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Summary

1. A new method of quantifying spatial pattern is introduced for two-dimensional
mapped data, with an associated index of aggregation and a test for departures from
randomness, based on an attractive algorithm in which individuals in the sample move
to a regular arrangement which resembles a hexagonal lattice, using \oronoi
tessellations. The algorithm incorporates a biological model for the dispersal of
individuals from a source, in which each individual is assigned a dynamic territory. The
method is one of a class known as Spatial Analysis by Distance IndicEs (SADIE).

2. Two diagnostic plots are introduced, each based on the distance of the sample from
the final, regular arrangement, to aid the description of the observed spatial pattern.

3. By backtracking from the observed sample points away from the final arrangement,
the presence of clusters in the sample may be detected more easily, and heuristic
estimates derived of the cluster foci.

4. Examples are given for seven sets of data, with analyses of over twenty subsets at
several spatial scales, concerning: aphids, beetle larvae, ant mounds, sparrowhawk
nesting territories, pine seedlings, redwood seedlings and biological cells.

Key-words: spatial pattern, aggregation, randomness, regularity, dispersal, cluster
detection, index of aggregation, test of randomness, movement model.



Introduction

The analysis of the spatial pattern of individuals of a particular species has long been a concern
of ecologists. Kennedy (1972) warned that locomotory behaviour should be expressed as
measurable motion in real space. Greig-Smith (1979) defined pattern as departure from
randomness and noted that the search for an explanation of the spatial heterogeneity of
vegetation was the challenge that gave rise to plant ecology. Taylor (1986) supposed that the
migratory behaviour of an animal species is selected during evolution and observed that the
spatial population structure that resulted is unique to each species. The significance of these
concepts for population dynamics was stressed by Southwood (1984). Lloyd (1967) introduced
the concept of mean crowding and claimed that the debate about density dependence, which
continues, was an argument about the importance of crowding.

The analysis of spatial pattern has developed largely independently in plant and animal
ecology. Hence, Greig-Smith (1952) developed a hierarchical method to analyze vegetation
pattern at several scales, unaware that Bliss (1941) had previously used an identical method to
analyze the Japanese beetle larvae data of Fleming & Baker (1936). Often, while a map of
individuals may be available for plants, the spatial information for a mobile animal species may
be restricted to counts in traps at specified locations. For maps, modern statistical methods have
been developed based on the distances between plants and their nearest neighbours (Skellam
1952) and on the relationship between the number of further plants within a specified distance
of an arbitrary plant and that distance; the latter is explained with great clarity by Diggle (1983).
By contrast, for counts of animals, methods are traditionally based on the relationship between
the sample mean, m, and sample variance, s examples include the methods of Greig-Smith
(1952), Taylor (1961), Lloyd (1967) and Iwao (1968).

Perry & Hewitt (1991) criticized these traditional measures of animal aggregation
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because they lack any direct relationship between their components and the movement of the
individuals concerned, and because they do not use the available spatial information in the
sample. Perry & Hewitt (1991) introduced a new class of tests for and indices of spatial pattern,
now termed SADIE (Spatial Analysis by Distance IndicEs), in an attempt to replace the
traditional abstract mathematical approaches by more understandable biologically-based
measures. Their approach was improved by Alston (1994) and refined further by Perry (1994).

Briefly, SADIE operates by comparing the spatial arrangement of the observed sample with
other arrangements derived from it, such as those where the individuals are as crowded as
possible, those in which they are arranged at random and those in which they are as regularly
spaced as possible. For data in the form of a grid of counts, Perry & Hewitt (1991) defined
moves to crowding as the minimum total number of moves which individuals in the sample
must make, in moving from sample unit to sample unit, so that all individuals finish in the same
unit. A test based on the ratio of moves to crowding and moves to randomness was more
powerful than the index of dispersion at detecting departures from randomness. Alston (1994)
argued that distance to regularity, the minimum value of the total distance which individuals
must move so that as far as is possible all units have the same number of individuals, provides a
better basis for both test and index. Intuitively, it would be expected that relatively large values
of the distance to regularity result from more aggregated samples. As a brief example, Perry
(1994) cited Lloyd's (1967) linear transect of six equally-spaced quadrats at 2-ft intervals in
which the following counts of the centipede Lithobius crassipes were found: 2, 1, 2, 4, 5, 10.

For regularity, the required counts are: 4, 4, 4, 4, 4, 4, so it is easy to see that the distance to
regularity, D, is computed from {(1 x 4) + [(1 x 5) + (3 x 4) + 2 x 3)]} moves, each of length 2
ft, totalling 54 ft. If the observed counts had been permuted randomly, the value of D

recomputed, and this process repeated, then the average value of D thus obtained would have
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been only 29.3 ft. The index of aggregation, ., was obtained from the ratio of observed to
permuted values of D, 1.84, a value well above unity that indicated a strongly spatially-
aggregated arrangement. Indeed, only three values of D of the 200 randomly permuted sets
were greater than the observed value of 54 ft. The probability, Pa, that the null hypothesis of
spatial randomness was true, was therefore 3/200 = 0.015, under the randomisation test implied
above, and the arrangement was significantly aggregated at the 5% level. Similarly, relatively
small values of D result from more regular arrangements. Values of I, less than unity indicate
greater regularity than expected from a random arrangement and such regular arrangements may
be tested in an analogous way to that above. For counts, the data may be non-random in two
separate ways. The counts themselves may be non-Poisson with greater (if skew) or lesser (if
uniform) heterogeneity than expected, irrespective of their spatial locations; or they may be
arranged spatially in a non-random fashion, irrespective of their values. Perry (1994) gives
more extensive examples of analyses of insect and plant count data at several spatial scales.

The purpose of this paper is to introduce the techniques whereby SADIE may be
extended to data in the form of two-dimensional rectangular maps, where the (X, y) coordinates
of each of the N individuals is known, together with the edges of the rectangular area in which
they were sampled. This is done by means of an attractive algorithm in which individuals are
moved simultaneously in such a way that they fill the allowable space in a regular fashion.
After enough such moves the arrangement “converges' and the distance to regularity, D, may be
computed from a comparison of the initial and final arrangements. Using random simulations
of the N points analogous tests and indices of randomness may be computed to those outlined
above, together with other diagnostic graphs. When data are clustered it is useful to estimate the
foci of such clusters, especially if the point of invasion of a recently-introduced species, such as

Macrosiphum albifrons (Bartlett 1993) is to be estimated. A heuristic technique involving
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backtracking is offered to provide an estimate. The techniques are illustrated by seven sets of

data, three from past issues of this journal, and examples of analyses are given.

Materials & Methods

DATA
The first set of data concern positions of the sycamore aphid, Drepanosiphum platanoidis, on
excised leaves and ground glass plates, reported by Kennedy & Crawley (1967). The four maps
were digitised from their drawings by selecting a rectangular area, and defining the front of the
head in plan view to be the position of each aphid. From their data of settled aphids on a leaf
the area was selected to be half as wide as it was long, covering approximately one quarter of
the leaf area, with its centre as close as possible to the centroid of the leaf, and enclosed N = 52
aphids. For aphids which had just landed on a glass plate, the area selected was a square, one-
eighth the area of the plate and centred on it (N = 37). For aphids on glass after thinning and
settling, two areas were selected, both one-eighth the area of the plate (Fig. 1). The more
sparsely populated (area 1, N = 12) was centred on the plate and intended to be representative of
the overall arrangement of the settled aphids on glass; the denser (area 2, N = 24) was
deliberately chosen to closely enclose a “cluster' of aphids, to represent within-cluster spacings.
Kennedy & Crawley (1967) reported that aphids settled gregariously (aggregated into clusters)
while maintaining a minimum spacing such that each was only occasionally touched by another
(regularity within clusters).

The second set of data is a subset of a larger map of the positions of all Japanese beetle
larvae, Popillia japonica, within the sandy soil of plot 2, a sloping pasture (Fleming & Baker

1936). In the 50 x 50 ft plot there were 23,044 larvae recorded. To facilitate digitisation, a
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relatively sparsely populated subarea was selected for study, enclosing 880 larvae (Fig. 2a).

This was 12.5 ft square, with sides (AB, BC, CD, DA) parallel to the plot's edges; its centre was
31.25 ft from the left-hand edge of the plot and equidistant between the upper and lower edges.

To study spatial pattern at several scales and to illustrate the way in which aggregation changes
over an area, this square subarea was itself split further into square subareas, as shown in Fig. 2b
and listed in Table 1, ranging from the whole subarea itself to an area 1.25 ft square, one-
hundredth of its size.

The third map (Fig. 3) concerned the spacing of mounds of the ant Lasius flavus in part
of study area 2 at Silwood Park, given by Waloff & Blackith (1962), who reported a near-
hexagonal arrangement of nests. Spacing on a hexagonal lattice would apply when the nests
occupied the greatest possible mean foraging area per nest, and were therefore spaced as
regularly as possible. The fourth map was derived from nesting territories of the sparrowhawk,
Accipiter nisus, in Upper Speyside, given by Newton et al. (1977). Since not all of the area
studied was suitable woodland habitat, a small rectangular subarea where the density of
woodland was highest was selected (Fig. 4). Newton et al. (1977) reported significant regularity
at the 1% level. The final three examples were chosen because they have become benchmarks
for studies of spatial pattern. They are the distributions of Japanese black pine seedlings,

redwood seedlings and biological cell centres given by Diggle (1983).

THE SADIE ALGORITHM

This section describes the SADIE algorithm, developed to move individuals from their initial
positions, (X, ¥i), 1 =1 ,..., N, simultaneously and successively, to positions in which the
individuals fill the defined rectangular sample area, in a manner which is increasingly regular.

The boundaries and points in each map are first scaled isotropically, and rotated if necessary, so
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that the working rectangle has corner coordinates: (0,0), (0,A), (1,A), (1,0). This process has no
effect on either tests or indices, and is reversed after the algorithm has converged so that output
relates to the original coordinate system.

The first step is to draw the Voronoi tessellation (Okabe, Boots & Sugihara 1992) for
the points in the working rectangle. Voronoi tessellations have been used extensively in
ecology, particularly to estimate the area of territories. For the purposes of calculating inter-
plant competition, Mead (1966) defined the VVoronoi polygon around each plant as a region free
from the influence of other plants. New methods of constructing Voronoi diagrams have
recently been derived (Sugihara & Iri, 1992) which are both quicker and more numerically
stable than many of the published alternatives. Under the notation of Sugihara & Iri (1989),
whose algorithm has been embedded in the SADIE software, the position of each individual is
called a generator, The Voronoi tessellation divides the sample area into N polygons, one for
each generator, defined such that any point in the polygon of a given generator is closer to that
generator than it is to any other. As an illustration, consider the initial positions of the twelve
aphids in area 1 of Fig. 1. The tessellation for this example is shown in Fig. 5a, where the initial
aphid positions have been labelled 1-12.

The second step is to move the generators to new positions. Some generators have
polygons with an edge which coincides with part of the boundary of the area, for example,
generators 1,12 (two edges) and 2 (one edge), while the others have polygons all the edges of
which are also edges of other polygons, for example generators 5, 6 and 9. Consider these latter
generators first, and as an example the generator 6. The polygon associated with this generator
has edges in common with those associated with its neighbouring generators: 4, 5, 8, 9 and 7.
However, these edges differ in length, and it might be expected that any interactions, for

example competition for space, between individual aphids represented by generators 6 and 5
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would be stronger than those between 6 and 8. The algorithm calculates the new position of a
generator to be at the centroid of the positions of its neighbours, and allows for differences
between the strengths of interactions by weighting the contribution of each neighbour by its
edge length on the edge it shares with that generator. Formally, if the initial coordinates of the q
neighbours of the generator in question are (X, ¥;), ] = 1 ,..., G, if the edge lengths the generator
shares with its neighbours are respectively I;, j = 1 ,..., 0; and if the new coordinates of the

generator after the move are (x«, yk); then:

Xk = qu=1 |J X] / qu=l IJ

}o
quzl Ly, / quzl I

This process ensures that the generator is attracted towards its more distant neighbours and

Y

moves away from those nearest to it, in a process weighted by the “influence' of each neighbour.

Now consider those generators of the type which have at least one polygon edge which
coincides with part of the boundary of the area, for example generator 1. In order to fill the area,
the movement of such a generator is influenced not only by its neighbours, but by its boundary
edges, which “attract' the generator. This attraction is achieved by the addition of a temporary
imaginary extra generator, with weight 4//3 times its edge length, halfway along each of its
boundary edges.

To understand this choice of weight, consider the most regular arrangement possible, a
hexagonal lattice such as that shown in Fig. 6, for which there should therefore be no further
movement. Suppose a boundary, RS, is interposed midway between two rows of this lattice,
and consider the generator A, whose neighbours in the Voronoi tessellation are B, C, D & E.
The polygon of A has an edge, PQ, which coincides with the boundary and therefore an
additional (imaginary) generator, I, has been placed midway along edge PQ. If there was no

allowance for edge lengths, the generator | would require a weight of 4 for the system to be in
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equilibrium and hence for there to be no further movement of A. However, if boundary edges
(e.g. PQ) have unit length, the typical polygonal edge of the lattice (e.g. MN) is smaller by a
factor of v3 and to allow for this the weight for each imaginary extra generator is adjusted.

The movement of a generator with boundary edges to weighted centroids occurs as
described above in equation 1. Following the movement of such a generator, all of its extra
imaginary generators are deleted.

The movement of all generators (step 2) is assumed to occur simultaneously so that only
the old positions of generators affect the new positions of their neighbours. Following this
simultaneous movement, step 1, the construction of Voronoi polygons, is repeated. The
subsequent positions of the aphids after this movement, with their new polygons, are shown in
Fig. 5b. The process described above tends to equalise the areas of the VVoronoi polygons and to
accentuate their hexagonal appearance.

The third step is to assess whether the current arrangement of generators has achieved a
sufficient degree of regularity. The criterion for this is that the current variability between the
areas of the N polygons should both be less than the previous value and differ from it by smaller
than a given constant. Unless this is met, iteration continues by further movement (step 2),
polygonal construction (step 1) and assessment (step 3), but when this is the case then the
process is deemed to have converged, any initial scaling and rotation is reversed, and the current
positions of the generators are taken as the final positions (X, ¥¢), f=1,...., N.

The positions after four moves are shown in Fig. 5¢c. After 325 moves the convergence
criterion was met and the final positions reached (Fig. 5d). The SADIE software which
implements this process employs a limited degree of Aitken acceleration (Conte 1965) to speed
convergence.

Spatially, the algorithm achieves regularity of the entire population within the defined
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sample area, but it may also be viewed as a biological model for the movement of individuals.

The area assigned to each individual is limited only by the notional ‘competition' of its
neighbours, each assumed to be identical with regard to the strength of that competition but
differentially weighted according to position. The algorithm moves those individuals initially
assigned a relatively large area (for example, generators 1,2,3, Fig. 5a) towards the centres of
their ‘territories' (Fig. 5b); this is done by the individuals of many species, in order to defend
their territories. Mead (1966) related plant yield not only to the logarithmically transformed
area of its polygon, but also to the degree to which the plant occupied a central position within
it, and to its shape. As the iterations of the algorithm proceed, such territories gradually shrink
in response to the effect of near-neighbours, to a more equitable size. The spatial ‘ordering' of
neighbours with respect to each other is generally retained, even when relatively large distances
are travelled, but with exceptions (for example, generator 9 in Fig. 5¢,d is no longer a neighbour

of generator 8, as in Fig. 5a,b).

DISTANCE TO REGULARITY

Once the algorithm has converged, the distance d,, for each of the j = 1 ..., N generators,
between the initial and final position of generator j is calculated as [ (xr - xi)* + (ys - yi)*]*? and
the distance to regularity, D, is calculated as in Perry (1994), from the total of these distances

over the generators, 2“,-:1 d, . For the aphid data, D was 3.29 cm (cf. Fig. 5a,d).

A TEST OF RANDOMNESS
A one-sided test of complete spatial randomness is available following usual procedures (Diggle

1983; Perry & Hewitt 1991; Perry 1994). Firstly, N random points are generated independently
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of one another within the sample area. The SADIE software uses the pseudo-random number
generator AS183 of Wichman & Hill (Griffiths & Hill 1985). The algorithm is run as above for
this set of random points, the distance to regularity computed, and this value, Drand , IS Stored.

This is repeated, usually about 100 times. The resulting set, say of S values of Drng, is then
ordered, and R, the number of sets with values of Drang less than the observed value of D for the
actual data, is noted. For the aphid data of area 1 (Fig. 1), R = 25, of S = 201 simulations, had
values Drang greater than the observed value, 3.29 cm. Under the null hypothesis of complete
randomness, the probability, Py, of a result that demonstrates aggregation as extreme as this is
defined as R/S, and here Pp = 25/201 = 0.124. There is therefore some evidence for
aggregation, but, since Pp is not less than 0.05, the degree of aggregation is not in this case
statistically significant at the 5% level. In the present case the relatively small sample size (N =
12) may have prevented the test from having sufficient power to detect non-randomness, or
there may have been loss of power due to 'blurring’ (Diggle 1983); alternative tests of
randomness are discussed later. In a similar way to that above, regularity may be tested if most
of the simulated values of Drang are greater than the observed, D, and declared significant if Py is
greater than 0.95. For example, the within-cluster aphids in area 2 (Fig. 1) had D = 2.56 cm, R

=79, S =80, so P, = 0.988; there was significant evidence of regularity at the 5% level.

AN INDEX OF RANDOMNESS

Tests may be affected by the degree of replication; therefore, indices (Perry & Hewitt 1991;
Perry 1994) are used to describe or summarise the degree of spatial pattern in data, and to enable
comparisons between one set of data and another. If the average value of Drang Over the S
simulations is denoted as Ep, then an index of aggregation, I, , is calculated from the ratio of

observed, D, to expected, Ep :
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lp = D/E,
For the aphid data in area 1 (Fig. 1), the value of E, was 2.65 cm, so I, was 1.24. Values of I,
greater than unity indicate aggregation, values close to unity indicate randomness, and those
below unity, regularity. For the within-cluster aphids in area 2, Ep, = 3.61 cm, so Ip was 0.71,

confirming that their pattern was more regular than random.

DIAGNOSTIC PLOTS

Two forms of diagnostic plots are described below. Examples of the first are in Fig. 7a,b which
show the initial positions of sparrowhawk nesting territories (dataset 4, Fig. 4) and Japanese
beetle larvae (dataset 2, area IFCG, Fig. 2), respectively, with a line drawn from each initial
position (X, ¥i) to its corresponding final position (X, Y¢). Such 'initial and final' plots (here
termed i.a.f. plots) are useful as diagnostic aids which supplement the information given by
single summary statistics such as Pp or Ip, and help to describe the observed pattern. In Fig. 7a
the pattern is significantly regular (P, = 0.975, 1, = 0.60) and the lines joining initial and final
positions are relatively short, appear random in direction and are non-overlapping. By contrast,
in Fig. 7b the pattern is highly significantly aggregated (Pp < 0.00625, I, = 2.232, N = 105,
Table 1) and the lines are more variable in length, with some relatively long distances between
initial and final positions. Furthermore, there is a clear pattern in their orientations; they radiate
out from three distinct clusters. The largest of the clusters may be seen towards the right-hand
edge, FC (Fig. 2b), the other two near corners | and F. The lines radiate out to fill the initially
sparse area near the lower-left corner, G. In general, generators on the edge of clusters (for
example 17, 66, 96) have longer lines than those nearer to cluster foci (29, 79, 92). For these
aggregated patterns the overlapping of lines in i.a.f. plots occurs but is not common.

Diggle (1983) presents several examples of so-called empirical distribution function
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(e.d.f.) plots of spatial patterns. In these, some variable of interest, available for each point of
the pattern, is ordered over the points and its cumulative totals computed; its e.d.f. is then
plotted against the rank of the points. As an example of this second type of diagnostic plot for
the sparrowhawk data, the e.d.f. of the values of dj, j = 1,..., 15, the distances from initial to
final positions, is illustrated (Fig. 8a). Each distance has been labelled with the number of the
generator to which it refers. Hence, the minimum distance, 0.30 km, was for generator 3; the
maximum, 2.65 km, was for generator 9; the median distance, 1.32 km, for generator 14 is close
to D/N (i.e. the average distance, 1.33 km) so there is little skewness in the distribution. The
distribution of distances from simulated random distributions are skew, and this skewness is
even more pronounced in aggregated data. An estimate of the e.d.f. from a random distribution
(simulated using 15 points in an identical area to that of the observed data) is shown (Fig. 8a) by
plotting the mean of the individual e.d.f.s from the randomizations on which the test and index
were based, together with the lower 2.5th percentile and the upper 97.5th percentile. While the
generators with the smallest distances: 3, 13, 10 and 5, had fairly typical values, the generators
with relatively larger distances lagged progressively further behind the values expected from a
random distribution, and the majority of generators were close to the lower 2.5th percentile.

The test of D based on Py, described above, was derived by integrating all the information in the
e.d.f. plot into a single statistic. The example shown here, with the observed values falling
consistently below the expected values in the middle line, reinforces the conclusion that the
nesting territories are regular. By contrast, the entire e.d.f. plot for the beetle larvae distances
(Fig. 8b) is above the upper 97.5th percentile for a random distribution, indicating extreme
aggregation. Furthermore, the eight largest distances appear much larger than the rest, even
allowing for the expected skewed nature of the distribution. All these eight, for generators 28

(maximum), 45, 17, 8, 26, 7, 16 and 9, were on the outer edge of the cluster near the edge FC
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(Fig. 7b). The ninth largest distance, for generator 66, was on the lower side of the cluster near
corner | (Fig. 7b). The three smallest distances, of generators 29 (minimum), 88 and 30, were

close to the foci of two of the clusters, one near edge FC, the other near corner F (Fig. 7b).

BACKTRACKING

The dispersal of an aggregated population outwards from a single point source is a common
ecological model in genetics (Dobzhansky & Wright 1943) and in insect migration (Freeman
1977; Taylor 1978). For example, Taylor (1986) described the movement of aphids dispersing
from highly aggregated colonies on their secondary hosts. When the position of such a source is
to be estimated from data collected subsequently, some model for the movement of individuals
is required. If a population moved outwards to colonize available space and maximize habitat
availability in the manner outlined in the SADIE algorithm above, the observed arrangement of
the individuals would occupy a spatio-temporal position somewhere between the original,
unknown and highly-aggregated source of the cluster and the dispersed, final positions predicted
by the algorithm. Then, a heuristic estimate of the initial source or focus of a given aggregated
cluster of, say, M points, is obtained by extrapolating back along each line joining the final
(X, Ys) to the corresponding initial (X, Y;) point of the cluster, after having invoked the
algorithm. To allow for the different distances, d;, between the original and final positions of
each of the j = 1 ,..., M points in the cluster, every point is backtracked an identical proportion,
say K, of its distance dj, i.e. a distance kd;, to a backtracked position (X;, ¥, ), where:

X, = (k+1)x - kx and Y, = (k+1)y, - ky;

If the density of the backtracked cluster is measured by the sum of squared distances about its
centroid, then its relationship with K is quadratic and the density is maximised at some critical

value of k, say k™. The unknown focus of the original cluster (X ).) is estimated as the centroid
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of the backtracked cluster for k =k :
%= [K+D) 5% - K 52%] /M and V.= [K+D)52My - K 52yl / M,

A set of data may contain several distinct clusters. If this is the case the SADIE software
chooses the value of K~ which minimises the total sum of squares over all the clusters, where
each sum of squares is calculated independently about its cluster centroid.

For example, as noted previously, the initial positions of the Japanese beetle larvae in
area IFCG appeared to contain three distinct clusters, with centroids at (0.890, 0.416), (0.872,
0.933) and (0.308, 0.821), and total sum of squares of 8.31. The estimated value of k* was
0.909, and the total sum of squares was 0.77 after backtracking. The estimated foci, i.e. the
centroids of the three backtracked clusters, were (0.993, 0.462), (0.984, 0.967) and (0.379,

0.874).

Results

There is not space enough in this expository paper to give a full analysis of each set of data, so
an overview is all that is attempted. Similarly, a full analysis of the subset of 880 Japanese
beetle larvae considered here would require examination of at least four spatial scales and hence
85 separate subanalyses. This too is beyond the scope of this paper, but the importance of scale
(Wiens 1989) is stressed by examples from an analysis of a restricted number of subareas.

Values of N, D, Pp and I, for all analyses are given (Table 1).

Sycamore aphid
The results obtained confirmed Kennedy & Crawley's (1967) findings, both in the analyses
reported here and in others which are not given. When aphids first alighted on a leaf at

maximal density in the flight chamber the spatial pattern was slightly more regular than random
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but after settling for a few minutes the aphid positions were highly and significantly regular
(Table 1, I =0.73). When fewer aphids were used their positions on the leaf were aggregated
significantly into clusters, but were regular within clusters. These results were similar for
aphids on glass. Aphids were again nearly random just after landing (Table 1, I, = 0.93), but
after settling and thinning they tended to aggregate into clusters (area 1, Table 1, I, = 1.24), but

to maintain a significantly regular spacing within clusters (area 2, Table 1, I, =0.71).

Japanese beetle larvae

There was much spatial structure in these data. At the largest scale (area ABCD, Fig. 2) there
was extreme aggregation (I, = 5.42, Table 1), although this was to be expected because of the
wide variation in larval density between the upper subareas, AEIH (8.8 ft'z) and EBFI (8.4 ft'z)
and the lower ones HIGD and IFCG (both 2.7 ft?).

The next largest spatial scale was within the above subareas, each of which had an area
of 39.06 ft>. For each subarea the index of aggregation was above unity, though less than that of
ABCD, ranging from 1.12 to 2.53. Within EBFI the aggregation was not significantly different
from that expected from a random distribution, although both the i.a.f. and e.d.f. plots revealed
substantial spatial structure in the data.

Area EBFI was then itself subdivided, at the third largest spatial scale, into four
subareas: MXLI, XKFL, JBKX and EJXM, each of area 9.77 ft>. There was little difference in
the larval densities of these subareas, but considerable difference in their spatial structure. One
possibility was that the test based on P, failed to detect significant aggregation within subarea
EBFI at the second spatial scale because it occurred at too fine a spatial scale. Hence, the test
might have lacked the power to detect finer-scale pattern given the relatively small difference

between the densities of the subareas at the third scale. Currently, no studies have been done of
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the power of the test based on P,. However, an alternative explanation lies in the nature of the
spatial structure revealed in each subarea. In MXLI there was some evidence of aggregation,
caused by a relatively high larval density near corner M whereas larvae near corner L were
scarce; the e.d.f. plot indicated somewhat fewer short distances d; than would be expected for a
random distribution, although P, was not quite significant. In XKFL there was a very low
density near corner L, with a high density close to edge XK, denoting marked and significant
aggregation. By contrast, the larvae within subarea JBKX appeared regularly spaced, the value
of the index I, being less than unity and the e.d.f. plot showing that the values of d; above about
the 35th centile were all less than expected, while those within subarea EJXM appeared
spatially random. Hence, different spatial processes appeared to be occuring within the four
subareas MXLI, XKFL, JBKX and EJXM, at this third spatial scale, so the value of I, for EBFI
as a whole, 1.12, represents an average of these. In these circumstances a simple test for
aggregation at the second spatial scale alone would have been potentially misleading.
Interestingly, a consistent trend, both in density and degree of aggregation of larvae, from right
to left in the upper quarter of ABCD at this third spatial scale may be seen by comparing the
results for subareas JBKX, EJXM, PNOQ and REMS (Fig. 2b, Table 1).

Little is known about the spatial scale at even smaller scales. However, the subarea
TUVW, one hundredth the area of ABCD, had a relatively high larval density but clearly tended
towards regularity, emphasising that any association between aggregation and density at one

spatial scale cannot be assumed to extend to other scales.

Ant mounds
As has been outlined above, the near-hexagonal arrangement, which Waloff & Blackith (1962)

reported for their sampled mounds, was confirmed by the analysis, which found a highly regular
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spacing (Table 1).

Sparrowhawk nesting territories

The findings of Newton et al. (1977) were also confirmed by the analysis (Table 1). However,
as they noted, not all of the sample area was suitable nesting habitat. The SADIE method
requires amendment to allow for a highly irregularly-shaped sample area and, while not serious
for these data, this might cause a major problem for other data where suitable habitat forms only
a small proportion of the sample area. A related problem concerns the decision of precisely
where to impose the rectangular boundary in this and similar cases, where the sample area was
redefined (Diggle, 1983). Any test of significance might be sensitive to this choice, especially
when the sample size, N, is small, although the value of the index I, should not be greatly
affected. The associated problem of edge effects has been dealt with by many authors,

including Ripley (1981, 1988).

Data from Diggle (1983)
A comparison of the SADIE methods with those previously attempted for these data gives a
rough estimate of the power of the test based on P,. The SADIE analysis of the distributions of
Japanese black pine seedlings indicates a random distribution (Ip = 1.02, Py = 0.395, Table 1),
conforming to all the tests performed by Diggle (1983).

By contrast, the Redwood seedlings were highly and significantly aggregated (I, = 1.28,
Pp = 0.025, Table 1). For these data, the probabilities of complete spatial randomness achieved
by the tests based on the statistics reported by Diggle (1983) were: 0.11 (for , (t)), 0.01 (for ;
(0.08)), >0.05 (for T, ), <0.01 (for ), <0.01 (forF ; (X)), and <0.01 (for two tests based on X*).

Clearly there is considerable dependence of the significance level on the test statistic, but that
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based on P, appears to have power to detect aggregation which is comparable with existing
tests. The e.d.f. plot showed the third quartile values of d; to be particularly large, as would be
expected from an initial arrangement which was composed of several distinct clusters; the i.a.f.
plot showed relatively long lines radiating from each of these clusters.

The biological cells were found to be highly and significantly regular (I, = 0.65, Pp >
0.995, Table 1); the corresponding probabilities reported by Diggle (1983) were: 0.77 (for . (1)),
>0.9995 (for T,), >0.99 (for ), 0.99 (forF ; (X)), and various values of which one was significant
(for three tests based on X?). Hence, the power of the test based on P, also appears reasonable
for the detection of regularity. The i.a.f. plot gave weak support to Diggle's (1983) suggestion

of a surprising lack of points in the corners of the unit square, while the e.d.f. plot gave none.

Discussion

The SADIE algorithm described in this paper is not optimal, in the sense of the transportation
algorithm applied to data in the form of counts (Perry 1994), which achieves regularity by
moving the least total distance possible. By considering the triangle inequality it can be seen
that if two lines in the i.a.f. plots, joining, say, initial positions A and B to final positions X and
Y, respectively, intersect, then it would be possible theoretically to reduce the total distance
moved by reassigning X to be the final position relating to B and reassigning Y to be the final
position relating to A. However, in most cases this would cause an imbalance in the lengths of
the distances moved; the distance moved by the individual initially at A would be
disproportionately larger or smaller than that initially at B, which is undesirable under the
biological model outlined above. The SADIE algorithm is sequential, allowing the path of
individuals to be plotted in stages from their initial to their final positions, in a model which is

therefore biologically more understandable than one in which individuals ‘jJumped’ directly to
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‘optimal’ positions. In the algorithm, optimality is deliberately sacrificed for biological realism.

Nor is the test outlined above, based for consistency with earlier work on D, the only one
possible. For example, Diggle's (1983) tests are mainly based on e.d.f.s, but he measures their
discrepancy between observed and simulated in terms of the squared difference. Alternative
tests might focus on whether the median value of d;, or some other specified centile, or its
maximum or minimum value, was unusual compared to simulated data. Actual significance
levels may depend on the choice of a boundary when the precise sample area is unknown or
when an arbitrary subarea of a larger set is being selected for analysis. Alternative models to
those of complete spatial randomness, such as the point processes in Diggle (1983), may also be
tested, after simulations, by the test based on Py .

Further work is required to develop the techniques outlined in this paper to two more
complex situations. One is the problem of measuring the association between the spatial pattern
of two or more species; the other is to allow for known differences in population density in
space. The latter problem is often encountered when assessing the occurrence of disease in
clusters around a potential health hazard or when needing to quantify pattern after removal of
the effects of environmental heterogeneity.

The SADIE software is available at nominal cost from the author. As an example of the
algorithm's speed, the calculations for Diggle's (1983) redwood seedlings involved 62 points,
and calculation of the distance to regularity for the actual data plus 160 simulations of random
points, took 37 minutes and 40 seconds CPU time on a VAX 4000-400; the time for Newton et

al.'s 15 sparrowhawk nesting territories, using 80 simulations, was 8 minutes 12 seconds.
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Legends to figures

Fig. 1 Plan view of the positions of the front of the heads of the sycamore aphid,
Drepanosiphum platanoidis, after thinning and settling on a ground glass plate,
digitised from part of Fig. 6b of Kennedy & Crawley (1967). The two rectangular
areas selected for study are both one-eighth of the area of the plate; the square central
area (area 1) was representative of the overall arrangement of the aphids on the glass,

the upper right area (area 2) represented a single cluster of aphids.

Fig. 2 a. Map of the positions of each of 880 Japanese beetle larvae, Popillia japonica, in
pasture soil, within a 12.5 ft square subarea ABCD digitised from plot 2 of Fleming &
Baker (1936). The subarea was one-sixteenth of the area of the full plot, in which 23
044 larvae were mapped. b. Eleven square subareas of ABCD, selected for the study
of the spatial pattern of the larvae at different scales. The smallest, TUVW, is one-

hundredth the area of ABCD.

Fig. 3 Map of the spacing of mounds of the ant, Lasius flavus, in part of area 2 at Silwood

Park, reported by Waloff & Blackith (1961).
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Fig. 5

Fig. 6
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Map of nesting territories of the sparrowhawk, Accipiter nisus, in Upper Speyside,
digitised from Newton et al. (1977). The rectangle selected for study represents the
part of the area where the density of suitable woodland habitat was judged to be
highest. To facilitate inspection of this choice the top left corner of their original

figure is shown, together with part of the woodland boundary.

a. The twelve aphids in area 1 of Fig. 1, individually numbered, in their initial scaled
positions at the start of the SADIE algorithm, with the VVoronoi tessellation for this
arrangement. Any point within the polygon designated to an individual aphid is closer
to that aphid than it is to any other. b. The positions of the twelve aphids after the
first iteration of the SADIE algorithm, when the position of each aphid has been
moved, simultaneously, for the first time. C. The positions of the twelve aphids after
four moves. d. The final positions, after 325 moves, are as regular as required by the
criterion set for the algorithm. After reversal of the scaling, the sum of the distances
between the final positions and the corresponding initial positions gives the distance

to regularity, D.

An hexagonal lattice, part of which is represented by the generators (solid circles) A,
B, C, D, E, is the most regular arrangement possible in two dimensions. Under the
SADIE algorithm, if a generator such as A has a VVoronoi polygon with an edge, PQ,
which coincides with part of a boundary, RS, of the sample area, then an additional
imaginary generator (open circle), 1, is placed midway along this edge. For there to be
no further movement, as required, of the generator A, the imaginary generator |

requires a weight of 4/v/3, which also allows for the difference between the length of
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the internal lattice edges, e.g. MN, and those on the edge, e.g. PQ.

a. A diagnostic 'initial and final' (i.a.f.) plot showing numbered initial positions of the
15 sparrowhawk nesting territories of Fig. 4, together with a line joining each of these
positions to the corresponding final position, as found by the SADIE algorithm. b.

As a, but for the 105 Japanese beetle larvae of subarea IFCG (see Fig. 2).

a. A diagnostic plot showing the empirical cumulative distribution function (e.d.f.) of
the distances, d;j, between the initial and final positions of the 15 nesting territories
shown in Fig. 7a. The distances are ranked, from nest territory 3 (smallest) to 9
(largest), and their cumulative total is then plotted against their rank. Also shown are
three dotted lines; the middle line represents the mean of the e.d.f.s from 80
simulations of 15 randomly placed points in the same sample area, the upper and
lower lines represent the upper 97.5th and the lower 2.5th percentile of these
simulated e.d.f.s, respectively. b. As a, but for the positions of the larvae shown in
Fig. 7b, with the e.d.f. for the larvae shown as a dotted line, and with corresponding

simulations of 105 randomly placed points as three solid lines.
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Table 1. Summary statistics for various sets of data: N, number of points in map; D, distance

to regularity; P,, probability of as extreme aggregation given a random distribution of points;
l,, index of aggregation. denotes arbitrary units.

Data N D Pp Ip
Kennedy & Crawley (1967): Sycamore aphid N
settled on leaf 52 55 0.988 0.73
after landing on glass 37 5.98 cm 0.690 0.93
thinned, settled on glass (area 1) 12 3.29cm 0.124 1.24
thinned, settled on glass (area 2) 24 2.56 cm 0.988 0.71
Fleming & Baker (1936): Japanese beetle larvae
Subarea Density Area

(f)  (ft)
ABCD 56  156.25880 13425 ft <0.008 5.42
HIGD 2.7  39.06 105 71.3 ft < 0.006 1.47
IFCG 2.7  39.06 105 108.1 ft < 0.006 2.23
EBFI 8.4  39.06 327 95.6 ft 0.106 1.12
AEIH 8.8  39.06 343 223.1 ft < 0.006 2.53
MXLI 7.5 9.77 73 23.8 ft 0.081 1.20
XKFL 8.9 9.77 87 31.9ft 0.006 1.48
JBKX 8.0 9.77 78 18.8 ft 0.794 0.89
EJXM 9.1 9.77 89 225 ft 0.425 1.02
PNOQ 11.3 9.77 110 26.3 ft 0.313 1.04
REMS 11.8 9.77 115 33.1ft 0.013 1.31
TUVW 23.0 1.56 36 5.0 ft 0.757 0.89
Waloff & Blackith (1962)
Ant mounds 19 70.0 ft 0.988 0.66
Newton et al. (1977)
Sparrowhawk nesting territories 15 19.9 km 0.975 0.60
Diggle (1983) Data in appendices A.1, A2 & A.3 N
Japanese black pine seedlings 65 6.1 039 1.02
Redwood seedlings 62 7.5 0.025 1.28

Biological cells 42 3.1 >0.995 0.65
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