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Abstract

. Two algorithms, useful in agriculture and ecology, are presented to simulate permutations
| of a given set of counts of individuals, with a specified spatial pattern. The first algorithm
- finds a permutation with a specified level of aggregation, measured in this case by the index of
| aggregation, I,, from the methodology termed Spatial Analysis by Distance IndicEs (SADIE).
| The second algorithm finds a permutation of a given set of counts of one population over
| predefined ‘locations at which there are known counts of a second population, with a specified

1 level of association between the two. Examples of the use of both algorithms are given, based on

} real data, including the quantification of rates of detection for various proposed sampling plans

' for cyst-nematodes.
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1. Introduction

E  Spatial heterogeneity of pests and beneficial insects (Perry, 1989, 1994), of weeds
(Brain and Cousens, 1990), and of plant diseases (Madden and Hughes, 1995) has long
§ been recognised to affect yield estimates and the efficiency of sampling procedures in
§ agriculture. The measurement of the spatial pattern of vegetation and the detection of
} non-random arrangements was an early stimulus for initiating the discipline of plant
§ ecology (Greig-Smith, 1979). Ecological modelling increasingly incorporates spatial
+ heterogeneity (Hassell and May, 1973; Perry and Gonzalez-Andujar, 1993) as an
essential framework to reflect the complex aggregation and regularity of populations
in nature (Schneider, 1994). Data for invertebrates, weeds and diseases in agriculture
1s gathered at a variety of levels of spatial information, ranging from maps, where the
location of each individual is known (Fleming and Baker, 1936), down to summary
statistics such as the sample mean and variance of a frequency distribution (Clark and
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Perry, 1994). Often, however, data are recorded in the form of counts of individuals of
a certain species at a particular location, for example, the number of aphids observed
on a tiller of wheat, or wild oat seedlings in a quadrat, or diseased pepper plants on a
greenhouse bench.

- Just one of many examples of the importance of allowing for spatial heterogeneity in
' agneulture arises in the sampling of pests such as cyst-nematodes (Schomaker and Been,
1992), often for seed certification. Here, it may be necessary to detect small densities
with relatively high reliability in a field (Cotten and Van Riel, 1993), but selection of the
most appropriate sampling pattern (Haydock and Evans, 1994) depends on the degree
to which the population 1s aggregated and whether this can be quantified in the field
(Haydock and Evans, 1995). The EPPO guidelines (Anonymous, 1991) also warn that
there should be a sufficient number of field sample pomts to account for heterogeneity
of distribution.

A series of papers dealing with counts (Perry 19935a, 1996) and maps (Perry,
' 1995b) introduced a new method to detect and measure spatial pattern, termed Spatial
Analysis by Distance IndicEs (SADIE). Two advantages of SADIE for counts are

~ its improved intuitive basis compared with traditional more abstract, mathematical

o approaches, and its use of all the spatial information in the sample. Briefly, for any

| fgwen arrangement the minimum distance is calculated that sampled individuals would

- have to move to achieve an extreme patiern, such as complete regularity. The value
 _ of tlus dtstance termed D, may be found using the ‘transportation algorithm’ from
operattonal research literature (Kennington and Helgason, 1980). This is compared
- with E,, the value expected from random permutations of the observed arrangement,
- and an index of aggregation, I,, is formed from D/E,. Intuitively, we would expect
I < '“-"éf-atwely large values of I, from aggregated, clumped or clustered arrangements, values
' amund unity for spatially random patterns, and smaller values for more regular, uniform
_armangements. Randomization tests, based on comparison of D with the values of the
tance 0 regularity obtained from the random permutations, enable formal statistical
tests of the null hypothesis of randomness.
' Perry (19953) emphasised the difference between departures from the Poisson
distribution of counts in a frequency distribution, and spatial non-randomness in the
arrangement of those counts. Most previous approaches (Taylor, 1984, 1986; Blackshaw
and Perty 1994) consider only the properties of the frequency distribution, such as
~ the relatmnshtp between its variance and mean. As a brief example, although the
- set of counts of cyst—nematodes n six soil cores: 0, 1, 4, 56, 484, 4095, may be
hi ghly—skewed and obviously non-Poisson, their spatial arrangement may be completely
random Conversely, a set of counts of carabid beetles in pitfall traps: 0, 0, 1, 1, 2,
2,2, 2 3,3, 5, may conform closely to a Poisson distribution, but if sampled in
that order along a line transect show an obvious linear trend departlng strongly from
randomness
There are now many software packages (e g IMSL or Nag libraries) that allow the

51mulatmn of discrete statistical frequency distributions, such as the Poisson, negative

bmormal or beta-binomial, that are used commonly in the derivation of sampling
schemes or in simulation models with agricultural or ecological applications (e.g. Binns
and Nyrop, 1992). However, the lack of a methodology to study the spatial pattern of
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counts, now provided by the SADIE system, has prevented hitherto the development
of tools to simulate arrangements of these counts with given levels of aggregation
or regularity. Such simulations may be used in ecological models or, for example,
to compare the efficiencies of different sampling plans for pest monitoring (Turner,

1993).
A further challenge is the detection and measurement of the spatial association

between two populations. These may be disassociated, for example, an insect host
in refuge from its parasitoid attacker where the counts are negatively correlated.
Alternatively, they may be positively associated, for example, the positions of diseased
plants and their pathogenic vectors; or they may occur at random with respect to one
another. The measurement of the association between two sets of counts that share
the same locations by a statistic such as a correlation coefficient, ignores the spatial
information in the sample, and may therefore mislead.

This paper first describes an algorithm to generate an arrangement of a given set of
counts of a single population over predefined locations that has any desired level of
aggregation. Secondly, an algorithm 1s described to generate an arrangement of a given
set of counts of one population over predefined locations at which there are known
counts of a second population, that has any desired level of association between the two.
Examples of the use of both algorithms are then given, based on real data. Finally, an
example is given of the use of such simulations to quanttfy rates of detection for various
sampling plans, again based on real data.

2. Methods
2.1. Algorithm 1, to generate an arrangement with a given level of aggregation

The description of the algorithm below consists of the conditions under which it
operates, followed by a technical description of each step, and then an explanation of
how 1t works. . - |

- Given: the locations of each of n sample units in two-dimensional coordinate space,
(X;, ¥i), i = 1,...,n; a set of integer counts C;, j = 1,...,n; the value of the
distance to regularity, D*, desired for the simulated arrangement.

Objective: to assign the labels of j to i so that the resulting arrangement has a value

as close to D* as possible.

Steps:

1. Compute the arithmetic mean value of the counts, say, m = £C;/n.

2. Randomly assign the counts, C;, j = 1,... ,n, to locations (X;, Y;),i =1, ... ,n,
and relabel the resulting arrangement of counts as C;, i = 1, ... , n.

3. Test the value of the distance to regularity, D, for the current arrangement. If
sufficiently close to the desired value, D*, then stop; otherwise proceed to step 4.

4. Choose two different sample units, say p and g, at random. Store values of p and g.
It C, = C, then choose again. Without loss of generality, assume C, > C,.

5. Compute the weighed distances: WD, and WD, where:







