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The first report of Plum pox virus (PPV) 
in North America followed the observation 
of PPV-like symptoms in peach fruit culls 
in a packing house in Pennsylvania in Sep-
tember 1999 (13). All symptomatic fruit 
originated from a single block of peach 
(Prunus persica cv. Encore) in Adams 
County (13). In response to the discovery 
of PPV infection in Adams County, a Plum 
Pox Virus National Surveillance Program 
was implemented in the United States. The 
survey method adopted for this program 
was based on survey methods for assess-
ment of Citrus tristeza virus incidence 
developed by Hughes and Gottwald (6,7), 
and known as “hierarchical sampling.” The 
U.S. Plum Pox Virus National Surveillance 
Program guidelines (18) were completed in 
March 2000 and have been implemented in 
several states where stone fruits are grown 
on a commercial scale. At the time of writ-
ing (November 2000), the only reports of 
PPV infection in the United States have 
come from orchards in Pennsylvania. In 

June 2000, the Canadian Food Inspection 
Agency (CFIA) confirmed the presence 
PPV infection in an orchard in Ontario. 
Additional PPV-positive sites have subse-
quently been identified in Ontario and 
Nova Scotia, using a survey method simi-
lar to that of the U.S. Plum Pox Virus Na-
tional Surveillance Program. 

Hierarchical sampling is a form of 
“group testing” that utilizes relationships 
between disease incidence at two levels in 
a spatial hierarchy (11). Material is col-
lected from groups of trees and assayed 
without distinguishing among individual 
trees in the group. Testing material from 
groups of trees saves time and labor (20) 
and so makes efficient use of resources 
devoted to sampling. Incidence at the scale 
of the individual tree is calculated by 
means of a formula that involves incidence 
at the scale of the group and group size. In 
conventional group testing, material col-
lected from individuals is assigned to 
groups at random, prior to testing in the 
laboratory, and the disease status of one 
member of a group may therefore be as-
sumed to be independent of the disease 
status of other members of the same group. 
In such circumstances, a formula based on 
the zero term of the binomial distribution 
may be assumed to be appropriate for the 
calculation of incidence at the scale of the 
individual tree. In the hierarchical sam-
pling scheme, an orchard block is thought 
of as being divided into groups of four 

trees, each group in a two-by-two rec-
tangular arrangement. Beginning at the 
corner of the block to be sampled, one out 
of the first four groups is selected at ran-
dom, then every fourth group of four sys-
tematically after that (see Figure 1 in 
Hughes and Gottwald [7]). In hierarchical 
sampling, the locations of sampled groups 
are recorded, so it is possible to return to a 
group found to be PPV positive either to 
re-test the individual trees (if a regulatory 
policy of only removing infected trees is in 
place) or to remove all the trees in the 
group (if that is the policy). When a group 
comprises a number of spatially adjacent 
trees, the virus status of one member of a 
group cannot be assumed to be independ-
ent of the virus status of other members of 
the same group. Because the virus status of 
a tree may not be independent of the virus 
status of its neighbors, use of a formula 
based on the binomial distribution may not 
be justified. An analysis that takes into 
account the pattern of infected trees at the 
within-group scale is required. 

The objective of this article is to present 
the epidemiological data analysis that pro-
vides the scientific background to the 
adoption of the hierarchical sampling 
method for PPV incidence in the U.S. 
Plum Pox Virus National Surveillance Pro-
gram.  

MATERIALS AND METHODS 
Laboratory assay for PPV. Laboratory 

protocols for PPV detection by enzyme-
linked immunosorbent assay (ELISA) are 
described by Levy (12). A prerequisite for 
the implementation of a group testing pro-
cedure such as hierarchical sampling is that 
the laboratory assay must be capable of 
detecting a single infected individual in a 
group. To test this, leaf lamina disks were 
removed from both healthy and infected 
greenhouse-grown Stanley plum (Prunus 
domestica); total weight was 0.3 g of leaf 
tissue. The leaf tissue was ground at a dilu-
tion of 1:10 in PPV extraction buffer. 
ELISA for PPV detection was conducted 
according to the kit manufacturers’ recom-
mendations (Agdia Inc., Elkhart, IN, and 
Durviz S. L., Valencia, Spain) with the 
following modification. A dilution series of 
16, 14, 12, 10, 8, 6, 5, 4, 3, 2, 1, and 0 
(control) PPV-positive leaf disks out of a 
total of 16 disks was tested against a dilu-
tion series of the PPV-specific monoclonal 
antibody 5B-IVIA (component A2 of the 
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ELISA kit) as follows: 1:500, 1:1,000, 
1:2,000, 1:4,000, 1:8,000, 1:10,000, 
1:20,000 PPV-antiserum:buffer. ELISA 
reactions were incubated with alkaline 
phosphatase substrate at room temperature. 
Two duplicate wells were used per sample. 
After 1 h of incubation, absorbances were 
measured at 405 nm in an ELISA reader 
(Molecular Devices Corporation, Sunny-
vale, CA). A sample was considered PPV-
positive if the absorbance at 405 nm of the 
reaction was greater than 2.5 times that of 
the healthy tissue control. The experiment 
was repeated. 

Initial field survey. Following the con-
firmation of PPV infection in Adams 
County, an initial survey was conducted by 
the Pennsylvania Department of Agricul-
ture in the fall of 1999. In this survey, a 
number of orchard blocks with visual 
symptoms of PPV infection were located 
before leaf fall made further sampling im-
possible. Plots consisting of 400 trees in a 
20 by 20 rectangular pattern were estab-
lished in nine of these blocks (i.e., all those 
of sufficient size). In these plots, the loca-
tion and PPV status (determined by 
ELISA) of each tree were recorded in the 
form of a “map.” Missing trees were also 
recorded. More orchard blocks with visual 
symptoms of PPV infection were located 
when the survey was continued in the 
spring and summer of 2000. Using the 
same protocol as outlined above, an addi-

tional 11 plots were then mapped. These 
data, from 20 plots in all, provide a basis 
for the analysis of a relationship between 
the incidence of PPV infection at two spa-
tial scales that underlies the hierarchical 
sampling method. 

Characterizing a relationship between 
incidence at two spatial scales. Calcula-
tions relating to the lower of the two spa-
tial scales (in this case, the individual tree 
scale) are denoted by the subscript “low,” 
while those relating to the higher of the 
two scales (the group scale) are denoted by 
the subscript “high.” Consider a set of 
orchard blocks, in each of which a plot has 
been assessed for PPV (each plot assessed 
for PPV is referred to as a “batch”). The jth 
batch (j = 1,2,..., M; in the present case, M 
= 20) comprises Nj sampling units (a sam-
pling unit is referred to as a “group”). In 
the ith group (i = 1,2,..., Nj) of the jth 
batch, there are nij trees, of which Xlow,ij are 
PPV-positive. The proportion of PPV-posi-
tive trees in the ith group of the jth batch is: 

ijijlowijlow nXp /ˆ
,, =  

The mean proportion of PPV-positive trees 
in the jth batch is: 

∑∑=
i

ij
i

ijlowjlow nXp /ˆ
,,  

which is an estimate of plow,j, the unob-
served probability that a tree in the jth 

batch is PPV-positive. This represents dis-
ease incidence at the scale of the individual 
tree. The mean group size in the jth batch is: 

j
i

ijj Nnn /∑=  

and the mean group size over all batches is: 

∑∑=
j

j
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ij Nnn /  

In the present study, the nominal group size 
is four trees, in a two-by-two rectangular 
arrangement. If there are missing trees, the 
calculated mean group sizes will be 
smaller than the nominal group size. 

For the analysis of the PPV data pre-
sented here, a grid representing Nj = 100 
groups of four trees was superimposed on 
the map for each batch, and each group 
assessed as PPV-positive (a group contain-
ing at least one PPV-positive tree) or PPV-
negative (a group containing no PPV-posi-
tive trees). In the jth batch, Xhigh,ij = 1 if the 
ith group is classified as PPV-positive or 
Xhigh,ij = 0 if it is classified PPV-negative. 
Thus, in the jth batch there are: 

∑=
i

ijhighjhigh XX ,,  

PPV-positive groups. The proportion of 
PPV-positive groups in the jth batch is: 

jjhighjhigh NXp /ˆ
,, =  

which is an estimate of phigh,j, the unob-
served probability that a group in the jth 
batch contains at least one diseased tree. 
This represents disease incidence at the 
group scale. 

The Xlow,ij, nij data were used to calculate 
the (approximate) observed variances of 
PPV incidence: 
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(3) and the corresponding binomial (ran-
dom) variances: 
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A graphical plot of observed variance 
against binomial variance, with logarithmic 
scales on both axes, was calculated (8), and 
the slope and intercept of the relationship 
between ( )lowrav ˆlog  and ( )lowbinrav ,

ˆlog  were 
estimated by ordinary least-squares regres-
sion. The relationship: 

( ) ( ) ( )lowbinlow ravbArav ,
ˆlogˆˆlogˆlog ⋅+=  

and its equivalent on untransformed axes: 

( )blowbinlow ravArav
ˆ

,
ˆˆˆ ⋅=  

amount to a description of the pattern of 
PPV-positive trees at the within-group 
scale, in terms of either the binomial or the 
beta-binomial distribution, depending on 

Fig. 1. Relationship between the observed and the theoretical binomial (random) variances of 
incidence of Plum pox virus (PPV) infection at the individual tree scale (note the use of logarithmic 
scales on both axes). Each data point represents a PPV assessment in a stone fruit orchard block in 
Adams County, PA (•, assessed in fall 1999; ♦, assessed in spring/summer 2000). The solid line
represents the relationship ( ) ( )lowbinlow ravrav ,

ˆlog06.120.0ˆlog ⋅+= , fitted to the data by ordinary least
squares regression analysis. The dashed line ( − − − ) represents the binomial line (i.e., observed 
variance = binomial variance).  
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the values of the estimates Â  and b̂  
(9,14). The values 1ˆ,1ˆ == bA correspond to 
a random pattern described by the binomial 
distribution. If the position of the fitted 
regression line is above the theoretical 
“binomial line” (i.e., observed variance = 
binomial variance), this is indicative of 
aggregation at the within-group scale that 
can be described by the beta-binomial dis-
tribution (9,14). 

The same Xlow,ij, nij data were analyzed 
using the methodology described by 
Hughes and Madden (10). “Batch” (a plot 
assessed for PPV within an orchard block) 
was declared a factor with 20 levels. The 
Xlow,ij, nij data were fitted to a linear logis-
tic model with a separate location parame-
ter for each batch, then to a beta-binomial 
model with a separate location parameter 
for each batch and a single aggregation 
parameter (using EGRET for Windows 
version 2.0, Cytel Software Corporation, 
Cambridge, MA). Fitting a linear logistic 
model in this way amounts to fitting bino-
mial distributions to the frequency distribu-
tions of PPV-positive trees per group, al-
lowing a different mean incidence for each 
batch (10). Fitting a beta-binomial model 
amounts to fitting beta-binomial distribu-
tions to the frequency distributions of PPV-
positive trees per group, allowing a differ-
ent mean incidence for each batch and an 
estimate of the aggregation parameter ( )θ̂  
common to all batches (10). Similar analy-
ses were also carried out separately for the 
subset of the data collected during the fall 
of 1999 (in which batch is a factor with 
nine levels) and for the subset collected 
during the following spring and summer 
(in which batch is a factor with 11 levels). 

A graphical plot of PPV incidence at the 
group scale against PPV incidence at the 
tree scale was calculated. For a random 
pattern of PPV-positive trees at the within-
group scale, a formula based on the zero 
term of the binomial distribution may be 
used to describe the data plotted in this 
way (15). In this case, the probability that a 
group contains at least one PPV-positive 
tree (phigh) is related to the probability that 
an individual tree is positive (plow) by: 

( )n
lowhigh pp −−= 11  (1)

For data that are aggregated at the within-
group scale, the points ( )jhighjlow pp ,,

ˆ,ˆ  fall 
mostly below the curve represented by 
equation 1. From a sampling perspective, the 
implication of this is that if the straight-
forward rearrangement of equation 1: 

( )n
highlow pp

1

11 −−=  

were used as a basis for estimating disease 
incidence at the scale of the individual tree 
from observed data for incidence at the 
group scale: 

( )nhighlow pp
1

ˆ11~ −−=  

(a tilde being used to refer to an estimate 
that has been made from observations at a 
spatial scale other than the one denoted by 
its subscript), it would tend to produce 
underestimates. 

Effective sample size. Aggregation at 
the within-group scale is the tendency for 
trees in the same group to have the same 
PPV status (either positive or negative). 
Because of this, less information about 
PPV incidence is obtained from within-
group replicates than would be the case if 
the PPV status of a tree could be regarded 
as independent of the PPV status of others 
in the same group. Essentially, aggregation 
means that less than four trees-worth of 
information is obtained from a group of 
four trees. In such cases, an “effective 
sample size” (denoted ν, lowercase Greek 
“nu”) can be substituted for n (15). This 
provides a basis for a simple equation in 
the format of equation 1: 

ν)1(1 lowhigh pp −−=  (2)

that, by straightforward rearrangement, 
gives: 

( )ν
1

11 highlow pp −−=  

Mean incidence at the scale of the in-
dividual tree may then be estimated from 

observations made at the group scale 
from: 

( )ν̂1ˆ11~
highlow pp −−=  (3) 

The estimate of effective sample size can 
be calculated from equation 10 in Madden 
and Hughes (15) using the common beta-
binomial aggregation parameter estimate 
( )θ̂ , obtained as described above.  

RESULTS 
The ability of ELISA to detect various 

mixtures of PPV-positive and PPV-nega-
tive tissue is shown in Table 1. At the stan-
dard antiserum dilution of 1:1,000, the 
results show that the laboratory assay used 
for PPV can reliably detect the virus if 
there are two or more PPV-positive leaves 
among 16 leaves tested together (Table 1). 
Equivalent results (data not shown) were 
obtained from the repeat of the experiment, 
leading to the same conclusion. 

Mean group size calculated for each 
batch was in the range 2.3 ≤ nj ≤ 4.0, and 
calculated mean group size over all batches 
was n = 3.7. The graphical plot of observed 
variance against binomial variance, with 
logarithmic scales on both axes, was linear 
(Fig. 1) and had a slope of 1.06 (SE = 
0.04) and an intercept of 0.20 (SE = 0.09). 
The position of the fitted regression line, 
slightly above the theoretical binomial line 
(i.e., observed variance = binomial vari-
ance) (Fig. 1), is indicative of weak aggre-
gation of PPV incidence at the within-
group scale. 

Fitting a beta-binomial model with a 
common aggregation parameter to all the 
Xlow,ij, nij data, after first fitting the linear 
logistic model with a separate location 
parameter for each batch, resulted in a 
reduction in the residual deviance. The 
likelihood ratio statistic was 39.9 (1 df) (P 
< 0.001). The maximum likelihood esti-
mate of the beta-binomial aggregation 
parameter provided by this procedure was 

09.0ˆ =θ  (SE = 0.02), also indicative of 
weak aggregation of PPV incidence at the 
within-group scale. When separate analy-
ses were carried out for the subset of the 

Table 1. Detection of Plum pox virus (PPV)-positive leaf tissue by enzyme-linked immunosorbent assay (ELISA) in mixtures of PPV-positive and PPV-
negative leaf lamina disks 

Number of PPV-infected leaf disks/16 Antiserum 
dilutiona 16/16 14/16 12/16 10/16 8/16 6/16 5/16 4/16 3/16 2/16 1/16 0/16b 

1/500 0.927c 0.866 0.823 0.686 0.624 0.589 0.518 0.466 0.431 0.303 0.173 0.077 
1/1,000 0.656 0.671 0.557 0.524 0.482 0.451 0.438 0.420 0.377 0.275 0.160 0.076 
1/2,000 0.454 0.465 0.408 0.370 0.360 0.320 0.340 0.327 0.303 0.221 0.144 0.074 
1/4,000 0.272 0.257 0.234 0.220 0.218 0.196 0.217 0.212 0.195 0.160 0.116 0.070 
1/8,000 0.152 0.156 0.138 0.136 0.136 0.140 0.138 0.133 0.133 0.113 0.090 0.071 
1/10,000 0.132 0.126 0.134 0.118 0.117 0.114 0.120 0.117 0.112 0.101 0.086 0.071 
1/20,000 0.104 0.099 0.098 0.092 0.091 0.091 0.099 0.092 0.092 0.085 0.079 0.075 
Buffer 0.074 0.073 0.072 0.068 0.074 0.072 0.074 0.078 0.071 0.073 0.072 0.073 

a Dilution of PPV universal monoclonal antibody 5B-IVIA. 
b Healthy control. 
c Values in the body of the table are absorbance measured at 405 nm after 1 h of incubation with substrate. Two duplicate wells were used per sample. 

Values >2.5× that of the healthy control are indicated in italic type. Results shown are from the first experiment. The repeat experiment gave equivalent 
results (data not shown).  
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data collected during the fall of 1999 and 
for the subset collected during the follow-
ing spring and summer, the maximum like-
lihood estimates of the beta-binomial 
aggregation parameter were 12.0ˆ =θ  (SE = 
0.04) and 08.0ˆ =θ  (SE = 0.03), respec-
tively. Since the ranges of θ̂  ± SE overlap, 
the overall estimate of 09.0ˆ =θ  was used 
for further analysis. 

Figure 2 shows the relationship between 
PPV incidence at the group scale and PPV 
incidence at the scale of the individual tree. 
Most of the observed data fall below the 
curve corresponding to equation 1. The 
estimate of effective sample size from 
equation 10 in Madden and Hughes (15) 
(using 09.0ˆ =θ ) was 2.3ˆ =ν . The curve 
corresponding to equation 2 with 2.3=ν  
provides a good description of the ob-
served data (Fig. 2).  

DISCUSSION 
In the hierarchical sampling scheme, the 

sample covers 25% of the trees in a block. 
The sampling unit is a group of four trees 
in a two-by-two rectangular arrangement. 
In practice, three to four leaves are taken 
from each tree, one leaf from each main 
scaffold (16). Leaf material from each 
sampling unit is kept as a bulked sample. 
For subsequent laboratory assay, this 
bulked sample is divided into two subsam-
ples of six to eight leaves each. If neither 
of the subsamples provides a PPV-positive 
ELISA result, the group is recorded as 
PPV-negative; otherwise the group is re-
corded as PPV-positive. Since only PPV 
incidence at the group scale is assessed in 

this way, PPV incidence at the scale of the 
individual tree is then calculated from 
equation 3, with 2.3ˆ =ν . 

The choice of a nominal group size of 
four trees reflects both the practicability of 
operating the scheme in the field and de-
tecting PPV in the subsequent laboratory 
assay, as well as the statistical criteria re-
quired for a group testing procedure. When 
assessing the statistical criteria for group 
size and, in particular, the appropriateness 
of a group size of four as judged by these 
criteria, two issues predominate. The first 
is that estimates of incidence at the 
individual tree scale made from data col-
lected at the group scale may be biased. 
The extent of the bias depends on the ac-
tual incidence of PPV (the true value of 
plow), the number of groups, and the num-
ber of trees per group. The problem of bias 
tends to be more serious with a small num-
ber of groups and/or large numbers of trees 
per group (19). At the low levels of PPV 
incidence observed in Adams County, PA, 
the bias associated with estimates of PPV 
incidence made from the hierarchical sam-
pling scheme is likely to be negligible. The 
second issue is that if group size is too 
large, all groups are likely to test positive 
even at small levels of plow. It is desirable 
to choose a nominal group size that will re-
sult in some groups testing positive and 
some negative (4). At the low levels of 
PPV incidence observed in Adams County, 
a group size of four trees meets this re-
quirement. These statistical considerations 
are not in conflict with the additional re-
quirements relating to detection and practi-

cability mentioned above. If anything, the 
requirement for practicability of the 
method from the point of view of field 
operation will lead to the adoption of 
smaller group sizes than are strictly neces-
sary from a statistical point of view. 

PPV is known to be unevenly distributed 
within infected trees, and virus titer can 
fluctuate during a growing season. Nonde-
tection problems may occur if the virus is 
not fully systemic at the time of sampling 
(1,2) or because of low virus titer. If one or 
more PPV-infected trees in a group were 
not detected, the group may be falsely 
counted as PPV-negative. The chance of 
such false negatives occurring has to be 
considered when deciding on the policy 
implications of finding one or more PPV-
positive groups in an orchard block. At the 
time of writing, the policy in Pennsylvania 
is that if a single PPV-positive group is 
found in a block, then the entire block is 
removed, including trees in groups that 
gave negative tests and those not tested. 
Even if detection were 100% accurate, 
there remains the possibility that an or-
chard block may be declared free of PPV 
infection when there is actually some (usu-
ally small) level of infection in the block. 
This occurs when, by chance, none of the 
PPV-infected trees present in the block are 
included in the sample. There is always a 
chance of such a misclassification when 
decision making is based on information 
obtained by sampling. This probability of 
reaching this type of false negative deci-
sion depends mainly on the true value of 
incidence and on sample size, and is shown 
by plotting the operating characteristic 
function of the sampling scheme (5–7). 
Orchard blocks that are declared free of 
PPV but are located in high-risk areas may 
be resampled at intervals to reduce the 
chance of missing an infection. 

Of the 35 states that took part in the U.S. 
Plum Pox Virus National Surveillance 
Program during 2000 (most of which have 
adopted hierarchical sampling), Pennsyl-
vania was the only one to report PPV-posi-
tive results. Of the rest, only PPV-negative 
samples were reported by 28 states and 6 
had not made data available at the time of 
writing. It is therefore of interest to ask 
what conclusions can be drawn when only 
PPV-negative samples are reported. If the 
beta binomial is assumed to describe the 
distribution of infected plants per sam-
pling unit, an approximate upper confi-
dence interval for disease incidence can 
be determined when no infected plants 
are observed in samples (16,17). The 
method described uses a negative bino-
mial approximation of the beta-binomial 
distribution. Here we note an alternative 
method of obtaining an upper confidence 
interval for disease incidence, when no 
PPV-positive trees are observed, that 
employs the effective sample size ( )ν̂ . An 
approximate one-sided %100)1( ⋅− P  con-
fidence interval from 0 to pu, where P is 

Fig. 2. Relationship between incidence of Plum pox virus (PPV) at the group scale and its incidence 
at the individual tree scale. Each data point represents a PPV assessment in a stone fruit orchard 
block in Adams County, PA (•, assessed in fall 1999; ♦, assessed in spring/summer 2000). The curve 
indicated by the dashed line (----) is based on equation 1. The curve indicated by the solid line is 
based on equation 2 with 2.3=ν . 
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the designated significance level, is given 
by: 

N
u Pp ⋅−≈ ν̂

1

1  

This formula may be rearranged to show 
the number (N) of groups of four trees, all 
PPV-negative, required to conclude with 

%100)1( ⋅− P  confidence that the actual 
incidence of PPV is at most pu: 

( )
( )up

P
N

−⋅
=

1logˆ
log

ν
 

The values of P and pu may be specified to 
meet regulatory requirements. 

Important information on the species di-
versity and population dynamics of the 
vectors of PPV in Adams County, and in 
other areas that take part in the U.S. Plum 
Pox Virus National Surveillance Program, 
is still lacking. The value of effective sam-
ple size that we have calculated likely re-
flects the outcome of virus spread by a 
spectrum of aphid vector species, the range 
of which is not yet fully established. Fur-
ther information on the vectors of PPV 
present in Adams County, and on their 
behavioral ecology, will help to establish 
the range over which the value 2.3ˆ =ν  is 
applicable. If PPV is subsequently detected 
in areas where it is established that a 
different complement of aphid vector spe-
cies is operating, a different value of effec-
tive sample size may need to be adopted 
for calculations of PPV incidence at the 
scale of the individual tree.  
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