testing
forB. dorsaliswas attainable using laboratory strains in a
relativelyshortperiodof time(�6mo).Withquarantine
pests such as Cryptophlebia for which mass rearing ca-
pabilities are not available, quarantine treatment devel-
opment involves amore signiÞcant time investment. For
example, we conducted extensive tests with Þfth instar
Cryptophlebia for irradiation and hot water immersion
quarantine treatments; tests for each treatment were
completed in approximately 2 yr, treating a total of
9,000Ð11,000 insects with no survivors (Follett and
Lower 2000, Follett and Sanxter 2001). At this rate, data
for a quarantine treatment for Cryptophlebia using the
traditional approach of demonstrating probit 9 efÞcacy
would require 15Ð20 yr (testing 90,000Ð100,000 insects).
The accuracy of predictive models can be depen-

dent on model assumptions and assigned conÞdence
levels. The assumption of a Poisson distribution for
equation 1 is probably justiÞed for poor or rarely
infestedhosts. Althoughmultiple insectsmay reside in
an individual fruit (a contagious distribution, as is the
casewithmost fruit ßies) at harvest, after fruit receive
a quarantine treatment causing mortality in excess of
99.9%, the expectation is that rare survivors will be
randomly distributed among fruit (Baker et al. 1990,
Mangan et al. 1997). For insects with a contagious
distribution on preferred hosts, models other than the
Poissonmaybemore appropriate (Mangan2000).The
negative binomial distribution is also used to describe
rare events; assuming this distribution, equation 1
would become P � (NFT/2)2. For rare events, pre-
dictions using the Poisson and negative binomial dis-
tribution are nearly identical.

The estimated values for m (equation 2) and n
(equation 4) are dependent on the conÞdence level
variables P and C, respectively. In calculating the re-
quired treatment efÞcacy, P was set conservatively at
99%. Incalculating the requirednumberof test insects,
C was set at 95% because this is the conÞdence level
traditionally used in discussing probit 9 (Couey and
Chew1986). Increasing theconÞdence level for either
equation will result in a higher estimated number of
required test insects during quarantine testing.

Equation 2 is not valid for [i*n*s] � NR because m
will be negative; this can occur when the infestation
rate (i) at harvest is extremely low and shipment size
(n) is not extremely large. For example, sweet cherry
is a poor host for codling moth (Table 2). In sweet
cherries from the PaciÞc Northwest and California in
1997, four codlingmoth larvae were found in over 218
million inspected cherries exported to Japan, an in-
festation rate of 1.8� 10�8 (J. D.Hansen, USDA-ARS,
Yakima, WA, personal communication). In 1998 and
1999, no codling moth larvae were found in over 423
million inspectedcherries.The largest single shipment
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in 1999was 17,417 kg,�3.5million fruit. Assuming two
shipments of 17,417 kg (7 million cherries) land at a
destination in Japan with an average codling moth
infestation rate (i) of 1.8 � 10�8, and assuming sur-
vivorship (s) during transit is 1.0, [i*n*s] would be
0.126 and m, the required treatment mortality, calcu-
lated from equations (2) and (3) would be a negative
number (�0.67).
A potentially useful element to a risk management

system that has not been exploited up to now is ship-
ment volume. This is illustrated with the different
shipment sizes for rambutan shown in Table 1. In
smaller shipments there are fewer insects and the
probability of having infested fruits and surviving in-
sects in the shipment is lower compared with larger
shipments. As a result, the necessary level of mortality
for a disinfestation treatment to ensure�1mating pair
survives is reduced. A maximum allowable shipment
volume for a commodity (or group of commodities
infested by a particular regulatory pest) could be part
of an export regulation just as restrictions are now
placedon thedistributionof certain fruit imports (e.g.,
lychee fruits from Hawaii may not be distributed in
Florida).
The alternative treatment efÞcacy approach esti-

mates risk of pest survival and reproduction based on
biological, ecological, quarantine treatment, and mar-
keting or distribution data. Risk is deÞned as the prob-
ability of having one ormore reproductive individuals
in a shipment. With a reliable estimate for infestation
rate, the level of quarantine treatment efÞcacy can be
established within an acceptable level of risk. The
level of treatment efÞcacy can be used in turn to
calculate the number of test insects needed, as was
shown here. In all cases, we considered only treat-
ments yielding no survivors albeit testing involved
smaller numbers of insects. In theory, estimates for the
required treatment efÞcacy can be used tomodify the
disinfestation treatment if a higher level of pest sur-
vivorship is acceptable compared with survivorship in
a treatment that gives probit 9 efÞcacy. For example,
this might involve reducing the duration of a heat
treatment, lowering the dose of an irradiation treat-
ment, or raising the temperature of a cold treatment.
This may be critical to the practical use of a disinfes-
tation treatment if it negatively affects quality of the
commodity, which is true for many disinfestation
treatments for tropical fruits (Paull 1994, Follett and
Sanxter 2000).
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