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ABSTRACT All apples (Malus domestica) and cherries (Prunus avium) exported from the United
States to Japan undergo quarantine treatments such as fumigation and cold treatment to prevent the
transport of codling moth, Cydia pomonella (L.). As an alternative to these treatments, a procedure
called the systems approach has been proposed. This approach aims at achieving quarantine security
by integrating several protection efforts such as integrated pest management (IPM), postharvest
removal of infested fruits, and export sampling inspectionof consignments. The inspection suggested
in this approach has 2 novel characteristics: (1) the existence of injury marks such as worm holes
aswell as live insects is used as abasis for thedecision to reject the consignment, and(2) the sampling
inspection is repeated several times. We propose a method to estimate the efÞciency of this plant
quarantine inspection, by assuming there is a constant probability that a fruit with injury marks
contains live insects. The hypothetical example shows that the efÞciency of sampling inspection is
considerably improved by using the existence of injury marks. It is, however, suggested that the
sampling inspection is not as effective as the quarantine treatments even if the existence of injury
marks is used.
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SAMPLING INSPECTION IS one of the effective procedures
to reduce the number of quarantine pests passing a
port. In the Japanese import plant quarantine for fruit
commodities, a sample is drawn at random from every
consignment that arrives at port, and the consignment
is accepted for importation only if the sample contains
no live pests. This mode of inspection is called the
zero-tolerance method. It is, however, impossible to
prevent completely the introduction of quarantine
pestsby this kindof sampling inspectionbecause there
is a possibility that some infested fruits may be in-
cluded in accepted consignments. Therefore, several
types of fruit items that might be infested by serious
pests are usually prohibited from importation to
achieve quarantine security. As exceptions, apples
(Malus domestica) and cherries (Prunus avium) from
the United States are permitted for importation into
Japan if they are appropriately treated by fumigation
andcold treatmentbeforeexport, although theymight
carry designatedpests such as the codlingmoth,Cydia
pomonella (L.).

A quarantine procedure called the systems ap-
proach has been proposed as an alternative to fumi-
gationandcold treatmentof apples andcherries (Hata
et al. 1992, Jang and MofÞtt 1994, Jang 1996). This
approach has 5 distinct phases: (1) integrated pest
management (IPM) practices in the Þeld, (2) prehar-
vest techniques to reduce the occurrence of pests on

the produce, (3) postharvest removal of insect-in-
fested or damaged fruits (4) inspection and certiÞca-
tion of the packed fruit, and (5) shipping and distri-
bution of the commodity. The systems approach aims
at achieving total quarantine security by integrating
the protection efforts conducted in each of these
phases, but the effectiveness of this approach has not
been fully evaluated. In this paper, we focus on the
effectiveness of sampling inspection in phase 4 of the
systems approach.

Export sampling inspection suggested in the sys-
tems approach has 2 novel characteristics: (1) the
existence of injury marks such as worm holes as well
as live insects is usedas abasis for thedecision to reject
consignments, and (2) the inspection is repeated sev-
eral times. We extend the method of Yamamura and
Sugimoto (1995) to estimate the efÞciency of this
mode of export plant quarantine inspection. The
method is applied to a hypothetical example of in-
spection for the codling moth.

Quarantine Inspection by Using Injury Marks. An
injured fruit is deÞned as a fruit that has injury marks
such as worm holes. An infested fruit is deÞned as a
fruit that has 1 or more live insects. A typical export
plant quarantine inspection by using injury marks is
summarized as follows: (1) A sample of fruits is drawn
from every consignment. (2) The consignment is re-
jected if the number of injured fruits in the sample
exceeds a critical value. (3) The consignment is re-
jected if the sample contains 1 or more infested fruits.
(4) Procedures 1Ð3 are repeated, and (5) The ac-
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cepted consignment is exported. The sample is not
returned to the consignment. The rejected consign-
ments are discarded. The zero-tolerance method cor-
responds to a special case in which the 2nd procedure
is missing.

Statistical Model. Assumptions. (1) The proportion
of injured fruits varies depending on the production
area and the year. A beta distribution approximately
describes the probability distribution of the propor-
tion of injured fruits in the production area of a given
consignment. (2) Every consignment contains fruits
that were drawn at random from the inÞnite popula-
tion of the production area. (3) A sample is drawn at
random from every consignment. The sample is not
returned to the consignment. (4) There is a constant
probability that an injured fruit contains live insects.
Noninjured fruits do not contain live insects.
Let

k 5 the number of consignments inspected for
exportation during a given period;

ni 5 the number of fruits in the ith consignment
(i 5 1,2, . . . , k);

si 5 the number of fruits sampled from the ith
consignment;

ci 5 the maximum number of injured fruits per-
mitted in the sample of the ith consignment;

r 5 the number of inspections;
q 5 the probability that an injured fruit contains

live insects;
p 5 the probability of survival under a quaran-

tine treatment;
Xi 5 the proportion of injured fruits in the pro-

duction area of the ith consignment;
Yi 5 the number of injured fruits in the sample

drawn from the ith consignment;
Vi 5 the proportion of infested fruits in the pro-

duction area of the ith consignment;
Wi 5 the number of infested fruits in the sample

drawn from the ith consignment;
Zi 5 the number of infested fruits exported

through the ith consignment after the in-
spection;

Ti 5 the number of fruits exported through the
ith consignment (either 0 or ni);

mbefore 5 the average proportion of infested fruits be-
fore the export inspection;

mafter 5 the average proportion of infested fruits af-
ter the export inspection; and

sbefore
2 5 the variance of Vi.

Single Sampling Inspection. The probability density
of injured fruits (Xi) is

f~ x! 5
1

B~a,b!
xa21~1 2 x!b21, ~0 # x # 1! [1]

where a and b are positive constants. B(.,.) is a beta
function. The mean and variance of Xi are given by
a/(a 1 b) and ab/(a 1 b 1 1)(a 1 b)2, respec-
tively.Hence, mbefore and sbefore

2 are givenbyqa/(a 1
b) and q2 ab/(a 1 b 1 1)(a 1 b)2, respectively.
The sample drawn from each consignment is equiva-

lent to the sample drawn at random from the popu-
lation of the production area. Hence, the conditional
probability ofYi for a givenXi is given by the binomial
distribution

Pr~Yi 5 y?Xi 5 x! 5 Ssi

yDxy~1 2 x!si2y.

~y 5 0,1,2, . . . , si!. [2]

A consignment is accepted if the number of injured
fruits in the sample (Yi) is not larger than ci and if all
the injured fruits in the sample are non-infested fruits.
The probability that all injured fruits are non-infested
fruits is given by (1 2 q)y for Yi 5 y. Hence, the
probability of acceptance of the ith consignment for a
given Xi is

O
y50

ci

~1 2 q!y Pr~Yi 5 y?Xi 5 x!. [3]

The probability of infestation is qXi for all the un-
examined (ni 2 si) fruits. These infested fruits are
exported only if the consignment is accepted. The
expectation of the number of infested fruits is (ni 2
si)qXi if the consignment is accepted, but it is zero if
theconsignment is rejected.Hence, theexpectationof
the number of infested fruits exported through the ith
consignment for Xi 5 x is given by multiplying (ni 2
si)qx and quantity 3. Then, we obtain E(Zi) by in-
tegrating it:

E~Zi! 5E
0

1

~ni 2 si!qx O
y50

ci

~1 2 q!y Pr~Yi 5 y?Xi 5 x!

z f~x!dx 5 ~ni 2 si!q O
y50

ci

~1 2 q!y

z Ssi

yD B~a 1 y 1 1,b 1 si 2 y!

B~a,b!
. [4]

The probability of acceptance of the ith consign-
ment is given by the integration of quantity 3:

E
0

1 O
y50

ci

~1 2 q!y Pr~Yi 5 y?Xi 5 x! f~x!dx. [5]

(ni 2 si) fruits are exported if the consignment is
accepted. Hence, the expectation of the number of
fruits exported through the ith consignment is given
by multiplying (ni 2 si) and quantity 5:

E~Ti! 5 ~ni 2 si!E
0

1 O
y50

ci

~1 2 q!y Pr~Yi 5 y?Xi 5 x! f~x!dx

5 ~ni 2 si! O
y50

ci

~1 2 q!ySsi

yDB~a 1 y,b 1 si 2 y!

B~a,b!
. [6]

In a sampling inspection where the sample is re-
turned to the consignment after the examination,
(ni 2 si) should be replaced by ni in equation 6. The
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average proportion of infested fruits after inspection
(mafter) can be approximately expressed by a simple
equation if k is sufÞciently large:

mafter < O
i51

k

E~Zi!YO
i51

k

E~Ti!. [7]

The proportion of injured fruits will be sufÞciently
small for seriouspests.Hence,weconsider the limiting
case, b3 `, in the following arguments. Then, equa-
tion 1 is approximately given by a gamma distribution
with a shape parameter a and a scale parameter b:

f~x! 5
1

G~a!
baxa21 exp~2bx!, ~0 # x! [8]

where G(.) is a gamma function. The mean and vari-
ance of Xi are given by a/b and a/b2, respectively.
Hence, mbefore and sbefore

2 are given by qa/b and
q2a/b2, respectively. Simultaneously, equations 2, 4,
and 6 become the following equations when b 3 `:

Pr~Yi 5 y?Xi 5 x! 5
~xsi!

y exp~2xsi!

y!
,

~y 5 0,1,2, . . .! [9]

E~Zi! 5 ~ni 2 si!
qa

b
O
y50

ci

~1 2 q!y
G~a 1 y 1 1!

G~a 1 1!y!

z S1 1
si

bD
2~a11!S si

b 1 si
Dy

, [10]

E~Ti! 5 ~ni 2 si! O
y50

ci

~1 2 q!y
G~a 1 y!

G~a!y!

z S1 1
si

bD
2aS si

b 1 si
Dy

. [11]

Quarantine treatments such as fumigation or cold
treatments may be used together with sampling in-
spections in the systems approach. Let us assume that
live larvae are killed by the quarantine treatment with
a constant probability of survival, p. Also assume that
each infested fruit contains a single live larva. Then, if
the quarantine treatment is conducted after the sam-
pling inspection, the resultant expected number of
infested fruits is given by a simple multiplication,
pE(Zi). However, if a quarantine treatment is con-
ducted before the sampling inspection, the resultant
number of infested fruits may not be given by a simple
multiplication, since the effectiveness of sampling in-
spection may change depending on the proportion of
infested fruits. In this case, we should calculate E(Zi)
by replacing q by pq.

Multiple Sampling Inspection (r > 1). We assume
that the consignments are not intermixedbetween the
successive inspections. We also assume that si and ci

do not change between inspections, for simplicity. If
the sample size (si) is sufÞciently smaller than the
consignment size (ni), the samples drawn in the suc-
cessive inspections are almost mutually independent.

Hence, the probability of acceptance is approximately
given by the rth power of quantity 3. Then, we obtain

E~Zi! <E
0

`

qx~ni 2 rsi!FO
y50

ci

~1 2 q!yPr~Yi 5 y?Xi 5 x!Gr

z f~x!dx 5 ~ni 2 rsi!E
0

`

qx exp~2qrsix!

z F1 2
G~ci 1 1,~1 2 q!six!

G~ci 1 1! Gr

f~x!dx, @12#

E~Ti! <E
0

`

~ni 2 rsi!FO
y50

ci

~1 2 q!yPr~Yi 5 y?Xi 5 x!Gr

z f~x!dx 5 ~ni 2 rsi!E
0

`

exp~2qrsix!

z F1 2
G~ci 1 1,~1 2 q!six!

G~ci 1 1! Gr

f~x!dx, @13#

where G(ci 1 1,(1 2 q)six) is an incomplete gamma
integral (Wolfram 1996):

G~ci 1 1,~1 2 q!six! 5E
0

~12q!six

t~ci11!21 exp~2t!dt.

The quantity of mafter is given by equation 7 where
E(Zi) and E(Ti) are substituted by equations 12 and
13, respectively.

Comparison With Zero-Tolerance Method. The
probability density of infested fruits is obtained by the
transformation, Vi 5 qXi, and hence it is approxi-
mately given by a gamma distribution with a shape
parameter a and a scale parameter b/q:

g~v! 5
1

G~a!SbqD
a

va21 expF2SbqDvG . ~0 # v! [14]

The distribution of Wi for a given Vi is given by a
Poisson distribution:

Pr~Wi 5 w?Vi 5 v! 5
~vsi!

w exp~2vsi!

w!
.

~w 5 0, 1, 2, . . .! [15]

The consignment is accepted if Wi 5 0. Hence, E(Zi)
and E(Ti) are given by the following equations by a
similar argument described previously:

E~Zi! 5E
0

`

v~ni 2 si!Pr~Wi 5 0?Vi 5 v!g~v!dv

5 ~ni 2 si!
qa

b S1 1
qsi

b D
2~a11!

, [16]
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E~Ti! 5E
0

`

~ni 2 si!Pr~Wi 5 0?Vi 5 v!g~v!dv

5 ~ni 2 si!S1 1
qsi

b D
2a

. [17]

For a multiple inspection, we obtain the following
equations:

E~Zi! < ~ni 2 rsi!
qa

b S1 1
qrsi

b D2~a11!

, [18]

E~Ti! < ~ni 2 rsi!S1 1
qrsi

b D2a

. [19]

In a sampling inspection where the sample is returned
to the consignment after the examination, (ni 2 si)
and (ni 2 rsi) should be replaced by ni in equations
17 and 19, respectively.

Estimation of Parameters. From equations 8 and 9,
we obtain

Pr~Yi 5 y! 5E
0

`

Pr~Yi 5 y?Xi 5 x! f~x!dx

5
G~a 1 y!

y!G~a! S1 1
si

bD
2aS si

b 1 si
Dy

, [20]

a negative binomial distribution with the mean sia/b
and variance sia(b 1 si)/b2. We obtain the maxi-
mum likelihood estimates of a and b in a manner
shown in the appendix of Yamamura and Sugimoto
(1995). The maximum likelihood estimate of q, which
is denoted by q̂, is obtained by maximizing the con-
ditional likelihood of Wi for a given set of Yi:

Îq̂ 5 O
i51

k

WiYO
i51

k

Yi . [21]

Example. We considered a numerical example of
the sampling inspection for the codling moth. Al-
though the parameters a, b, and q should be estimated
by the maximum likelihood method based on equa-
tions 20 and 21, we do not have data for such estima-
tion. Information developed by the Washington State
Department of Agriculture showed that of the
41,397,020 apples inspected for export over a 5-yr
period, 33 were found to be infested with codling
moth larvae (MofÞtt 1990). Hence, we estimated that
mbefore 5 qa/b 5 33/41,397,020 5 8 3 1027.
MofÞtt (1990) examined the cull and off-graded ap-
ples from bins in the packagehouse, and found that 10
outof 171,448 culled appleswere infestedwith codling
moth larvae. These data yield an estimate, q 5 10/
171448 5 5.8 3 1025. However, only a part of culled
apples will have injury marks, and hence the actual
value of q seems to be much larger than 5.8 3 1025.
Thus, we Þrst evaluated the effect of q on the pro-
portion of infested fruits after the sampling inspection
(mafter) by using q 5 1024, 1023, and 1022. In this
calculation, we assumed mbefore 5 8 3 1027, si 5 104,

(ci/si) 5 1022, and ni 5 106. We also calculated
mafter for zero-tolerance method. Because we could
not determine s2

before, we calculated mafter for various
values of s2

before. Equations 10, 11, 16, and 17 were
used in these calculations. Figure 1 indicates that the
sampling inspection by using injury marks is effective
only if q is sufÞciently small; that is, if the number of
injured fruits is sufÞciently larger than the number of
infested fruits.

We next evaluated how difference in sampling
scheme inßuences mafter. Figure 2 indicates that the
quarantine security will be considerably improved by
using injury marks when the sample size (si) is small.
Figure 3 indicates that the sampling inspection by
using injury marks is effective only if the permitted
proportion of injured fruits (ci/si) is sufÞciently
small. The difference between log10(mbefore) and
log10(mafter) is 2 at most in Figs. 1Ð3. Hence, the sur-
vival rate is larger than 1022 in most of these sampling
schemes. However, the mortality of probit 9 (i.e.,
survival rate of 1024.5) has been traditionally used as
a standard of quarantine treatments (Landolt et al.
1984). If we want to obtain the probit 9 mortality only
by a sampling inspection, an intensive sampling in-
spection using si 5 105 and ci 5 1 is required (Fig.
4).

We evaluated the combined effect of a sampling
inspection and a quarantine treatment that is con-
ducted before the inspection, by replacing q by pq.
Figure 5 indicates that the effectiveness of zero-tol-
erance method decreases with increasing degree of
quarantine treatment; the effectiveness almost van-
ishes when p 5 1022. The sampling inspection by
using injury marks, on the contrary, does not lose its
effectiveness even if a quarantine treatment is con-

Fig. 1. Effect of the probability that an injured fruit
contains live insects (q) upon the average proportion of
infested fruits after the sampling inspection (mafter). The
curves are plotted against the logarithmic variance of the
proportionof infested fruits before inspection(sbefore

2 ). Solid
curves indicate mafter for the sampling inspection by using
injury marks. The broken curve indicates mafter for the zero-
tolerance method. The dotted line indicates the average
proportion of infested fruits before the sampling inspection
(mbefore). si 5 104, ci 5 102, and ni 5 106.
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ducted beforehand; the solid curves are almost the
same for all p in Fig. 5.

The effect of the number of sampling inspections
was evaluated bynumerically integrating equations 12
and 13. We Þrst integrated [(ni 2 rsi) 2 E(Ti)] for
equation 13 to improve the precision of numerical
integration. Figure 6 indicates that mafter decreases
with increasing number of inspections but that the
decrease is not proportional to the number of inspec-
tions.

Discussion

All apples and cherries from the United States for
Japan are currently exported after quarantine treat-

ments such as fumigation and low-temperature treat-
ment.Experiments, inwhichno survivorwasobserved
in 3 3 104 insects treated, guarantee the efÞciencies of
these treatments because the probability of obtaining
such an experimental result is ,0.05 if the survival rate
is larger than 1024; it ensures with 95.02% conÞdence
that survival rate is less than 1024 (Couey and Chew
1986). In contrast, Figs. 1 and 5 indicate that the
survival rate under the usual sampling inspection is
considerably larger than 1024 even if injury marks are
used. The difference between log10(mbefore) and
log10(mafter) is 2 at most, indicating that the survival
rate under the sampling inspection is larger than 1022

in this range of s2
before. If we want to reduce the

survival rate below 1024 by a sampling inspection
without quarantine treatments, an intensive sampling
inspection will be required as shown in Fig. 4.

Various protectionpractices are conducted sequen-
tially in the systems approach. If the mortality in each
phase is mutually independent, we can estimate the
total survival rate by multiplying the survival rate inFig. 2. Effect of the sample size (si) upon the average

proportion of infested fruits after the sampling inspection
(mafter). Meanings of curves are as for Fig. 1. Percentage of
injured fruits permitted for exportation is Þxed at (ci/si) 5
1022. ni 5 106 and q 5 1023.

Fig. 3. Effect of the permissible number of injured fruits
(ci) upon the average proportion of infested fruits after the
sampling inspection (mafter). Meanings of curves are as for
Fig. 1. si 5 104, ni 5 106, and q 5 1023.

Fig. 4. Intensive sampling inspection having a probit 9
mortality, in which the average proportion of infested fruits
after the sampling inspection (mafter) is reduced by 1024.5.
Meanings of curves are as for Fig. 1. si 5 105, ci 5 1, and
ni 5 106.
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eachphase. If there are some interactionsbetween the
mortality, however, the estimation becomes compli-
cated. Mangan and Sharp (1994) reexamined the ex-
perimental results of multiple treatment from the lit-
erature to clarify the existence of interactions. The
data of vonWindeguth andGould (1990) indicatedno
consistent interaction between the effects of gamma
radiation and cold storage. However, synergetic ef-
fects were detected between the methylbromide
treatment and cold storage reported by Seo et al.
(1971)andbetween thehotwaterdipandcold storage
reported by Couey et al. (1984). In contrast, Fig. 5
indicates theexistenceof antagonistic effects between
quarantine treatments and the zero-tolerance meth-
od; the effectiveness of zero-tolerance method de-
creases with decreasing p. However, Fig. 5 indicates
that the effectiveness of sampling inspection by using
injury marks is not much inßuenced by p. Thus, a
sampling inspection by using injury marks seems to be
especially suitable for the systems approachbecause it
does not lose its effectiveness even if quarantine treat-

ments are used together. If the sampling inspection
induces a survival rate of 1022, for example, we can
achieve the probit 9 mortality by conducting together
aquarantine treatment thathas a survival rateof 1022.5

because themultiplicationyields the total survival rate
of 1024.5.

We do not yet have enough data to obtain accurate
estimates of parameters. The quantity of Xi will ßuc-
tuate greatly year by year, and hence the maximum
likelihood estimates of the parameters a and b should
be calculated based on the data collected for a many
years. The parameter q alsomay change depending on
various factors such as the pest management practices
and the climatic conditions. The parameter is very
inßuential in determining the effectiveness of sam-
pling inspection (Fig. 1). If such a variation is large,
therefore, it may be preferable to calculate the
weighted average of E(Zi) about q.

Although we calculated mafter to evaluate the effec-
tiveness of the export plant quarantine inspection in
this paper, the expectation of the total number of
infested fruits,¥i51

k E(Zi), will be amore appropriate
measure, if it is desired to evaluate the risk of quar-
antine pest invasion. If the quarantine pest species
may be brought into the country through several fruit
items, we should add all E(Zi) of those fruit items to
obtain the estimate of the total number of insects
passing the port. In the case of the codling moth, for
example, E(Zi) of apples, cherries, nectarines and
walnuts should be added. The quantity of¥i51

k E(Zi)
will increase with increasing k. Hence, the future risk
of invasion by quarantine pests should be evaluated
considering the future increase in the number of im-
ported fruits.
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