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ABSTRACT

Gottwald, T. R., Avinent, L., Llacer, G., Hermoso de Mendoza, A., and Cambra, M. 1995,
Analysis of the spatial spread of sharka (plum pox virus) in apricot and peach orchards in
eastern Spain. Plant Dis. 79:266-278.

Spatial patterns of sharka disease, caused by plum pox virus (PPV) and vectored by several
species of aphid, were determined by double antibody sandwich-enzyme-linked immunosorbent
assay using polyclonal antibodies in newly infected, mature apricot and peach orchards in
eastern Spain. Among yearly assessments of plots examined for within- and across-row aggrega-
tion of adjacent sharka-diseased trees, only a few transects were found to have aggregation
by ordinary runs analyses. Analyses, using beta-binomial index of dispersion (Ig) to determine
if spatial aggregation was present in each plot for data partitioned into quadrats of different
spatial dimension, demonstrated occasional aggregation and results were generally inconclusive.
Significant (Iz) values, when present, were generally found associated with plots with higher
disease incidence. No disease gradients were discernible for any of the plots and years. More
rigorous spatial analyses were used to test for spatial relationships over longer distances. Two-
dimensional distance class analyses indicated a spatial dependency of PPV-infected stone-fruit
trees over distance, a general scarcity of significant distance classes near the origin, and the
presence of significant distance classes occasionally comprising small loose clusters at distances
near the center or distal end of the proximity matrices especially during the initial stages of
the epidemics. Geostatistical analysis confirmed the lack of significant associations among
immediately adjacent trees and the trend for higher order spatial associations in semivariograms
for distances corresponding to the center and distal ends of the proximity matrices. This trend
in semivariance over distance was best described by linear or exponential increase models
compared with transitional models commonly used in geostatistics. Correlation analysis indicated
a significant conservation of orientation of localized systemic infections in scaffold branches
over years. The spatial patterns of sharka suggest the lack of movement of PPV-viruliferous
aphid vectors to immediately adjacent trees and their preferential movement to trees several
tree spaces away.
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Sharka disease of stone fruits, caused
by the plum pox potyvirus (PPV), was
first detected in Bulgaria in 1915 and
since has spread to most of the continent
(34,35,37). No case has yet been reported
from outside the Euro-Mediterranean
area.

The main woody hosts of PPV are the
fruit-producing species of Prunus,
including apricots (Prunus armeniaca
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L.), peaches (Prunus persica L.), and
European and Japanese plums (Prunus
domestica L., and Prunus salicina Lindl.,
respectively). Almond, (Prunus amyg-
dalus Batch) can be infected, but trees
show few symptoms (12). Symptoms may
appear on leaves or fruits. Leaf symp-
toms, which are particularly clear in the
spring, vary depending on cultivar;
however, most consist of chlorotic rings
and bands, vein clearing, and a general
mottling, which can progress to necrotic
shothole symptoms on some cultivars of
plum. Less sensitive cultivars of plum
and other plums used as rootstocks are
symptomless or express only mild leaf
symptoms. Fruit symptoms also vary
from mild to severe, can affect quality,
or cause fruit drop. More sensitive plum
and apricot cultivars display chlorotic
rings with deformations and depressions
in the surface and corky flesh, severely
decreasing market quality (11,24,34).
Sharka was first detected in Spain and
Portugal on Japanese plum in 1984
(24,34). Since then, PPV has caused
severe damage to apricot and to a lesser
extent peach and Japanese plum. It is
distributed across the Spanish regions of

Murcia, Valencia, Andalucia, and
Cataluiia (4,24,34).

Primary introduction of the disease is
by propagation and subsequent distribu-
tion of PPV-infected plant material.
Secondary spread is rapid and accom-
plished by aphid vector. Aphis spiraecola
Patch is thought to be the primary vector
of PPV in Spain (23), although it occurs
less frequently in Prunus orchards than
A. gossypii Glover (1-3), which has not
been demonstrated to vector PPV.
Myzus persicae Sulzer is considered an
even more efficient vector under labo-
ratory conditions than A. spiraecola
(16,19,20,27), but its population levels in
Spanish orchards are extremely low
(1-3,15).

Various European strains of PPV
differ in transmission rate by different
aphid species, severity, and host range
(8,22,33). For example, the less common
occurrence of aphids in apricot orchards,
compared with other Prunus spp., may
account for comparatively slower virus
spread in apricot (33). The range of aphid
spread in Prunus sp. nurseries is thought
to be 100-120 m (8). Spatial studies of
PPV spread are rare. In a rootstock trial
of Italian prune, in which PPV-infected
tree removal was practiced as a control
strategy, new PPV-positive trees were
commonly observed surrounding re-
moved PPV-positive tree positions (14).
In this study aphid transmission to sur-
rounding trees was believed to have
occurred prior to removal. In a study
in apricot orchards in southern France,
edge effects and gradients of up to 1 km
in neighboring plots were observed (30).
Both significant clustering and scattered
trees with sharka symptoms were ob-
served. Using a doublet-based analysis,
greater than expected numbers of dis-
eased trees occurred for 1, 2, and 3 tree
distances from diseased trees. However,
the authors questioned the accuracy of
the study because they based their
assessments on visual symptoms rather
than serological detection, and thus did
not consider latency of infection (30).

The study of viral and other graft-
transmissible, fastidious pathogens of
tree crops often dictates the use of sero-
logical or molecular probes for pathogen
detection and confirmation. Data result-
ing from these analyses represents the
presence or absence of the pathogen and,
thus, are binary (+/—). Several statistical
procedures exist for the quantitative



analysis of spatial patterns of disease at
a single point in time. Ordinary runs
analysis, which utilizes binary data, is the
preferred method for unidirectional
analysis to assess the presence or absence
of aggregation of diseased individuals
within columns and within rows in a
population of diseased plants (26).
Various indices of dispersion have been
used to assess the degree of spatial ran-
domness or aggregation of disease; how-
ever, these generally utilize quantitative
data, which requires that the binary data
be quadratized to enable the assignment
of quantitative values to each spatial
location (6,29,39). Recently, the beta-
binomial discrete distribution has been
demonstrated to be more appropriate
than the negative binomial distribution
to examine spatial patterns of disease
incidence, i.e., binary data, for aggrega-
tion (17). Also, Gray’s two-dimensional
distance class analysis is based on binary
data collected for a rectangular matrix
to characterize the spatial relationships
among diseased plants and is, therefore,
well suited for the analysis of data from
fastidious diseases of tree crops (6,31,32).

Geostatistics is a type of spatial analy-
sis based on regionalized variables, i.e.,
those depending on spatial position, and
has been used in many fields of study
including geography, geology, and soil
science. Geostatistics has been recently
adapted to entomology and plant pathol-
ogy and, although the analysis is not
specifically designed for binary data, it
is tolerant of such data (7,21,27,28,
34,36,38). Geostatistical results are often
presented as semivariograms, which
represent the average of squared differ-
ences in values between pairs of samples
separated by a given distance (9,10,28,
38,40). The intent of such an analysis is
to detect spatial dependence by mea-
suring the variation of regionalized vari-
ables among samples separated by the
same distance (28,38,40). Semivario-
grams can also be calculated for specific
directions to test for anisotropy, a char-
acteristic of regionalized variables that
do not have the same properties in all
directions. Anisotropy associated with
plant diseases can be interpreted as
indicative of directional spread (28,
38,40). By fitting theoretical transitional
models to semivariance data, interpreta-
tions can be made concerning the struc-
ture of the spatial data and inferences
drawn concerning the spatial relation-
ships among plants over a range of
distances, i.e., spatial lags. These geo-
statistical spatial models fall into two
general categories. These are models with
a sill or upper limit, which indicate a
lack of spatial dependence at the farthest
distances tested where semivariance no
longer increases and becomes random,
i.e., spherical, exponential, and Gaussian
models; and models without a sill, i.e.,
linear, exponential, and power models
(36,40).

Systemic infection of PPV from new
aphid transmissions is believed to require
several months in mature orchard trees
(13,20). In peach, apricot, and plum
orchards in Spain, sharka disease inci-
dence can progress from very low to
nearly 100% in 2-5 yr (13). This pro-
longed period of titer increase combined
with the rapid apparent infection rate
makes temporal studies of sharka diffi-
cult and of questionable significance. The
rapid spread of sharka by aphids appears
to be the key to the observed high infec-
tion rates. Therefore, the purpose of this
study was to examine the spatial
dynamics of sharka in a typical commer-
cial situation to better understand the
spatial processes involved in aphid
spread of PPV from trees in orchards
with an initial low incidence during rapid
periods of epidemic increase, using
serological techniques.

MATERIALS AND METHODS

Field plots. The spread of PPV was
followed in five plots in two orchards
in the province of Valencia, Spain, from
1988 to 1991. Both orchards are on
irrigated land, in an area where citrus
coexists with stone fruits. In the first
orchard, spread of PPV was assessed on
trees in four plots all planted in 1965
on an 8 X 8 m pattern with PPV-free
materials and rows oriented along a
north-south axis. The orchard was
bordered to the east by a planting of
PPV-infected Red Beaut plum that
served as an inoculum source. Plot 1
comprised the western half of the orchard
and consisted of 2.1 ha in 14 rows of
23 trees of Corbat6 apricot on apricot
seedling rootstock; it was assessed yearly
from 1988 to 1991. Plot 2 was bordered
to the west by plot 1 and by the inoculum
source to the east. Plot 2 consisted of
0.9 ha in 6 rows of 22 trees of Springcrest
peach on peach X almond hybrid GF-
677 rootstock; it was assessed yearly from
1989 to 1991. Plots 3a and 3b were also
bordered to the west by plot 1 and by
the inoculum source to the east. Plots
3a and 3b consisted of 0.5 ha each with
7 rows of 12 trees and 7 rows of 11 trees,

respectively, first established in 1965 as
Corbaté apricot on apricot seedling
rootstock, then topworked in 1977 to
Blanco (Plot 3a) and Canino (Plot 3b)
apricot; they were assessed in 1988 and
1989. In the second orchard, a single
planting, plot 4, consisted of 0.5 ha in
11 rows of 24 trees of Starcrest peach
on a hybrid peach X almond rootstock
(GF-677) and was planted in 1986 on a
4 X 5 m grid. This orchard was bordered
to the east by a single row of 14 Canino
apricot, 13 of which were PPV-infected;
it was assessed in 1990 and 1991.

Disease assessment. Plots were assessed
each year preharvest for both fruit and
foliar symptoms. The incidence (+/—)
of PPV in suspect trees was confirmed
by double antibody sandwich-enzyme-
linked immunosorbent assay (DAS-
ELISA) technique using polyclonal anti-
bodies described previously (5,21). For
plots 1, 3a, and 3b, in addition to disease
incidence of trees, each tree was divided
in four quadrants and individual branches
within each quadrant were assessed
visually for fruit and foliar symptoms.
Quadrants were given a ranking of 0 to
4 based on the percentage of branches
within each quadrant with symptoms
(ie., 0 = 0%, 1 = 1-25%, 2 = 25-50%,
3 = 51-75%, and 4 = 76-100% of
branches in the quadrant with symp-
toms). Thus, individual trees had pos-
sible ranges of the sum of individual
rankings of 0 to 16.

Spatial analysis. Preliminary analyses
were used to examine aggregation of
adjacent trees. More rigorous analyses,
aimed at examining more complex spatial
relationships over longer distances, were
then used. Ordinary runs analysis was
performed on each data set to determine
if aggregation existed between adjacent
trees within- and/ or across-rows (26). An
aggregate of diseased trees was assumed
for a particular row if the observed
number of runs was less that the expected
at P = 0.05. To examine the data for
the presence of aggregation in different
spatial dimensions, the disease incidence
data from each plot were partitioned into
2X2, 2X3, 3X2, 3X3, 4X4, and 6X6 tree

Table 1. Ordinary runs analysis of the aggregation of sharka disease in stone-fruit orchards

in the Valencia province of eastern Spain

Row Year®
Plot direction 1988 1989 1990 1991
1 Corbat6 apricot Within 2/14 1/14 0/14 0/14
Across 0/23 0/23 0/23 2/23
2 Springcrest peach Within NA® 2/6 1/6 1/6
Across NA 0/22 0/22 0/22
3a Blanco apricot Within 1/7 1/7 NA NA
Across 0/12 0/12 NA NA
3b Canino apricot Within 0/7 1/7 NA NA
Across 0/11 1/11 NA NA
4 Starcrest peach Within NA NA 0/11 0/11
Across NA NA 1/17 1/17

*Values are number of rows in which disease is aggregated/total number of rows.
®No applicable comparison possible for this year.
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quadrats, depending on the dimension
of each plot. The index of dispersion (I5),
associated with the beta-binomial distri-
bution, was used to test for the presence
of aggregation at each tree-quadrat size
2

Because the serological confirmations
of disease resulted in simple binary data
for each tree, (i.e., + or — PPV), two-
dimensional distance class analysis was
used to examine the spatial patterns of
diseased and healthy plants by the
2DCLASS computer program for per-
sonal computers (32). The observed
standardized count frequency (SCF) for
each [ X, Y] distance class was compared
with expected SCFs, estimated by 400
computer simulations using a pseudo-
random function and an equal number
of diseased trees randomly distributed to
generate test lattices of the same dimen-
sion. Two-dimensional distance class
proximity patterns were interpreted as
random if the number of significant
SCFs < 5%; aggregated if 5% < number
of significant SCFs < 80%; and uniform
if the number of significant SCFs > 80%
of the total distance classes. Core clusters
were interpreted as groupings of signifi-
cantly greater than expected [X,Y]
distance classes that formed a discrete
and contiguous group with the origin,
i.e., distance class [0,0] (28,29). The data
set was interpreted as having significant
edge effects if > 109 of the [X, Y] dis-

tances classes in the distal (outermost)
row and column of the proximity pattern
had significantly greater than expected
SCF values (31,32). Cluster shape was
defined as the shape of contiguous and
adjacent [X,Y] distance classes with
significantly greater than expected SCF
values that were noncontiguous with the
core cluster. Cluster shapes were segre-
gated into four categories: within-row =
a linear pattern in the row axis; within-
column = a linear pattern in the column
axis; square/rectangular = forming a
square or rectangular pattern, and,
amorphous = patterns not fitting the
other three definitions. Proximity
patterns were prepared from the two-
dimensional distance class analysis out-
put to visualize the results.
Geostatistical analysis was used to
further examine and interpret two-
dimensional distance class proximity
patterns by plotting the semivariance
divided by the sample variance (to pro-
vide a common scale for comparison of
standardized semivariograms among
plots) vs. distance in meters (27,38). Geo-
statistical analysis was performed using
GEOPAK geostatistical software (Ver-
sion 1.0e, USDA-ARS, Pesticides and
Water Quality Research Unit, University
of California, Riverside) for 0° (omni-
directional with an angle of inclusion of
180°), and 45, 90, and 135° relative to
the rows in each plot with an angle of

inclusion of 90°. Linear and exponential
growth models were fit to semivariance
vs. distance data by linear regression
analysis via the SAS PROC REG sub-
routine. Linear, exponential, spherical,
power, and Gaussian transitional models,
most commonly used in geostatistics
analyses, were fit to the semivariance
[gamma y(h)/s?, where y(h) is the semi-
variance and s’ is the sample variance]
vs. distance data by means of nonlinear
regression analysis performed via a
GEOPAK model fitting subroutine. The
model with the highest r? of correlation
between observed and predicted values
was considered the most descriptive of
the spatial structure of semivariance to
distance (36). For transitional models,
the most appropriate model was used to
estimate three interactive structures of
the semivariogram, the localized dis-
continuity, the sill, and the range of
spatial dependence. The localized discon-
tinuity (nugget or y-intercept) is the mea-
sure of random variation and measure-
ment of error. It can be interpreted as
an estimate of the degree of aggregation.
For instance, nugget values of 0.1 and
0.8 indicate very high and very low
degrees of aggregation, respectively (10).
The sill is the point along the y-axis at
which the semivariance no longer in-
creases, i.e., an asymptote of semi-
variance. The range of spatial depen-
dence (RSD or range) is the distance

Table 2. Index of dispersion (I) for the incidence of sharka caused by plum pox potyvirus (PPV) in stone-fruit orchards in the Valencia

province of eastern Spain®

Quadrat size

Sharka
Plot Year incidence® 2X2 3IX2 2X3 3X3 4X4 6X6
1 Corbat6 apricot 1988 0.05 0.87 0.99 1.07 0.91 1.34 1.04
0.787 0.481 0.340 0.598 0.154 0.390
1989 0.15 1.10 0.90 0.95 0.890 1.54 0.79
0.262 0.659 0.580 0.690 0.071 0.558
1990 0.52 1.42 1.63 1.61 1.90 3.08 4.55
0.009 0.005 0.005 0.003 0.000 0.000
1991 0.82 1.28 1.35 1.34 1.29 1.88 2.73
0.049 0.064 0.059 0.146 0.015 0.118
2 Springcrest peach 1989 0.34 2.86 2.75 3.96 3.93 N°¢ N
0.000 0.000 0.000 0.000
1990 0.23 2.86 3.08 3.51 3.76 N N
0.000 0.000 0.000 0.000
1991 0.50 1.56 1.33 1.62 1.40 N N
0.022 0.140 0.039 0.150
3a Blanco apricot 1988 0.09 2.19 3.50 2.09 3.41 N N
0.003 0.000 0.018 0.001
1989 0.34 1.89 1.93 1.34 1.83 N N
0.015 0.032 0.196 0.076
3b Canino apricot 1988 0.39 1.83 1.56 1.73 1.64 N N
0.029 0.120 0.087 0.145
1989 0.95 0.89 0.90 0.84 1.35 N N
0.574 0.526 0.564 0.240
4 Starcrest peach 1990 0.13 1.28 N N 0.99 1.37 N
0.116 0.541 0.182
1991 0.17 1.04 N N 1.21 1.69 N
0.405 0.261 0.069

“Index of dispersion (I) and associated probability (P) values for the indicated quadrat sizes by year for Prunus plots in eastern Spain infected
with plum pox virus. Values presented for each assessment date are I5 (= observed variance/binomial variance) and P (= significance probability).
P values were calculated by comparison of df X I with the chi-squared distribution. Values of I not significantly different from 1 (0.95
> P > 0.05) indicate that the pattern of diseased trees is indistinguishable from random. A large (>1) I and a small P (< = 0.05) suggest

rejection of Hy: random pattern, in favor of H,: aggregated pattern of diseased trees.

®Incidence of diseased trees was determined by polyclonal enzyme-linked immunosorbent assay for PPV,
No assessment data available for that year or too few data points were available to allow calculation.
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Fig. 1. Spatial pattern with associated two-dimensional distance class and geostatistical analyses by year of sharka disease of a Corbaté apricot
orchard (plot 1) in eastern Spain. (A-D) Spatial patterns were determined by double antibody sandwich-enzyme-linked immunosorbent assay
using polyclonal antisera for plum pox potyvirus (PPV). Black squares, white squares, and squares with an ‘X’ indicate position of PPV-
positive, healthy and missing trees, respectively. (E-H) Proximity pattern matrices from two-dimensional distance class analyses. Black, gray
and white squares indicate [ X, Y] distance classes with standardized count frequencies greater than expected, less than expected, and as expected,
respectively (P < 0.05). (J-L) Nonoriented (solid line) and oriented (broken lines) semivariograms of sharka disease spread measured at one-
tree intervals.
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Fig. 2. Spatial pattern with associated two-dimensional distance class and geostatistical analyses by year of sharka disease of a Springcrest
peach orchard (plot 2) in eastern Spain. (A-C) Spatial patterns were determined by double antibody sandwich-enzyme-linked immunosorbent
assay using polyclonal antisera for plum pox potyvirus (PPV). Black squares, white squares, and squares with an ‘X’ indicate position of
PPV-positive, healthy, and missing trees, respectively. (D-F) Proximity pattern matrices from two-dimensional distance class analyses. Black,
gray and white squares indicate [X,Y] distance classes with standardized count frequencies greater than expected, less than expected, and

as expected, respectively (P < 0.05). (G-I) Nonoriented (solid line) and oriented (broken lines) semivariograms of sharka disease spread measured
at one-tree intervals.
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along the x-axis from the origin to the
point at which the sill is attained. The
two-dimensional spatial structure is
considered anisotropic when directional
semivariograms diverge from one
another over distance (36).

PPV infections are thought to be
locally systemic, i.e., causing sectoring
of infections limited to one branch, side,
or portion of the vascular system of a
tree. To determine if symptoms were
expressed preferentially on one side
(orientation) of the tree and to examine
if the orientation of infected branches
was conserved from year to year, quad-
rant (orientation) ratings for each tree
that reflected incidence of PPV-positive
branches for plots 1, 3a, and 3b were
correlated with the ratings from the
previous year via the SAS PROC CORR
subroutine with the SPEARMAN
option for rank correlation.

RESULTS

Disease incidence ranged over time
from 0.05-0.82, 0.34-0.50, 0.09-0.34,
0.39-0.95, and 0.13-0.17, for plots 1, 2,
3a, 3b, and 4, respectively. In general,
ordinary runs indicated weak or no
within- or across-row aggregation of
PPV-positive trees during any year tested
(Table 1). Considering all plots, the small
number of transects with aggregation
was interpreted as indicative of a lack
of aggregation of immediately adjacent,
PPV-positive trees.

For plot 2, Springcrest peach, and plot
3a, Blanco apricot, the beta-binomial
index of dispersion (I) values indicated
some aggregation for all quadrat sizes
tested; however, these values eroded in
magnitude to only slight indications of
aggregation as disease incidence in-
creased (Table 2). There was also an
indication of aggregation for all quadrat
sizes tested for plot 1, Springcrest peach,
during 1990, but I, eroded in magnitude
by 1991, when disease incidence exceeded
0.5. For all other plot and year combina-
tions and all quadrat sizes tested, the
magnitude of Iz values was near 1.0,
indicating no departure from random-
ness of sharka diseased trees.

With the exception of the Springcrest
peach assessment for 1990, ELISA-
confirmed sharka disease incidence
increased in all plots over time. No
clearly definable disease gradients were
observed in any of the plots. Two-
dimensional distance class analyses
resulted in distance classes with signifi-
cantly greater than expected SCF values
in each plot for each year (Figs. 1-5).
The number of distance classes with
significantly greater than expected SCF
values ranged from 1 to 16% and tended
to increase over time as disease incidence
increased (Table 3), with the exception
of plot 1, in which the number of sig-
nificant distance classes decreased when
disease incidence exceeded 0.8, and plot
4 (Figs. 1H and 4D). When disease inci-
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Fig. 3. Spatial pattern with associated two-dimensional distance class and geostatistical analyses
by year of sharka disease of a Blanco apricot orchard (plot 3a) in eastern Spain. (A-B) Spatial
patterns were determined by double antibody sandwich-enzyme-linked immunosorbent assay
using polyclonal antisera for plum pox potyvirus (PPV). Black squares, white squares, and
squares with an ‘X’ indicate position of PPV-positive, healthy and missing trees, respectively.
(C-D) Proximity pattern matrices from two-dimensional distance class analyses. Black, gray
and white squares indicate [X, Y] distance classes with standardized count frequencies greater
than expected, less than expected, and as expected, respectively (P < 0.05). (E~F) Nonoriented
(solid line) and oriented (broken lines) semivariograms of sharka disease spread measured at
one-tree intervals.
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Fig. 4. Spatial pattern with associated two-dimensional distance class and geostatistical analyses
by year of sharka disease of a Canino apricot orchard (plot 3b) in eastern Spain. (A-B) Spatial
patterns were determined by double antibody sandwich-enzyme-linked immunosorbent assay
using polyclonal antisera for plum pox potyvirus (PPV). Black squares, white squares, and
squares with an ‘X’ indicate position of PPV-positive, healthy and missing trees, respectively.
(C-D) Proximity pattern matrices from two-dimensional distance class analyses. Black, gray
and white squares indicate [X, Y] distance classes with standardized count frequencies greater
than expected, less than expected, and as expected, respectively (P < 0.05). (E-F) Nonoriented
(solid line) and oriented (broken lines) semivariograms of sharka disease spread measured at
one-tree intervals.
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dence is <0.15 or >0.8, two-dimensional
distance class analysis may no longer be
appropriate (31). Thus, a nonsignificant,
two-dimensional distance class, proxim-
ity pattern was determined only for plot
1 for the 1991 assessment, when the total
number of expected SCF values was
<5% and the associated proximity pattern
was considered to indicate a random
distribution (Table 3). Significantly less
than expected SCF values were less
common (<7%) with the exception of the
1990 assessment of plot 1 (approximately
11%). Two-dimensional distance class
proximity patterns exhibited few or small
core clusters, i.e., significant distance
classes immediately adjacent to the origin
(distance class [0,0]) (Figs. 1E,F, 2D,F,
and 3C, and Table 3), compared with
the number of SCFs encountered at
farther distance classes. Significant SCFs
were often exhibited at four to seven
(Figs. 1E-G, 2E,F, 3C,D, 4C,D, and
5C,D), and again at nine to 15 (Figs.
1E-G, 2D-F, 3C,D, and 5C,D) distance
classes from the origin. The highest
densities of distance classes with signifi-
cantly positive SCFs, composing loose
clusters, were often located farther from
the origin at distance classes [(4-10),
(8-22)] and demonstrated the presence
of discontinuous proximity patterns for
most of the plots during some point in
the early stages of the epidemics (i.e.,
when disease incidence <0.5) (Figs.
1F,G, 2F, 3C,D, and 5C,D). Significant
edge effects were indicated in eight of
the 10 data sets in which aggregation was
predicted by the two-dimensional dis-
tance class simulation (Table 3). The
most frequently occurring cluster shape
was amorphous; however, row-oriented
and column-oriented cluster shapes were
also common. The square/rectangular
cluster shape was seen only once (Table 3).

Semivariance tended to increase with
distance for the majority (10 out of 13)
of the plots and years with the exception
of plot 2 during 1990, plot 3b for 1988,
and plot 4 during 1991 (Figs. 21, 4E, and
5F). Transitional models assume spatial
dependence near the y-axis, which
decreases to form a sill or plateau at
greater spatial distances. This occurred
only rarely with the PPV semivariance
data. Those transitional models that did
fit were characterized by the formation
of a sill very close to the y-axis, often
within the first two lags, and large ranges
of spatial dependence often exceeding the
dimensions of the plots (Table 4, plot
1 for 1991, etc.). Thus, although tradi-
tional transitional models were capable
of fitting the data due to general model
plasticity, and accounted for a large
portion of the variation in the data due
to regression, they did not describe well
the spatial structure of semivariance over
distance. However, the general trend
toward higher semivariance values at the
distal end of the semivariogram was well
described by simple linear or exponential
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Fig. 5. Spatial pattern with associated two-dimensional distance class and geostatistical analyses
by year of sharka disease of a Starcrest peach orchard (plot 4) in eastern Spain. (A-B) Spatial
patterns were determined by double antibody sandwich-enzyme-linked immunosorbent assay
using polyclonal antisera for plum pox potyvirus (PPV). Black squares, white squares, and
squares with an ‘X’ indicate position of PPV-positive, healthy and missing trees, respectively.
(C-D) Proximity pattern matrices from two-dimensional distance class analyses. Black, gray
and white squares indicate [X, Y] distance classes with standardized count frequencies greater
than expected, less than expected, and as expected, respectively (P < 0.05). (E-F) Nonoriented
(solid line) and oriented (broken lines) semivariograms of sharka disease spread measured at

one-tree intervals.

models (Table 5). Considering only these
two models, the linear and exponential
functions were chosen as the more
appropriate for 21/52 and 27/52 cases,
respectively, with four ties.

These results were consistent with the
two-dimensional distance class results
that indicated relatively few significant
distance classes near the origin and
higher densities of positive SCF distance
classes further from the origin. Closer
examination of plot 1 for 1990, plot 2
for 1990, and plot 4 for 1991 revealed
an increase in nonoriented semivariance
followed by a decrease associated with
longer distances (Figs. 1K, 2H, and SF).
This decrease over longer distances for
the particular plot-by-year combinations
corresponded to concentrations of sig-
nificantly positive SCF values in the two-
dimensional distance class matrices cor-
responding to [X,Y] distance classes
separated from the core cluster (Figs. 1G,
2E, and 5D). Plot 3b for 1989 had a
disease incidence level of 0.95, and, there-
fore, squared differences for values between
trees separated by a given distance were
not detectable. The resulting semivario-
grams had plateaus or valleys (Fig. 4F).

Some anisotropy was suggested by
directional semivariograms, i.e., some
directional orientation was indicated for
disease distribution for some plot/year
combinations. Semivariance was gener-
ally higher for 135° and lower for 45°
directional orientation, respectively,
compared with the nondirectional semi-
variogram for plots 1, 2, 3b, and 4 for
assessment years when disease incidence
was < 0.5 (Figs. 11,J, 2G, 4E, and SE,F).
No clearly discernible differences were
seen in semivariograms for directional
orientation for plot 3 during the early
stages of the epidemic (Fig. 2G-I).

The disease incidence of PPV-positive
branches was examined by correlation
of directional orientation (side of the
tree) from one year to the next to deter-
mine if the sectoring observed for indi-
vidual trees was conserved from year to
year. All correlations among years for
each orientation were highly significant
(P < 0.01) indicating a conservation of
orientation of infection (Table 6). Cor-
relation coefficients were highest be-
tween years for orientations with lower
changes in disease incidence and lowest
between years when there were large
changes in disease incidence.

DISCUSSION

Sharka epidemics in stone-fruit
orchards are perennial and require from
three to several years to approach an
asymptote of disease (13). Often more
than one aphid species, i.e., potential
vector for PPV, occurs in an orchard at
the same time or at different points in
time and for different durations during
the course of an epidemic (33). The non-
persistent vector efficiency differs among
the potential vectoring species of aphid
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as does their population dynamics in
response to host and environmental
variables (1,18,22,27,33). Thus, even
though viruliferous aphid movement is
undoubtedly the most important com-
ponent of the spatial process of sharka
epidemics, the number of variables
involved in movement of PPV is large
and the factors determining the success
of transmission of PPV among trees are
complex. Examination of spatial anal-
yses and comparison of results at
different points in an epidemic may give
some clues to PPV movement and
distances traversed by viruliferous aphid
vectors that were successful in transmis-
sion. However, any inference about the
time of successful transmission, the aphid
species involved, and the efficiency of the
aphid population to transmit PPV in
relationship to its size and feeding char-
acteristics, is beyond the scope of such
analyses.

Ordinary runs analysis indicated only
infrequent within- and across-row
aggregations of immediately adjacent
trees. Significant I values were generally
near one for the majority of quadrat sizes
tested, which indicated that aggregation
of sharka-diseased trees was infrequent
when disease incidence was low. Signif-
icant I values were most frequent when
disease incidence approached 0.5 and
individual diseased trees or clusters
coalesced, and thus were not valuable
indicators of aggregation. Both ordinary
runs and beta-binomial distribution
analyses examine the data for aggrega-
tion among immediately adjacent dis-
eased individuals or quadrats. Strong
indication of adjacency of sharka-
diseased trees was clearly absent or
inconclusive, which suggested that if

spatial associations existed, they would
have to be of a higher order, i.e., over
longer distances. This conclusion is in
direct contrast to previous observations
and anecdotal data (14,30).

The lack of clearly definable disease
gradients may indicate spatial processes
on a scale larger than the size of the
individual plots. The orchards examined
in this study were of common size for
the Valencia area. Two-dimensional dis-
tance class analyses confirmed the
scarcity of core clusters (significant
distance classes near the origin) but did
indicate the presence of significant higher
order distance classes over larger spatial
dimensions at approximately 4-7 and
again at 9-15 trees (distance classes) from
the origin, and these were generally
scattered. Cluster size was generally
small involving only 2-4 [X, Y] distance
classes and without clear directional
orientation, i.e., within-, across-, or
diagonal to rows. This lack of directional
orientation indicates no clearly defined
directional movement of PPV within
plots from tree to tree. Occasionally some
amorphous clusters were also determined
at [X,Y] distance class coordinates
[(4-10),(8-22)] from the origin and may
suggest that secondary spread over
longer distances, i.e., several trees
distant, was common. The presence of
edge effects in over half of the plot/year
combinations may indicate an influence
of exogenous sources of inoculum or
simply reflect that the dimension of the
plots is approximately the same as the
dimension of secondary spread within
the plot. Such edge effects were observed
in one previous study of PPV in apricot
orchards in France (30).

Spatial structures of disease that are

devoid of aggregation but have higher
order spatial associations are often
complex and difficult to interpret com-
pared with aggregated structures and are
not prevalent in phytopathological
literature. Although 2DCLASS analyses
pointed to a lack of aggregation and a
predominance of spatial relationships
over longer distances, the authors were
hesitant to make conclusions based on
2DCLASS results alone without further
corroboration. Geostatistical analyses of
PPV data sets were used to confirm the
complex spatial structures indicated by
2DCLASS analyses and to help interpret
the numerous higher order spatial asso-
ciations among PPV+ trees. Non-
oriented semivariograms from geostatis-
tical analyses for several of the plots
examined increased as a function of
distance from the origin and never
achieved a sill or asymptote of spatial
dependence. This spatial structure was
not well explained by traditional transi-
tional models used in geostatistics, which
assume a sill of spatial dependence at
higher order spatial lags. Transitional
models are based on the assumption of
aggregation that degrades over distance,
which was not the case for PPV data
sets. Lower semivariance values occur-
ring at the mid-range and farthest dis-
tances tested may be further evidence
that secondary spread occurred over a
range of distances approximately equiv-
alent to the dimensions of the plots and
was better described by linear or expo-
nential growth models. Although linear
and exponential growth models are
simpler and more easily explained in
epidemiological terms than transitional
models, even these models did not fully
represent the complexities of semivari-

Table 3. Statistics from two-dimensional distance class analysis for sharka symptoms in stone-fruit orchards in the Valencia province of eastern Spain

Ave.

- b Min. cluster Total Sig.

Disease Significance Distance core size and -number edge
Plot Year incidence® SCF+ SCF— classes Pattern size? Shape* (range)’ clusters® effect”
1 1988 0.054 42 0 322 A 0 I,C,8,a 2.1(2-5) 7 6/35
1989 0.148 37 S 322 A 0 r,c,a 3.3(2-8) 7 14/35

1990 0.516 35 13 322 A 2 r,c,a 4.7 (2-15) 6 0/35

1991 0.815 3 3 322 R 0 c 2(2) 1 0/35

2 1989 0.336 4 3 132 A 2 ¢ 1(1) 1 0/26
1990 0.229 8 0 132 A 0 a 4(4) 1 1/26

1991 0.504 22 18 132 A 2 c,a 10 (2-18) 2 6/26

3a 1989 0.338 14 0 84 A 0 r,a 5(2-8) 2 7/16
3b 1988 0.387 9 3 77 A 0 r,a 331249 4 5/16
1989 0.947 10 3 71 A 0 c,a 5(2-8) 1 2/16

4 1991 0.174 7 3 187 A 0 c 2(2) 1 1/26

*Number of plum pox potyvirus—positive trees/total number of trees in the orchard.

°Number of [X,Y] distance classes with standardized count frequencies (SCF) significantly greater (SCF+) or less (SCF—) than expected.

‘Proximity pattern: R = random (number of significant SCFs < 5%); A = aggregated (5% < number of significant SCFs < 80%); U =
uniform, (number of significant SCFs > 80%.

4The number of significant SCF+ distance classes contiguous with the origin that form a discrete group.

‘Shape of the cluster(s) of significant SCF+ that occurred in the distance class matrix: r = within row; ¢ = within column (i.e., across row);
s = square or rectangular; and a = amorphous.

Average size and range in parentheses of the clusters of SCF+ distance classes within the proximity pattern that are noncontiguous with
the origin or core clusters.

£Number of clusters of SCF+ distance classes within the proximity pattern that are noncontiguous with the origin or core clusters.

"Proportion (number of significant SCF+ distance classes/total number of edge distance classes) occurring at the two edges of the proximity
pattern farthest from the origin, i.e., the outermost row and column of the distance class matrix.
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ance over distance for PPV data. Had
plots of larger dimension been studied,
perhaps a range of spatial dependence
could have been established. Aphid
transmission of PPV in nurseries ranges
up to 100-120 m. Unfortunately, because
PPV has become endemic in the area,
larger orchard sizes of mature, PPV-free
trees in the initial stages of an epidemic
and suitable for further studies to more
accurately determine the distance limits
of PPV movement are scarce. Direc-
tional spread of disease can sometimes

be detected during the initial stages of
an epidemic and before increases in
disease incidence mask directionally
oriented patterns. In some cases, for
assessments earlier in the sharka epi-
demics, the magnitude of directional
semivariograms was lower in the 45°
orientation, which suggested possible
directionality to the movement of PPV
within these orchards diagonally across
rows. The 45° (southwest) orientation is
consistent with movement from an
inoculum source located on the south-

eastern edge of the orchard, for plots 1,
2, 3a, and 3b, and inoculum located on
the eastern edge of plot 4. Direction
spread of PPV from foci of high inci-
dence has been reported prev1ously (30)

PPV is often locally systemic in main
scaffold branches and distributed un-
evenly in the tree, and thus appears to
cause a disease sectoring of the tree (9).
When disease increase was moderate,
correlation analyses indicated that there
was a conservation of directional orien-
tation of disease due to sectoring. Con-

Table 4. Results of nonlinear, transitional model fitting data for semivariance over distance for plum pox potyvirus-positive trees in orchards

in the Valencia province of eastern Spain

Plot Year Direction® Model® Nugget (cy) Range (a) Sill Sill-nugget r?
1 1988 Omni Gaussian 0.896 228.9 1.548 0.652 0.826
45 Gaussian 0.903 1,824 13.903 13.0 0.389
90 Gaussian 0.879 131.2 1.125 0.246 0.746
135 Gaussian 0.900 174 1.57 0.670 0.837
1989 Omni Gaussian 0.912 487 3.662 2.75 0.865
45 Gaussian 0.911 2,123 11.911 11.0 0.189
90 Gaussian 0.908 414.8 2.638 1.73 0.815
135 Gaussian 0.921 405 4.431 3.51 0.952
1990 Omni Spherical 0.887 154.2 1.084 0.197 0.894
45 Gaussian 0.895 73.2 1.115 0.220 0.885
90 Power 0.855 0.664 0.863 0.008 0.816
135 Gaussian 0.945 100.6 1.07 0.125 0.706
1991 Omni Gaussian 0.943 72.1 1.052 0.109 0.822
45 Spherical 0.931 114.3 1.032 0.101 0.444
90 Gaussian 0.947 3529 1.477 0.530 0.539
: 135 Exponential 0.908 162.7 1.204 0.296 0.873
2 1989 Omni Spherical 0.620 16.9 1.008 0.388 0.509
45 Gaussian 0.314 6.92 1.004 0.690 0.577
90 Power 0.586 0.157 0.801 0.215 0.644
135 Gaussian 1.01 5,371 52.11 51.1 0.017
1990 Omni Spherical 0.799 28.1 1.032 0.233 0.251
45 Spherical 0.766 36.5 1.066 0.300 0.462
90 Spherical 0.764 325 1.025 0.261 0.338
135 NC*
1991 Omni Power 0.759 0.351 0.821 0.062 0.853
45 Gaussian 0.911 125.9 1.242 0.331 0.679
90 Power 0.663 0.247 0.794 0.131 0.831
135 Spherical 0.927 101.4 1.091 0.164 0.583
3a 1988 Omni Gaussian 0.625 222.6 9.605 8.98 0.968
45 Gaussian 0.643 227.1 11.543 10.9 0.978
90 Gaussian 0.610 251.4 11.71 11.1 0.970
135 Gaussian 0.627 212.5 6.997 6.37 0.782
1989 Omni Gaussian 0.805 237.2 6.515 5.71 0.698
45 Gaussian 0.820 257.9 8.52 7.70 0.675
90 Gaussian 0.824 227.5 6.754 593 0.828
135 Gaussian 0.815 258.9 5.595 4.78 0.506
3b 1988 Omni Spherical 0.725 24.6 1.028 0.303 0.575
45 Exponential 0.00 3.20 0.967 0.967 0.0956
90 Spherical 0.788 20.2 1.024 0.236 0.249
135 Power 0.245 0.254 0.58 0.335 0.685
1989 Omni NC
45 Gaussian 0.959 257.2 8.495 7.536 0.611
90 Gaussian 0.882 614.4 32.812 31.93 0.639
135 NC
4 1990 Omni Gaussian 0.918 162.5 3.048 2.13 0.839
45 NC
90 Power 0.937 2.76 0.937 0.00 0.675
135 Gaussian 0.883 197 8.723 7.84 0.979
1991 Omni Spherical 0.995 24.8 1.009 0.014 0.0160
45 NC ...
90 NC
135 Gaussian 0.883 197 8.723 7.84 0.822

*Directional spatial dependence was tested by comparing semivariograms from omnidirectional data sets with directional data sets constructed
from those data fallmg within a 45° arc along vectors at 45°, 90°, and 135° angle to the horizontal or x-axis of the data set.
"The standardized semivariance y(h)’' [= semivariance/ sample variance {y(h)/s’} vs. lag distance (m)] data were fitted by nonlinear regression
to (kY = ¢, + Blhl, v(h) = ¢y + c[[l—exp(—3h/a)], ¥(hY = co + e/[l—exp(—3h| )], y(h) = ¢; + ¢/[1.5(h/a) — 0.5(h/a)’], and (k)
= ¢, + ah® (for 0 < B < 2); for the linear, exponential, Gaussian, spherical, and power models, respectively.
“Non-convergence of nonlinear regression analysis for indicated model.
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Table 5. Results of linear and exponential model fitting by linear regression of semivariance over distance data for plum pox potyvirus—positive
trees in orchards in the Valencia province of eastern Spain

. Intercept Slope (b)

Plot Year Direction® Model® (co) or (¢c;) r’ r*’
1 1988 Omni Linear 0.8642 0.0015 0.752 0.867
45 Linear 0.8951 0.0005 0.267 0.517
90 Linear 0.8539 0.0013 0.663 0.814
135 Linear 0.8487 0.0024 0.794 0.891
Omni Exponential —0.1411 0.0015 0.748 0.873
45 Exponential —0.1107 0.0005 0.262 0.521
90 Exponential —0.1545 0.0014 0.668 0.817
135 Exponential —0.1515 0.0023 0.803 0.898
1989 Omni Linear 0.8782 0.0015 0.764 0.874
45 Linear 0.9088 0.0002 0.100 0.316
90 Linear 0.8827 0.0012 0.659 0.812
135 Linear 0.8561 0.0028 0.878 0.937
Omni Exponential —0.1242 0.0015 0.766 0.882
45 Exponential —0.0956 0.0003 0.096 0.318
90 Exponential —0.1203 0.0012 0.658 0.822
135 Exponential —0.1384 0.0026 0.889 0.948
1990 Omni Linear 0.9010 0.0015 0.881 0.938
45 Linear 0.8801 0.0019 0.870 0.933
90 Linear 0.8900 0.0014 0.817 0.904
135 Linear 0.9313 0.0009 0.685 0.828
Omni Exponential —0.1012 0.0015 0.878 0.936
45 Exponential —0.1226 0.0019 0.865 0.928
90 Exponential —0.1133 0.0014 0.815 0.904
135 Exponential —0.0701 0.0009 0.685 0.829
1991 Omni Linear 0.9376 0.0009 0.770 0.878
45 Linear 0.9520 0.0007 0.365 0.604
90 Linear 0.9351 0.0005 0.490 0.700
135 Linear 0.9221 0.0012 0.865 0.930
Omni Exponential —0.0632 0.0009 0.775 0.875
45 Exponential —0.0485 0.0007 0.361 0.601
90 Exponential —0.0665 0.0006 0.487 0.702
135 Exponential —0.0791 0.0012 0.860 0.928
2 1989 Omni Linear 0.9634 0.0006 0.363 0.602
45 Linear 0.9524 0.0007 0.284 0.532
90 Linear 0.9106 0.0012 0.561 0.749
135 Linear 1.0179 0.0001 0.002 0.044
Omni Exponential —0.0378 0.0006 0.362 0.601
45 Exponential —0.0503 0.0007 0.286 0.529
90 Exponential —0.0940 0.0013 0.559 0.744
135 Exponential 0.0168 0.0001 0.002 0.044
1990 Omni Linear 1.0320 —0.0002 0.011 0.103
45 Linear 1.0172 0.0004 0.025 0.159
90 Linear 0.9966 0.0002 0.008 0.088
135 Linear 1.0794 —0.0013 0.235 0.485
Omni Exponential 0.0311 —0.0002 0.013 0.100
45 Exponential 0.0136 0.0004 0.025 0.155
90 Exponential —0.0055 0.0002 0.007 0.085
135 Exponential 0.0800 —0.0014 0.265 0.476
1991 Omni Linear 0.9061 0.0017 0.828 0.910
45 Linear 0.8758 0.0019 0.698 0.835
90 Linear 0.9086 0.0017 0.789 0.888
135 Linear 0.9569 0.0014 0.530 0.728
Omni Exponential —0.0957 0.0017 0.821 0.907
45 Exponential —0.1289 0.0019 0.688 0.836
90 Exponential —0.0934 0.0017 0.783 0.884
135 Exponential —0.0437 0.0014 0.521 0.724

(continued on next page)

“Directional spatial dependence was tested by comparing semivariograms from omnidirectional data sets with directional data sets constructed
from those data falling within a 45° arc along vectors at 45°, 90°, and 135° angle to the horizontal or x-axis of the data set.

®The standardized semivariance y(h)’ [= semivariance/sample variance {y(h)/s’} vs. lag distance (m)] data were fitted by linear regression
to y(h)’ = ¢y + c,(m), and y(h)’ = ¢y + c¢[In(m)]; for the linear and exponential models, respectively. r> = Coefficient of determination

for regression analyses. r** = Spearman’s correlation coefficient of observed vs. predicted values.

servation of directional orientation of
sectoring was somewhat masked when
disease incidence rose quickly and eroded
the directionality, or when disease inci-
dence was high and the entire tree and
all orientations became involved in
disease. The presence and conservation
of sectoring may indicate that most of
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the disease increase between assessments
for individual trees was due to new
infections rather than systemic spread
from scaffold to scaffold.

Sharka disease increase in individual
trees appears to be associated with new
infections. This, coupled with a general
lack of adjacent tree-to-tree spread and

a trend toward higher order spatial asso-
ciations among PPV-positive trees in
some orchards, and the presence of some
loose clusters at farther distances, begins
to elucidate some factors of the possible
spatial processes that affect the spread
of PPV in Spanish stone-fruit orchards.
One explanation for the observed spatial



Table 5. (continued from preceding page)

Intercept Slope (b)

Plot Year Direction® Model® (co) or (c;) r? r*
3a 1988 Omni Linear 0.4536 0.0127 0.909 0.954
45 Linear 0.4468 0.0147 0.924 0.961
90 Linear 0.4425 0.0124 0.892 0.944
135 Linear 0.4984 0.0097 0.722 0.849
Omni Exponential —0.6146 0.0136 0.926 0.974
45 Exponential —0.5936 0.0148 0.952 0.982
90 Exponential —0.6298 0.0134 0.930 0.970
135 Exponential —0.5955 0.0112 0.688 0.868
1989 Omni Linear 0.7165 0.0069 0.614 0.784
45 Linear 0.7260 0.0077 0.571 0.756
90 Linear 0.7068 0.0083 0.814 0.902
135 Linear 0.7534 0.0049 0.440 0.663
Omni Exponential —0.2913 0.0068 0.617 0.802
45 Exponential —0.2698 0.0072 0.571 0.778
90 Exponential —0.3012 0.0082 0.817 0.909
135 Exponential —0.2622 0.0050 0.424 0.675
3b 1988 Omni Linear 0.9636 0.0012 0.094 0.307
45 Linear 1.0313 —0.0022 0.237 0.487
90 Linear 1.0145 —0.0001 0.001 0.026
135 Linear 0.8113 0.0069 0.640 0.800
Omni Exponential —0.0414 0.0013 0.109 0.302
45 Exponential 0.0320 —0.0024 0.242 0.474
90 Exponential 0.0126 —0.0001 0.001 0.026
135 Exponential —0.1958 0.0068 0.643 0.793
1989 Omni Linear 0.9793 —0.0007 0.008 0.090
45 Linear 0.8926 0.0066 0.473 0.688
90 Linear 0.8274 0.0051 0.505 0.711
135 Linear 1.2003 —0.0129 0.584 0.764
Omni Exponential —0.0198 —0.0010 0.016 0.094
45 Exponential —0.0859 0.0055 0.475 0.708
90 Exponential —0.1735 0.0049 0.485 0.727
135 Exponential 0.2427 —0.0170 0.545 0.784
4 1990 Omni Linear 0.8838 0.0040 0.695 0.834
45 Linear 0.9520 —0.0012 0.190 0.435
90 Linear 0.9187 0.0021 0.388 0.623
135 Linear 0.7782 0.0108 0.899 0.948
Omni Exponential —0.1164 0.0040 0.690 0.845
45 Exponential —0.0504 —0.0013 0.180 0.437
90 Exponential —0.0825 0.0021 0.382 0.632
135 Exponential —0.2061 0.0097 0.922 0.965
1991 Omni Linear 1.0229 —0.0006 0.072 0.268
45 Linear 1.0606 —0.0035 0.557 0.746
90 Linear 1.0645 —0.0023 0.385 0.621
135 Linear 0.9797 0.0029 0.546 0.739
Omni Exponential 0.0224 —0.0006 0.071 0.265
45 Exponential 0.0659 —0.0039 0.555 0.732
90 Exponential 0.0646 —0.0023 0.399 0.611
135 Exponential —0.0198 0.0028 0.535 0.739

Table 6. Correlation of the incidence of sharka symptoms by tree quadrant among years in orchards in the Valencia province of eastern Spain

Plot

Year
(quadrant)

Year (quadrant)*

88A

88C

88D

89A 89B 89C

89D

2 Springcrest peach

3a Blanco apricot

3b Canino apricot

89A
89B
89C
89D
90A
90B
90C
90D
89A
89B
89C
89D
89A
89B
89C
89D

0.574

0.489

0.519

0.425

0.657

0.564

0.535

0.324

0.616

0.574

0.433

0.378

0.608

0.611

0.473

0.473

0.504
0.363
0.301

0.501

*All values were significant at P < 0.003, for Spearman’s coefficient of rank correlation.
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proximity patterns of sharka-diseased
trees would be that winged, viruliferous
aphids, which successfully transmit PPV,
preferentially fly several trees away
rather than to immediately adjacent trees
when foraging for new growth to feed
on. This could be due to a more migra-
tory species of aphid such as A. gossypii
which do not prefer and only infre-
quently colonize Prunus spp., compared
with aphid species that prefer and more
frequently colonize Prunus spp. The
result would be an apparently more
random or uniform distribution of
disease as the epidemic progresses but
with less obvious higher order associa-
tions among diseased trees such as was
observed. Alternatively, viruliferous
aphids could be moving into the plot
from an exogenous source of inoculum
in an adjacent infected block. Because
the plots were presumed to be PPV-free
and remained that way for a number of
years after planting, the initial inoculum
certainly came from an exogenous
source, very probably from the bordering
Japanese plum cv. Red Beaut plot, which
was 100% PPV-infected. However, no
discernible disease gradients were per-
ceived in any of the data sets and only
slight indications of directional orienta-
tion for higher order spatial associations
were observed. To detect aphid-induced
gradients may require plots of spatial size
much greater than were available for this
study. Lack of perceptible disease gradi-
ents also could be due to a low incidence
of diffuse initial infections resulting from
afew widely scattered viruliferous aphids
foraging at some distance from the
source of infection. The result would be
an apparently random distribution of
disease. New waves of aphids originating
from a distant, exogenous source of PPV
would presumably also be diffuse. How-
ever, if this were the case, the apparently
random pattern of disease would tend
to be maintained with only rare spatial
associations over longer distances. This
was not the case. Therefore, although
some continual influx of exogenous
inoculum was very probable, a higher
incidence of secondary spread was the
more likely dominant spatial process as
the epidemics progressed and gave rise
to the higher order spatial associations
that were detected.
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