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Abstract

The spatial and temporal distribution of the grain aphid Sitobion avenae F. (Homoptera:

Aphididae) was studied within a field of winter wheat during the summer of 1996.  Sampling

was done using four nested grids comprising 133 locations.  Analysis by Taylor’s Power

Law gave results typical for insect populations.  Analysis by SADIE (Spatial Analysis by

Distance Indices) showed spatial pattern due to edge effects and sampling scale, and

positive but mild spatial association, although spatial patterns were ephemeral. Reasons for

these findings and the implications for integrated crop management are discussed.

Introduction

Cereal aphids have been studied extensively to determine the yield losses that may

occur following crop infestations (Dixon, 1987), whilst forecasting systems based on a

threshold above which economic damage is likely, may be used to guide decisions

concerning insecticide application (Mumford, 1993).  Such thresholds are often based on

assessments of within-field pest populations by crop scouting.  Cereal aphid damage

thresholds may be based on counts; for example, five aphids per shoot with an increase at

flowering (George & Gair, 1979).  Alternatively, they may be based on aphid incidence,

expressed as the proportion of plants or plant parts infested; for example, 66% of shoots

infested.  Assessments are usually based on aphid counts during a ‘W’ shaped traverse
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through the crop. 

Hughes (1996) identified the importance of incorporating spatial pattern of harmful

organisms into crop loss models, but studies that investigate the within-field spatial

distribution of cereal aphid populations are few.  However, geostatistical approaches have

been adopted in insect ecology (Liebhold et al., 1993). 

Field studies of aphid distributions have identified several forms of edge effects

(Lewis, 1969); sometimes immigrant species to a field are observed first near the sheltered

edge of the crop (Dean & Luuring, 1970; Dean, 1973).  By contrast, Ruggle & Holst

(1995) studied a 60 m by 40 m area within a winter wheat field and concluded that aphids

were concentrated in the centre of the field when population levels were high.  Longley et al.

(1997) studied the spatial and temporal distribution of aphids and parasitoids following

insecticide application whilst Schotzko & Smith (1991) demonstrated that the host plant

itself may influence aphid distributions. 

These studies provide examples of spatial heterogeneity of aphid pests which

suggests that the risk of economic damage will vary within the crop.  Hence, an

understanding of spatial pattern could lead to greater sophistication in forecasting models,

more selective pesticide applications and improved crop scouting recommendations. 

However, the utilisation of such information in integrated crop management strategies

depends on the strength, consistency and temporal stability of the spatial pattern revealed.

Traditionally, studies which have described the distribution of cereal aphids are

based either on incidence or on Taylor’s Power Law (Taylor, 1984; Hein et al., 1995;

Feng & Nowierski, 1992; Feng et al., 1993).  These numeric methods, based on



5

information from the frequency distribution of the counts, have been used to develop efficient

sampling strategies with some success (Perry, 1994).  However, they fail to account for the

actual locations where sampling took place and the spatial patterns of the counts themselves.

 The recent development of Spatial Analysis by Distance IndicEs (SADIE) techniques

(Perry,

1995, 1998a) now allows the analysis of spatial pattern for count data whilst retaining all the

spatial information.  These methods quantify the degree of spatial aggregation or patchiness

in the observed counts, and detect non-randomness in the form of large-scale trends or of

smaller-scale clustering of similar-sized counts close together in two-dimensional space.  A

recent study of an intensively sampled field of Brussels sprouts found that counts of the

cabbage aphid, Brevicoryne brassicae, showed variability typical of those for insect

species (Perry et al., 1998).  However, the data displayed no spatial pattern whatsoever in

its distribution, except for increased aphid incidence in the two rows of plants closest to the

very edge of the field.

In this paper we report on a field study which investigated the spatial distribution of

the grain aphid Sitobion avenae F. within winter wheat using a nested grid to determine

spatial pattern and temporal change at different scales.  Using this approach we determine

whether it is possible to identify characteristic spatial pattern, which included edge effects,

persistence through time, and differences between spatial scales.  The objectives of this

study were firstly to demonstrate how such methodology may be utilised and secondly in

order to provide a detailed formal description and analysis of aphid spatial pattern at the

field scale which is largely currently absent within the literature.  Further studies are needed
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to identify the consistency of spatial pattern, but, it is likely that future studies will be

conducted, as in this study, at the single field scale due to the sampling effort required to

characterise pattern.  The existence  of spatial pattern is a prerequisite for the development

of precision farming technology, particularly with respect to the feasibility of such an

approach, and the results are discussed in this context.  Biological explanations for the

observations are given and the implications for integrated crop management strategies

considered.

Materials and Methods

Sampling strategy

A field of winter wheat was sampled intensively at three spatial scales on six

occasions, weekly from 7 June to 12 July 1996.  The 250 m by 180 m field was located

near Wimborne, Dorset, UK.  Aphid counts for separate species were recorded at each of

the 133 locations by direct inspection of five tillers.  The five tillers were each marked with

black tape and each week observations were made on these same tillers.  Aphid density at

each sample unit was expressed as the total count over the five tillers.  In all, over the three

scales and 6-week sampling period, 3,990 separate observations were taken, resulting in

798 counts.

This sampling was done at three spatial scales and are nominally termed ‘large’,

‘medium’ and ‘small’.  The large-scale grid comprised 63 sampling units in a 9x7 rectangular
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grid at intervals of 30 m.  Two 5x5 square, medium-scale grids were nested within the large-

scale, one on the edge of the field (termed 'medium-edge') and one more centrally located

('medium-inner').  Medium-scale grids comprised 25 units at intervals of 7.5 m.  A small-

scale grid was nested within the medium-inner grid, and comprised 30 units in a rectangular

6x5 grid with 1.5 m spacing.  This sampling scheme gave a total of 133 sampling locations

(Figure 1).  The centroids of the sample units, denoted as (xp,yp), were at (90,120),

(105,15), (105,75) and (93.75,63) for the large, medium-edge, medium-inner and small

grids respectively.  The co-ordinates were based on a nominal origin in the bottom left

corner of the sampling area, termed the south-west corner in results and discussion.

Analysis

Separate scales, numeric.  To study the numeric properties of the data, the sample

mean m, the sample variance, s2, and the incidence, p, were computed for each date and

each scale.  Additionally, the overall mean over all scales was computed for each date. 

Analysis of variance of the counts, n, transformed to log10(n+1), with scale as a four-level

factor, were done for each date to test whether there were differences between mean

abundance over the four scales.  The parameters, b and log10a of Taylor’s Power Law

regression: E[log10s2] = log10a + blog10m, were estimated for each scale separately; each

occasion yielded a single variance-mean pair, so there were six points in each regression. 

The lines for particular scales were compared (Perry et al., 1998) to assess whether a single

regression would describe all scales adequately.  Also, a linear regression of incidence, p, on

mean, m: E[ln(-ln(1-p))] = ln(c) + dln(m), was done for each scale and date separately and
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the fitted lines compared (Perry et al., 1998).  Note that a summary of notation used is

given in Table 1.

Separate scales, spatial.  To study the overall spatial pattern, the SADIE index (Perry,

1998a) Ia, based on distance to regularity, was computed together with its associated

probability, Pa, for each scale, separately, on each of the six occasions.  This index is

calculated by comparing the distance to regularity of the observed arrangement of counts to

the distribution of distances to regularity of a series of simulations with the same counts, but,

with their arrangement based on random assignment to locations within the grid.  Generally,

values of the index Ia greater than unity indicate aggregation, while values around unity

indicate that the observed counts have been distributed randomly.  The probability Pa gives

an indication of how different the observed distribution is to those achieved from the

simulations.  If the value of Pa is less than 0.05, then the null hypothesis of a random spatial

distribution of the counts may be formally rejected, although the absence of statistical

significance should not be taken to imply that there was no underlying spatial pattern.  The

geometric mean value of Ia was computed over the scales for each occasion.

Another heuristic method to detect a large-scale trend in abundance across a

sampled region (Perry, 1996) involves computation of the centroid of the counts, (xc,yc),

that represents the population 'centre' and is the spatial equivalent of the sample arithmetic

mean.  This is compared with the centroid of the sample units, (xp,yp), that represents the

geographic 'centre' of a sampled area.  The distance between these two centroids, δ, was

used to measure the degree to which the counts occupy the edge of a sampled region;
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relatively small values of δ indicate that there is little overall large-scale trend in abundance

across the sampled region (Perry, 1996; Perry & Klukowski, 1997). 

Red-blue plots for detecting clusters in count data were also used when appropriate

(Perry et al., 1999).  Plots were produced which represent clusters in the data, either of low

counts representing ‘gaps’ or high counts representing ‘patches’.  Gaps or patches

represented within the diagram are detected by determining whether the degree of clustering

is half as great again as that expected by chance .

The SADIE techniques are not powerful enough to detect small edge effects, such

as a slightly increased density at the edge of a field, especially when large and small counts

are interspersed with each other along the edge so that there is no noticeable clustering. 

Since such effects are known to occur frequently, specific techniques were used to detect

them.  Firstly, at the large and medium-edge scales, the transformed count for each unit,

log10(n+1), was regressed on the distance of that unit from the nearest edge.  Secondly, the

proportion of non-zero counts sampled from edge units was compared with that sampled

from inner units, further into the field, using a binomial test, for each sampling occasion, and

for both the large and medium-edge scales.  If the proportions were close to unity for both

edge and inner units then a comparison was based on the proportion of counts greater than

or equal to 10.  Thirdly, the large-scale grid was divided into four equal-sized triangles

(Figure 1).  For each triangle, the distance of the count centroid (xc, yc) from the longest

edge of the triangle (the field edge, Figure 1) was computed, here denoted as ε.  This value

was compared with 26.25, the distance of the centroid of the triangle's sample units (xp, yp)
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from the field edge.  Increased density at the edge would cause values of ε to be less than

26.25. 

Combined scales, spatial.  For each date, the four scales were combined to give an overall

data set of 133 units for each occasion.  The SADIE index, Ia, and its associated

probability, Pa, were calculated for each occasion, together with δ.

Separate scales, association.  For those pairs of successive occasions for which there was

notable spatial pattern on both occasions, the spatial association (Perry, 1998b) between

the counts was measured by the SADIE association index, It.  The index It  allows a direct

comparison between two sets of counts (in this case successive weeks).  The index indicates

whether there is positive association (It >1), negative association (It <1) or no association (It

~ 1) between two sets of counts and was used in this paper to determine whether there was

evidence of the persistence of spatial pattern through time.    The value of It was tested with

the associated probability, Pt, against the null hypothesis that the two spatial patterns were

randomly located with respect to one another. To illustrate the importance of using all the

spatial information in the sample, the numeric, non-spatial correlation coefficient, r, between

the lists of logarithmically-transformed counts was computed for comparison.

Combined scales, association.  For the three pairs of successive occasions, covering

periods when spatial pattern was considered to be evident, It and Pt were computed, and

compared to r.
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Results

All results refer to S. avenae, being the only aphid species present within the crop in

significant numbers. 

Separate scales, numeric.  The count for each unit on the six sampling occasions of 7, 14,

21 and 28 June, 5 and 12 July is shown in Figures 2-5 for the large, medium-edge, medium-

inner and small scales, respectively.  Population counts per location rose from approximately

unity on 7 June, almost monotonically within each scale, to an average of over 17 by 12 July

(Table 2).  On 7 June there was no detectable difference between the densities over the four

scales, but the small scale was the most abundant on this and on all subsequent sampling

occasions.  Significant differences were detected between the scales on half of the

occasions.  The density at the large scale was the second largest on 21 June, 28 June and

12 July, but suffered a marked decline on 5 July. 

The differences in mean densities between scales infers that, in the case of the small

scale, the counts within the grid are representative of only that location.  In order to

determine the mean aphid density of the whole field it is not surprising that large scale grids

are more representative.  However, the medium scale grid means, and particularly the inner

one, were much closer to that of the whole field indicating that a restricted sample of counts

at a single grid location on this scale may be a reasonable representation of whole-field

densities.
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The fitted Taylor’s Power Law regression lines did not differ between scales and a

single regression line (P<0.001) provided a good fit to all the combined scales, which had an

estimated intercept, log10 a, of 0.677, and slope, b, of 1.502, typical of values for insect

populations.  The fitted incidence-mean regression lines did not differ between either dates

or scales and a single regression line (P<0.001; estimated intercept, ln(c), -0.974; estimated

slope, d, 0.662) provided a good fit to all the scales  combined. 

Separate scales, spatial.  On 7 June the majority of counts were zero at all of the four

scales (Figures 2-5) and the counts of those aphids that were present showed little or no

aggregation (Table 2). This contrasts strongly with the observed ratios of variance to mean,

which were high, and indicative of aggregation (Elliott, 1977).  However, the variance to

mean ratios were a consequence of some individual shoots having high numbers of aphids

present whilst most others had none, which was a correct numerical description but

inadequate biologically as there was no indication of whether infested plants were clustered

together.  When spatial location was also considered using SADIE methodology, there was

little indication of spatial pattern which was confirmed by a visual inspection of the counts

(Figures 2-5).  A red-blue analysis was not conducted due to the high incidence of zero

counts.  On 14 June, there was no more than weak evidence of aggregation at most scales. 

At the large scale there was some clustering of small counts in the north-east corner of the

grid, but not coincident with that on 7 June.  This was demonstrated most clearly by the red-

blue plot (Figure 6).  At the medium-edge scale there was some clustering of small counts

around x=97.5.  The ephemeral nature of spatial pattern within scales persisted on 21 June,
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when some clustering of zero counts returned to the south-west corner of the large-scale

grid and  the  red-blue technique was successful in detecting weak clustering (Figure 6). 

However, on none of these dates was there a significant value of the overall aggregation

index, Ia, indicating that any pattern was weak.  The increase in aphid numbers by 28 June

was accompanied, at the large scale, by marginally non-significant (P = 0.06) clustering in

the form of a long region of small counts running up the field, centred on x=30, with larger

counts towards the eastern side of the field and clearly shown in the red-blue plot (Figure 6)

with a substantial gap and also small patches on the eastern edge.  The ephemeral nature of

any spatial pattern was shown by the disappearance of this  gap area on 5 July and

subsequently on 12 July.  On both these dates the red-blue plots indicated little clustering

with a few relatively small areas identified (Figure 6).  At the large scale, there was no sign

of major trends across the field indicated by the distance between the point and sample unit

centroids, δ. Apart from the relatively large value of δ = 40.4 on 28 June, values of δ were

unremarkable.  To summarise, aggregation as measured by the index Ia was sometimes

moderate but never significant (Table 2) at any scale, with the possible exception of  28 June

at the large scale; any pattern that did develop was found to be transient and had

disappeared by the following week.

An additional analysis was conducted to determine whether there were detectable

edge effects.  On both 28 June and 5 July at the large scale, there was a negatively-sloped

linear relationship (P<0.05) between logarithmically transformed abundance and distance

from the field edge that predicted an average three-fold decline in numbers from the units on

the eastern and western edges to the unit in the centre of the field, 90 m away (Figure 2). 
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On 12 July the relationship was stronger (P<0.001) and the predicted decline was almost

six-fold.  For the medium-edge scale (Figure 3), there was clearly no difference in the

proportion of non-zero counts between the 20 inner units and the 5 edge units; indeed, on all

but one occasion incidence in the inner units predominated slightly.  However, at the large

scale (Figure 2), there was a slight excess of non-zero counts in the edge units, compared

with those in the inner units, and an excess of counts over 10 on those occasions examined

(Table 3).  Whilst this was not statistically significant on any single occasion, it was

consistently the case on all of the six dates sampled.  On this basis, for the combined

occasions, a binomial test for the null hypothesis of no difference between edge and inner

units was rejected (P=0.031) indicating that a real and measurable edge effect was present.

 Analysis of ε values within the four triangles (Figure 1) provided perhaps the clearest

evidence of edge effects (Table 4).  The arithmetic mean value of ε over all dates, 19.38,

was over 3.5 standard errors smaller than the value, 26.25, expected in the absence of edge

effects (P<0.001).  Furthermore, of the 24 values, 20 were less than 26.25.  On the null

hypothesis of an absence of any edge effect, the probability of obtaining these results by

chance was 0.00154, hence the null hypothesis was rejected (P<0.005).  Although the edge

effect as measured by ε was strongest on the later dates, it was not confined to them alone.

Combined scales, spatial.  When all scales were combined, there was considerably more

spatial pattern on four of the six occasions than when the scales were examined separately

(Table 5).  On three of these, 14 June, 5 July and 12 July  there were considerable

differences in density, m, between the scales (Table 2).  Because the smaller-scale grids
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were unreplicated, and covered relatively small, specific areas, any large differences in

density between scales must unavoidably result in an increase in apparent aggregation.  The

excess aggregation for combined scales, compared to that within-scales for these three

dates, was a direct result of these density differences.  On both 14 June and 5 July, density

was largest at the small scale and least in the large-scale grid, with the pattern consequently

consisting mainly of a single large cluster focused on the area around the small scale grid,

with density falling off as the distance from this increased.  Given that the grids at each scale

were unreplicated, this result indicated that combining data was not helpful in the description

of within-field distributions.  On 28 June, the spatial pattern for combined scales largely

comprised the same patches as those described above for the large scale alone; indeed the

values of Ia and Pa for combined and large scales were very similar (Tables 2 and 5).  The

value of δ for combined scales was the largest on this sampling date (18.5).  Similarly, on 12

July, a similar spatial pattern was found for the combined scales as that described above for

the large scale alone, in which the main feature was a gap cluster of relatively small counts in

the centre of the field. 

To summarise, spatial pattern was often demonstrated through between-grid density

differences.  As for the analyses of separate scales, it was not possible to identify a typical

cluster size, and, once again, pattern when detected was inconsistent between occasions. 

Separate scales, association.  The lack of consistency between the clustering of small

counts, which occurred towards the north-east and south-west corners of the field on 14

and 21 June, respectively, was emphasised by the small value of the association index
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(Table 6).  At the large scale on 28 June there were some similarities in pattern with the

previous week, most notably the strong gap clustering in the south-west corner (Figure 2). 

This was reflected by the large association index of 1.21 and a probability that was almost

significant (P = 0.088).  Note that the value of the non-spatial correlation coefficient was

misleading here, being no greater than for the previous pair of weeks, and giving no

indication of any change in association.  At the medium-inner scale, strong positive

association was found between 5 and 12 July, when large counts were coincident towards

the southern half of the grid and small counts were coincident especially in the north-east and

north-western corners (Figure 4, Table 6); in this example the correlation coefficient also

indicated association.

Combined scales, association.  The moderate but non-significant positive association

between 21 and 28 June and 5 and 12 July again demonstrated the lack of consistent spatial

pattern.  Indeed, the association index for occasions 28 June and 5 July indicated that the

arrangements of the counts were randomly placed with respect to one another; this result

appears unsurprising given the description above of the disparate patterns apparent on these

dates.  The association between 5 and 12 July was weakly positive, but not nearly

significant; a result in keeping with the very different patterns for these two dates.

Discussion

The analysis presented in this paper attempted to identify within-field spatial pattern

over a 6-week time scale.  The processes which mediate the development of these temporal
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and spatial patterns are poorly understood, although some studies have been done which

provide evidence of the kind of processes that occur.  In this study, edge effects, the

ephemeral nature of aggregation, and differences in density between scales (when restricted

sampling was undertaken) were identified as the main elements of observed spatial and

temporal process.  Spatial pattern in the form of clustering was only weakly evident and

ephemeral given that between-week association was usually not present.  However, there

was clear evidence of an edge effect at the large scale, with higher counts at the field

boundary.  Pattern occurred to a greater extent for the large-scale grid, and appeared

entirely absent at the small-scale.  It was not possible to determine a typical cluster size; red-

blue plots showed that clusters varied from about 5 m to 100 m across.

The attempt to use different spatial scales provided useful information, but the results

should be interpreted with caution.  The differences in density found between scales were

most likely due to patchiness that the large-scale grid was unable to resolve at the 30 m

interval adopted.  Unfortunately, it would have been logistically impossible to have sampled

the whole field at the 7.5 m interval selected for the medium-scale grid, but despite the

extensive nature of the current sampling plan still more units may be required to obtain a

comprehensive picture of the underlying spatial pattern.  Nevertheless, in practice, there

would be no benefit for growers to sample at intervals corresponding to a scale within which

spatial pattern was absent; hence these results indicate that 1.5 m intervals are unnecessarily

small.

Because an edge effect was discernible at the large scale where there was a 30 m

spacing between sample units, but not at the medium edge scale where there was only 7.5 m
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between samples, and where the five innermost samples are no more than 30 m from the

edge themselves, we conclude that the edge effect extended for between 30 m and 60 m,

but that densities were relatively constant within this edge area.  This result contrasts to that

for B.  brassicae found originally by A.Mead and R.Collier (pers. comm.) and confirmed by

Perry et al. (1998), where increased aphid incidence occurs in the first few rows of plants

closest to the very edge of the field.  Edge effects may be due to a number of factors.  The

most important may be the effect field boundaries have on the deposition of small insects;

this could enhance aphid immigration within the margins.  A series of papers investigating this

effect (Lewis, 1966, 1969, 1970; Lewis & Stephenson, 1966) demonstrated that small,

flying insects accumulate in the sheltered zones near to windbreaks, especially to the

leeward.  In the present study, edge effects were apparent which are similar to those

observed by Dean & Luuring (1970).  Clearly, further and more intensive sampling would

be required to quantify the effect more precisely. 

The ephemeral nature of aphid infestations found here was observed also by Dean

(1973).  It was perhaps not surprising given the ability of aphids to move and of their

colonies to develop rapidly.  Sopp et al. (1987) observed that 18% of the aphid population

was present on the soil at an aphid density of 100 m-2.  Aphids continuously fall or move

voluntarily (Holmes, 1988) from the crop canopy to different locations; this too is likely to

result in ephemeral within-field populations at specific locations.  The reasons for aphid

movement are poorly understood, although Mann et al. (1995) showed that leaf

disturbances caused by strong gusts of wind or large rain droplets are important in initiating

aphid dispersal.  To determine the factors that influence the extent and permanency of
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within-field clustering it may be necessary to sample aphid populations at each location even

more intensively than in the current study.

There are a number of other factors which may contribute to differential

development of aphid populations, including the density of the crop (Honek, 1985), 

nitrogen availability (Duffield et al., 1997) and the effect of natural enemies.  The presence

of natural enemies such as parasitoids may also increase the rate of aphid movement

(Gowling & van Emden, 1994).  Some predators are known to influence the movement of

aphids, whilst the distance dispersed by aphid nymphs was positively correlated to aphid

density (Roitberg et al., 1979).  Knudsen et al. (1994) concluded that fungal

entomopathogens were able to influence the spatial distribution of aphid populations.  

Predation and parasitism could also affect, or be influenced by, within-field aphid

distributions; Bryan & Wratten (1984) showed that polyphagous predators might respond

to prey patches.

The analysis using Taylor’s Power Law confirmed that the variance-mean

relationships observed were typical and that the relationships were consistent over all the

spatial scales.  This lack of a scale effect was also found recently for B. brassicae by Perry

et al. (1998) and provides a considerable simplification if it is desired to simulate counts that

reflect this variance-mean relationship.

In the longer-term, we seek a better understanding of how all the factors above may

influence the spatial and temporal dynamics of aphid populations, in order to devise

improved integrated crop management strategies.  For example, techniques have been

developed which allow counts to be simulated which mimic the spatial pattern found in field
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studies.  Such data may be used to simulate spatial patterns of counts in order to assess the

efficiency of crop scouting patterns (Perry, 1996) and to develop improved procedures. 

Precision farming techniques could be considered as a management strategy if spatial pattern

were demonstrated.  However, this study, albeit based on a single field, indicates that the

lack of consistent pattern, both spatially and temporally would make precision based

spatially-varied pesticide applications difficult, although the presence of some edge effects

could warrant consideration.
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Table 1.  Summary of notation.

Symbol Meaning

xc,yc Centroid of counts
xp,yp Centroid of sampling units
δ Distance between centroids of sampling units and counts
ε Distance of count centroid from the edge of field
m Sample mean
s2 Sample variance
b Slope of Taylor’s Power Law
log10a Intercept of Taylor’s Power Law
n Count for a particular unit
d Slope of incidence-mean relationship
ln(c) Intercept of incidence-mean relationship
Ia Index of aggregation
Pa Probability associated with Ia

It Index of association
Pt Probability associated with It

p Proportion of non-zero counts, also termed incidence
N Number of non-zero counts
q Proportion of counts = 10
M Number of counts ≥ 10
Tf, Tl, Tt, Tr Four triangular areas within large-scale grid (see Figure 1)
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Table 2.  Summary statistics for different scales: Ia (index of aggregation with average
calculated as geometric mean); Pa (probability associated with Ia); m (arithmetic aphid
density per unit, with average calculated as a weighted mean); and s2 (variance).  Values of
Ia greater than unity indicate aggregation, values close to unity indicate a spatially-random
arrangement of counts.  The F3,129 statistics indicate differences in density between scales. 

Date Scale Ia Pa m s2 F

7 June Large 1.00 0.43 0.89 7.81
Medium edge 1.05 0.32 0.28 0.79
Medium inner 0.96 0.56 1.24 9.02
Small 0.88 0.77 1.67 13.0
Average 1.00 0.98

1.68 (n.s.)
14 June Large 1.04 0.35 1.11 5.62

Medium edge 1.19 0.15 1.24 9.52
Medium inner 1.04 0.36 1.76 8.61
Small 0.90 0.66 3.30 26.4
Average 1.04 1.69

6.26 (P<0.001)
21 June Large 1.14 0.17 2.87 13.4

Medium edge 1.17 0.19 1.68 6.73
Medium inner 1.04 0.34 2.00 11.0
Small 1.04 0.34 3.10 42.7
Average 1.06 2.47

1.47 (n.s.)
28 June Large 1.31 0.06 8.79 286

Medium edge 1.11 0.24 6.72 39.9
Medium inner 0.85 0.79 5.08 53.2
Small 1.05 0.31 13.1 199
Average 1.06 9.05

1.64 (n.s.)
5 July Large 0.89 0.73 5.4 103

Medium edge 0.76 1.00 6.12 33.9
Medium inner 1.16 0.15 8.04 97.9
Small 1.09 0.23 13.3 340
Average 0.936 7.96

6.54 (P<0.001)
12 July Large 1.00 0.45 19.1 559

Medium edge 0.82 0.94 9.2 131
Medium inner 1.22 0.11 12.5 418
Small 0.91 0.65 19.7 331
Average 0.98 17.11

4.48 (P<0.005)
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Table 3.  Edge effects, for the 28 edge units and the 35 inner units at the large scale.  The
number, N, of non-zero counts and the associated proportion of non-zero counts, p, or the
number, M, of counts that are ≥ to 10, and the associated proportion, q.

Date Edge Inner Edge Inner
N
(of  28)

p N
(of  35)

p M
(of  28)

q M
(of  35)

q

7 June 9 0.32 8 0.23
14 June 11 0.39 13 0.37
21 June 18 0.64 19 0.54
28 June 24 0.86 21 0.60 7 0.25 6 0.17
5 July 19 0.68 20 0.57
12 July 26 0.93 32 0.91 17 0.61 13 0.37
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Table 4.  Values for ε from large-scale grid subdivided into four triangles, Tf, Tl, Tt and Tr

(Figure 1).  Values less than 26.25, shown in bold, indicate evidence of an edge effect. 
Average values are arithmetic means.

Date Tf Tl Tt Tr average
7 June 27.9 0.0 35.5 13.3 19.2
14 June 25.5 16.7 20.8 35.0 24.5
21 June 24.4 31.1 32.8 21.9 27.6
28 June 23.6 9.7 24.9 13.3 17.9
5 July 12.4 4.3 8.9 24.3 12.5
12 July 16.2 10.7 18.0 13.9 14.7
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Table 5.  Summary spatial statistics, all scales combined.  Overall counts centroid (xc, yc) is
distance δ from overall units centroid (xp=95.5, yp=84.3).

Date Ia Pa (xc, yc) δ
7 June 1.031 0.375 (81.6, 93.4) 16.6
14 June 1.257 0.100 (88.0, 73.9) 12.9
21 June 1.039 0.316 (102.1, 96.0) 13.4
28 June 1.321 0.064 (112.2, 92.5) 18.5
5 July 1.200 0.134 (91.3, 75.1) 10.2
12 July 1.24 0.092 (97.2, 94.2) 9.9
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Table 6.  Summary spatial association statistics at (i) separate scales and (ii) combined
scales: It, index of association; Pt, probability associated with It; r, numeric, non-spatial
correlation coefficient.  Values of It greater than unity indicate spatial association, values less
than unity indicate dissociation, values close to unity indicate a random placement of two
patterns with respect to each other.  Consecutive weeks selected for testing were those
which demonstrated some spatial pattern from previous analyses.

Dates compared Scale It Pt r

(i) separate scales

14 June & 21 June Large 0.90 0.72 0.06
21 June & 28 June Large 1.21 0.088 0.06
14 June & 21 June Medium edge 1.15 0.13 0.31
21 June & 28 June Medium edge 1.07 0.35 0.29
5 July & 12 July Medium inner 1.35 0.0075 0.46

(ii) all scales combined

21 June & 28 June 1.23 0.16 0.08
28 June & 5 July 1.01 0.51 0.14
5 July & 12 July 1.09 0.38 0.22
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Legends to Figures

Figure 1.  Experimental plan, showing the different sampling scales with grid co-ordinates at
the large scale.  The 63 large ‘+’ symbols represent the 9x7 grid of samples taken at the
large scale, with an interval of 30 m between units.  The two areas with smaller ‘+’ symbols
represent the medium-edge and medium-inner 5x5 grids, with an interval of 7.5 m between
units.  The points within the medium-inner grid represent the small-scale 6x5 grid, with an
interval of 1.5 m.  The experimental area was further divided into four equal-sized triangles. 
The triangles at the top, Tt, and foot, Tf, are shown shaded.  The left, Tl, and right, Tr,
triangles are represented by clear triangles and share a common sample unit at (90,120), the
centre of the area.  ‘North’ indicated nominal direction in plots when results are described.

Figure 2.  Counts of S. avenae at the large scale from six sampling dates with grid co-
ordinates.  The size of circle around each count is a visual indication of magnitude; larger
counts having a larger surrounding circle. Count centroids, xc,yc,, for each week were 60,
133 (7 June), 71, 98 (14 June), 106, 127 (21 June), 126.6, 137 (28 June), 77.3, 114 (5
July) and 95.6, 127.4 (12 July).  The distances from the centroids of sampling units, xp,yp

(90, 120), δ were 32.9, 29.1, 17.3, 40.4, 13.9 and 9.3 respectively.

Figure 3.  Counts of S. avenae at the medium-edge scale from six sampling dates with grid
co-ordinates. The size of circle around each count is a visual indication of magnitude; larger
counts having a larger surrounding circle.

Figure 4.  Counts of S. avenae at the medium-inner scale from six sampling dates with grid
co-ordinates. The size of circle around each count is a visual indication of magnitude; larger
counts having a larger surrounding circle.

Figure 5.  Counts of S. avenae at the small scale from six sampling dates with grid co-
ordinates. The size of circle around each count is a visual indication of magnitude; larger
counts having a larger surrounding circle.

Figure 6.  Red-blue plots for large scale grid on all sampling dates except for 7 June where
insufficient counts >0 were observed.  Cross-hatched areas with solid boundaries are
‘patch’ clusters of neighbouring units with greater than average densities (Perry et al., 1999)
and vertical-barred areas with dashed boundaries are ‘gap’ clusters of neighbouring units
with less than average densities, where the degree of clustering is half as great again as that
expected by chance.






