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Abstract

Leek rust, caused by Puccinia allii Rudolphi, is an important disease of leek (Allium porrum L.) in the
Netherlands. For the development of a practical sampling method for early detection of leek rust in
commercial fields, information on the spatial distribution of the disease is necessary. In this study, the
spatial distribution of diseased plants during three naturally occurring epidemics of leek rust was observed.
The observations were analysed with the Black-White join-count statistic. The spatial distribution of
rust-infected leek plants was different for each of the three epidemics, ranging from random to highly
clustered.These results show, that in the development of a practical sampling method for detection of
leek rust, it is necessary to take into consideration a possibly clustered distribution of diseased plants.

Introduction

Rust of leek, caused by Puccinia allii Rudolphi,
is an important disease of leek (Allium porrum L.)
in The Netherlands. Decline in leek quality due
to light infestation may cause severe economic
loss to the grower. Therefore, chemical control of
the disease must be started in an early stage of
the infection. However, applying fungicides to a
crop in the absence of the disease, is undesirable
both from an environmental and an economic
point of view. The most direct method of assessing
the presence of the disease in the crop is sampling.
For the development of a practical sampling
method for early detection of leek rust in com-
mercial fields, general information on the possible
spatial distribution of the disease is necessary.

A straightforward and much used method for
analysis of the spatial distribution of diseased
plants is to assess presence or absence of the
disease in all plants in a row or in a transect across
rows and to use the ordinary runs statistic to test
randomness of infected plants. [Campbell et al.,

1984; Madden et al., 1982, 1987a, 1987b; Jeger
et al., 1987]. The ordinary runs statistic is a par-
ticular join-count statistic. Join-count statistics are
widely applied measures of spatial autocorrelation
for nominal data [Cliff and Ord, 1981]. Another
join-count statistic, the Black-White statistic (BW)
has a flexibility not present in the ordinary runs
statistic that permits application to a two-dimen-
sional array of plants (e.g. a set of rows) and to
detect spatial autocorrelation not only between
nearest neighbours, but also between second and
higher order neighbours.

Gray et al. [1986] proposed a method for spatial
analysis of nominal data very similar to the use
of join-count statistics, that they called two-dimen-
sional distance class analysis, without referring to
the join-count statistics. The two-dimensional
distance class analysis as presented by Gray et al.
[1986] requires computer simulation to obtain
the probability distribution of the test statistic,
whereas the probability distributions for the join-
count statistics can be approximated with standard
distribution functions [Cliff and Ord, 1981].



134

In this study, the BW join-count statistic is used
to detect non-randomness in the spatial dis-
tribution of rust-infected leek plants in naturally
occurring epidemics.

Materials and methods

Fields observations

The spatial distribution of diseased plants was
assessed during three naturally occurring leek rust
epidemics in fields nearby Wageningen: on 18
September 1991 in a 60 m x 45 m field, on 3 July
1992 in a2 30 m x 35 m field and between § July
and 6 August 1993 in a 30 m X 50 m field. The
fields received treatment with pyrethroids to
control insect damage but were not treated with
fungicides. All fields were row planted with the
highly susceptible cultivar Albana. Details on the
fields are given in Table 1. Presence or absence
of rust was assessed on consecutive plants within
selected rows. Distances between selected rows
were 5 rows in 1991 and 10 rows in 1992 and
1993. In 1992 and 1993 plants in transects across
rows were also assessed; the distance between the
transects being 5 m and 10 m respectively. In
1993, observations on the different dates were
made on the same rows and approximately the
same transects. The number of observed rows,
transects and plants per row or transect are given
in Table 1.

Table 1. Dimensions of the ficlds, between and within row
planting distances and the number of observed rows, transects
and plants per row or transect for the three observed epidemics

1991 1992 1993

Dimensions (mxm) 60x 45 30x%x35 30x50

Row length (m) 45 35 50
Between row planting

distance (m) 0.50 0.50 0.50
Within row planting

distance (m) 0.16 0.16 0.16
Number of observed rows 22 3 5
Number of plants per row 270 210 240
Number of observed

transects - 4 5
Number of plants per

transect - 56 54

Statistical analysis

Randomness in the one-dimensional spatial dis-
tribution of diseased plants was tested with the
BW join-count statistic [Cliff and Ord, 1981]. The
mathematical definition of the BW statistic is:

1 n
e g

j=

BW =

M=

in which x; = 1 if plant i is infected and x; = 0 if
plant i is healthy (i=1...n), and {3;; i, j =
1...n}form a binary connection matrix, in the
sense that §; = 1 if the plants i and j are defined
to be neighbours, and §; = 0 otherwise (including
3, = 0). In formula (1), the sum of squares is taken
to avoid negative values and the factor ', is added,
because every possible pair of plants occurs twice
in the summation. Thus, the BW statistic is the
number of times, that a healthy plant is neigh-
boured by an infected plant. It must be empha-
sized, that with the BW statistic, neighbourship
is merely a matter of definition. For calculation
of the BW statistic for spatial autocorrelation
between k™ order neighbouring plants, plants are
regarded as neighbours if there are £ — 1 plants in
between.

The data presented in this study, consist of sets
of rows (or transects) with no spatial connection
between the rows (or transects). When calculating
the BW statistic for first order neighbours, §; = 1
if plant /i and plant j are in the same row (or
transect) and there are no other plants in between
and §; = 0 otherwise. For second order neigh-
bours, §; = 1 if plant i and plant j are in the same
row (or transect) and there is only one plant in
between and 3; = O otherwise. For third order
neighbours, §;; = 1 if plant i and plant j are in the
same row (or transect) and there are two other
plants in between and §;; = 0 otherwise, etc.

The BW statistic is asymptotically normally
distributed under the null hypothesis of no spatial
autocorrelation. An approximate test of signifi-
cance is therefore provided by evaluating the BW
statistic as a standard normal deviate, as suggested
by Cliff and Ord [1981]. The first two moments
of the BW statistic are then used to specify mean
(u) and variance (0%) of the normal distribution.
Computational formulae for the first two moments
are given in the appendix. The appropriateness of
the use of the normal distribution as an approxi-



mation of the probability distribution of the BW
statistic has been confirmed by the results of
Monte Carlo simulation, using 5 rows with each
50 plants and combinations of disease frequency
of 5% or higher with order of neighbouring
ranging from one to 25.

For every set of rows (or transects), BW
statistics were calculated for any order of neigh-
bouring less or equal to half the length of the
row (or transect). With even higher order of
neighbouring, the normal approximation of the
probability distribution of the BW statistic appears
to be less reliable. A left-sided test was applied
to detect low values of the BW statistic, that
indicate positive spatial autocorrelation between
diseased plants (i.e. clustering) and a significance
level of 0.05 was used. Characterization of the
spatial distribution of diseased plants in a set of
rows (or transects) as random or clustered was
based on the outcome of the BW statistic for first
order neighbouring. The BW statistics for higher
order neighbouring were used to obtain an indi-
cation for the extent of the clustering.
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Results

For all three years, observations were made when
the number of pustules per infected plant was low
and infection could only be perceived by close
observation. Despite the low numbers of pustules
per plant, there was a considerable percentage of
the plants infected and diseased plants could be
found throughout the fields.

The results of the analysis of the spatial distri-
bution of diseased plants are given in Table 2. The
frequency of infected plants was 30.4% for the
observation on the "91 epidemic and 25.5% for the
'92 epidemic, as estimated from the row observa-
tions. For the 93 epidemic, the frequency of
infected plants increased from 6.2 % to 81.3 %,
between 8 July and 6 August, as estimated from
the row observations.

In the ’91 epidemic, positive spatial auto-
correlation within rows was significant for every
order neighbouring tested, indicating a strongly
clustered distribution of diseased plants. In the
'92 epidemic, there was no significant positive
autocorrelation within transects and significant
positive spatial autocorrelation within rows was

Table 2. Frequency of diseased plants in the sample (f), the number of tests done (1), the number of cases of significant positive
spatial autocorrelation (o = 0.05) in the set of tests (s) and the order of neighbouring (k) over which significant positive spatial

autocorrelation occurred

(%) t s k
1991 18 Sep rows 30.4 135 135 1-135
1992 3 Jul rows 25.5 105 6 13, 21, 35, 36, 43, 96
trans 24.1 28 - -
1993 8 Jul rows 6.2 120 14 1-4, 6, 13, 14, 21, 22, 67, 73, 81, 115, 117
trans 7.0 27 2 1,3
12 Jul rows 6.8 120 21 1-5,7,9, 11-14, 16, 18-22, 24, 25, 27, 29
trans 12.2 27 3 1,2, 16
16 Jul rows 7.8 120 40 1-11, 16-19, 21, 25, 27, 28, 38, 71, 74, 92,
94-100, 102-104, 106, 108, 113-115, 119, 120
22 Jul rows 16.0 120 19 1-10, 12, 14, 35, 40, 82, 90, 94, 95
trans 14.4 27 5 1-5
31 Jul rows 39.3 120 28 1-24, 27, 96, 106, 117
trans 46.3 27 11 1, 2, 4-9, 12, 13, 20
6 Aug rows 81.3 120 65 1-23, 25-30, 32--37, 40, 41, 43-50, 52, 55, 61,
63-65, 67, 73, 76, 81, 83, 84, 86, 87, 90, 92,
93, 103, 119, 120
trans 86.3 27 4 1,6,7, 12
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found for 13%, 21%, 35%, 36", 43" and 96™ order
neighbouring, but not for first order neighbouring.
Therefore the spatial distribution was considered
to be random both for rows and for transects. In
the "93 epidemic, the number of cases of signifi-
cant positive spatial autocorrelation within the sets
of rows increased from 14 on § July to 65 on
22 July, always including first order neighbouring,
and the spatial distribution of diseased plants
along rows was therefore clearly clustered. The
spatial distribution of diseased plants along the
transects was also clustered for the whole period
of observation.

Discussion

The fields analysed in this study consisted of at
least 10.000 plants. Therefore the fields could not
be assessed completely, but had to be sampled.
The numbers of rows and transects included in the
observations in this study were the largest
possible, given the limitations in man power. The
rows and transects were chosen to be evenly
distributed over the fields. For efficient use of
the BW statistic for characterization of spatial
patterns, more information is needed on the
minimal sample size that still gives representative
results.

Although the BW join-count statistic permits
analysis of two-dimensional spatial data, the use
of the statistic was restricted in this study to one-
dimensional analysis, due to the character of the
fields. Gray et al. [1986] present examples of
two-dimensional spatial analysis, but their
examples are limited to small latices of at most
300 elements. An alternative way of sampling, i.e.
assessment of all plants in a number of square
patches in the field, will allow for a two-dimen-
sional analysis, but will restrict the analysis to a
low order of neighbouring. An additional problem
is, that the leek plants were row-planted and not
standing in an exact lattice.

Simultaneous statistical inference using BW
statistics for several order of neighbouring poses
intractable problems because of mutual depen-
dence of the individual BW statistics. Therefore,
no test for randomness using several BW statistics
for different order neighbouring simultaneously
can be constructed and characterization of the

spatial distribution as random or clustered has to
be based on the BW statistic for one particular
order of neighbouring only, the first order neigh-
bouring being a logical choice. The BW statistics
for higher order neighbouring provide an indica-
tion for the extent of the clustering. The presence
of significant positive spatial auto-correlation
for first till k™ order neighbouring can be inter-
preted as an indication of cluster size. However,
the significance level of such complex conelu-
sions remains undefined, due to the already men-
tioned mutual dependence of the individual BW
statistics.

The strong clustering found during the 1991
epidemic can be explained by the nature of the
source of inoculum. In 1991, the sampled field
was infected from a nearby source, consisting of
a5 m x 7 m leek plot at a distance of 5 m from
the border of the field. It was in the vicinity of this
point source, that there was a very large cluster
of infected plants, reflected in the analysis by the
presence of significant spatial autocorrelation for
every order of neighbouring tested. Such a point
source may occur in a commercial setting, when
part of a previously planted neighbouring crep is
left unharvested.

In 1992 and 1993, the sampled fields were
infected from a source field measuring 15 m x
40 m at a distance of approximately 25 m and
planted one month earlier than the observed fields.
As the sources of inoculum were so identical for
1992 and 1993, other factors must have caused the
difference in spatial distribution found in the 1992
and the 1993 epidemic. As leek rust is wind-borne,
wind-direction and wind-speed are other impor-
tant factors determining the spatial distribution of
diseased plants. However, the data presented in
this study are not detailed enough to draw any
conclusion on the effect of wind-direction and
wind-speed on the spatial distribution in the
observed epidemics.

From the results of this study, it is clear, that
the spatial distribution of rust-infected leek plants
is highly variable, depending among other factors
on the nature of the inoculum source.

In a forthcoming paper, the effect of the spatial
distribution of the diseased plants on the efficacy
of different sampling patterns for detection of leek
rust will be discussed, and a practical sampling
pattern is proposed with a high efficacy even



under strongly clustered distribution of diseased
plants.
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Appendix

Mean and variance of the BW statistic

Under assumption of nonfree sampling, i.e. situation that the
probability of an individual plant to be infected is not known
from an independent sample:

S,
- Sn ®
P 1 [ 28,n4m, + (S, - 28)nm(n, + ny — 2)
4 n® n®
S2 + S — S nPp@ 3
A4S + S, Ingn, 2
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where n, is the number of diseased plants, n, is the number
of healthy plants, n is the total number of plants and
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For a set of rows with no spatial connection between the rows,
it follows from formulae (1) to (9), that S,, S, and S, can be
calculated as:

S, =2N(M - K) (10)
S, = 4N(M - K) 11
S, = N(16(M — 2K) + 8K) (12)

where N is the number of rows, M is the number of plants
per row and K is the order of neighbouring (K < '/,M).
Source of formulae (1) to (9) is Cliff and Ord (1981).
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