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Summary   Seedling densities were recorded in large 
numbers of small quadrats (225,000 in 1998) every two 
years at a single site in Victoria. Soil analyses were 
made in a single year. An ‘adaptive analysis’ approach 
was used to investigate the processes that generate 
spatial pattern. The four most abundant species ex-
hibited very different patterns resulting from different 
processes. One was widespread but its pattern varied 
considerably from year to year, another appeared to 
be patterned by competition from the first, a third 
occupied dense patches that were highly consistent 
between years, while a fourth occurred sporadically 
in patches of low density.

Keywords    Spatial analysis,  weed patches.

INTRODUCTION
Progress in science tends to occur in sporadic leaps, 
separated by less impressive (but important neverthe-
less) periods of consolidation. Often the leaps occur 
as a result of advances in technology and the conse-
quential development of new methodologies, such as 
the invention and adoption of molecular techniques. 
A new method allows us to examine topics and to 
answer questions that were previously not possible. 
For example, knowledge of the maternal and paternal 
parents of individual trees can tell us about gene flow 
via pollen: until the advent of molecular methods it was 
simply not possible to investigate such issues. Once a 
method becomes widely available, we can compare the 
findings from one species in one habitat with multiple 
situations, learning about general patterns and interest-
ing exceptions, and raising and refining hypotheses. 
Thus, we extend and organise knowledge.

There are, however, negative consequences of this 
pattern of scientific advancement. The novel method 
soon becomes the accepted norm: high-level research 
becomes synonymous with the most advanced (and 
recent) techniques. Researchers may feel pressure 
to adopt and to pursue research that only uses the in 
vogue techniques. Hence, existing methods are largely 
discarded, rather than being added to the increasingly 
useful suite of tools in our toolbox (the availability of 
the router did not mean that I threw away my screw-
driver!). Thus research can become method-led, rather 
than driven by the search for answers to logical series 

of questions (deductive reasoning). Data are generated 
first, and then we try to interpret them. Arguably, sci-
ence thus enters a phase where advances in knowledge 
are much slower than they should be. 

Nowhere can this behaviour be seen more clearly 
than in studies of the spatial pattern of weeds. The 
mathematical basis of geostatistics was initially de-
veloped in the early 1900s by Kolmogorov and others; 
the methods were applied to geological questions in 
the 1960s when computers made the large number of 
calculations possible; and they became routinely ap-
plied to weed spatial patterns in the 1990s onwards, 
following advances in microchip technology and 
availability of software packages. Initially, we were 
intrigued by the possibilities of examining the scales 
and types of patterns of weeds within fields. Since 
many researchers had been recording weed densities 
along grids in fields for IPM (making control deci-
sions according to threshold densities), we were able 
to use existing data, create impressive contour maps 
and then try to deduce the explanations for those pat-
terns. Using simple algorithms, we were also able to 
model the likely benefits from spraying only patches 
of weeds rather than whole fields. 

From the simple initial intrigue of being able to 
visualise spatial patterns, many weed researchers have 
become interested in the ecology of the species and 
of the processes that cause them to form particular 
shapes and scales of patch. However, sampling regimes 
do not appear to change and geostatistical software is 
applied even in situations where the data clearly do 
not adhere to the statistical assumptions of the method 
(or, if the data do not fit the method, no analysis is 
done). The methods used to capture and analyse the 
data are driving the research outcomes. The adher-
ence to an habitual data collection strategy and an 
habitual method of analysis may result in a poor view 
of what is happening in the field, since neither may 
be appropriate. 

A much better understanding surely comes from 
asking the questions first, designing the data collection 
accordingly and then choosing the method of analysis 
which will best answer those specific questions. In 
this paper, I will describe a study in which we used 
such an approach to investigate spatial pattern within 
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a case study of an agricultural field. Specifically, we 
sought to determine the types of pattern exhibited by 
the major weeds, the scales at which aggregations or 
gaps in the patterns occur (and recur), and the extent 
to which pattern changes over time; we also wanted 
to generate hypotheses about the ecological processes 
that most influence this pattern.

MATERIALS AND METHODS
Consider the ecosystem within which our weed spe-
cies occur. Dispersal processes act over scales from 
less than a centimetre to tens or hundreds of metres, 
depending on the dispersal agent. We now have consid-
erable information on the distances that ants, rodents, 
birds, and large animals and agricultural machinery 
can move seeds. Although some seeds can move tens 
or hundreds of metres, most often stay within tens 
of centimetres of their source. Variation in mortality 
and fecundity, resulting from uneven herbicide ap-
plication, competition between plants, soil and water 
variation can occur over similar ranges (Cousens and 
Mortimer 1995). 

If we wish to examine the extent to which such 
processes determine pattern, we need a data set that 

encompasses this wide range of scales. Quadrat size 
determines the accuracy of local density estimates, 
while the distance between quadrats determines the 
‘grain size’ of the patterns than can be detected. 
[Kriging may interpolate between observed points, 
but it does so using trends observed at greater scales. 
Quadrat sampling at 10 m intervals will therefore only 
be capable of observing processes acting at scales of 
tens of metres: i.e. very few of the processes acting in 
a field.] Hence, we chose a quadrat size of 20 cm × 
20 cm, similar to the diameters of many of the weeds. 
By laying out quadrats contiguously, we were also able 
to aggregate data at a wide range of scales. However, 
the time taken to record such small quadrats at zero 
spacing severely constrains our ability to observe 
processes at larger scales. Nested designs can be used 
to extend the range of scales efficiently, but we chose 
simply to collect intensively (and frantically!) over a 
greater period of time than is usually the case. We em-
ployed five people to sample from dawn to dusk each 
day for one week. Thus, in 1998 we mapped an area 
0.9 ha in extent, sufficient to observe most processes 
in the field. The cost (around $5000) was far more 
than is usually spent on mapping in a single field, but 

Figure 1.   Schematic representation of the questions posed in an ‘adaptive analysis’ of spatial data.
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this was considered excellent value for such a uniquely 
detailed data set. Replication over fields or farms and 
time spent on other projects were sacrificed for greater 
understanding.

Because we recognised that some spatial proc-
esses are likely to lead to distinctive spatial dynamics, 
we repeated the mapping at two-yearly intervals as 
resources became available (but covering less of the 
site). As it is highly likely that pattern will be related 
to some extent to soil type (Dieleman et al. 2000), we 
conducted an EM38-DD (dual dipole conductivity 
meter) survey across the site. This measures apparent 
conductivity at depths of 0.3 m and 1.5 m. By correlat-
ing conductivity values with measured soil variables 
at sub-samples of points, maps of estimated spatial 
variation in soil parameters can be produced from 
maps of conductivity values. EM38 readings were 
taken at roughly 1 m intervals across the study area; 
we then took soil cores at sample points representa-
tive of the range of variation shown by the EM38 and 
analysed them for pH, EC, soil moisture, depths of soil 
horizons and particle size composition. As a result of 
the observed pattern of one species in the first year, 
we recorded species cover mid-season at roughly 5 m 
intervals in a year of pasture (2003).

It is usual in studies of spatial pattern of weeds, 
as well as for other types of vegetation, to select a 
single method of analysis ‘off the shelf’. There are 
many methods now available and these overlap in 
the information that they provide about pattern (Dale 
et al. 2002): which should we choose and what will 
they tell us? Until recently, there was little help in the 
literature for deciding on the selection among spatial 
methods: the advice is often simply to apply several 
methods (Turner and Gardner 1991). Instead, we con-
ducted a step-wise ‘interrogation’ of the data, raising 
a sequence of questions and testing hypotheses about 
each species. At each stage, we selected the method 
from the spatial analyst’s toolbox (Fortin and Dale 
2005) that is best able to answer each question. There 
is no set sequence of questions and a different sequence 
may be followed for each species, depending on the 
results at each stage. We have termed this approach 
‘adaptive analysis’ (Figure 1). Many of the methods 
were available in existing software packages, though 
this meant learning the idiosyncrasies of each one. 
It also required reading the background literature on 
each method. For some methods, particularly the most 
simple, ‘old-fashioned’ ones, we had to write our own 
software (using Fortran).

For example, for each species we first used a 
‘joins test’ to determine whether spatial distributions 
were sufficiently non-random for further analyses to 
be worthwhile. Within a given year, each quadrat was 

scored as High (H) or Low (L), according to whether 
the density of the species was above or below the 
year’s median. All possible adjacent pairs of quadrats 
were compared in all directions, to determine the total 
number of pairs that were H-H or L-L. The data set, 
at this particular quadrat size, was then completely 
randomised and the number of H-H and L-L pairs 
counted again; this randomisation was repeated 1000 
times, to obtain a frequency distribution for the total 
number of like pairs expected when the observed quad-
rat counts are located at random. To test whether the 
patterns varied significantly over time, a similar joins 
test was conducted to see whether quadrats more often 
remained H or L over time than would have occurred at 
random. Quadrats with consistently high and consist-
ently low densities were then plotted on maps.

Further tests examined whether patterns were 
isotropic and, if not, the directions of any trends were 
determined using directional variograms. Significant 
correlations between species and between species 
and soil variables were examined using multivariate 
analyses. And so on, according to the patterns exhib-
ited by each species.

RESULTS
All of the species mapped in this study showed very 
different patterns, and very different dynamics of the 
pattern. With the exception of Erodium botrys, which 
appeared to be out-competed by Arctotheca calendula 
in certain parts of the field, these species behaved inde-
pendently, not as a community of interacting species. 
Consideration of the causes of spatial behaviour must, 
therefore, be on a case-by-case basis.

Although A. calendula occurred throughout the 
site, there was spatial variation in its abundance, 
resulting in dense and sparse areas; there were also 
striations running in a north-south direction, though 
at different spacings in each year. In the first year the 
stripes coincided with the tractor wheels from spray-
ing, while in the other years the cause was unclear. 
The influence of edaphic factors on seedling density 
was weak. A. calendula seedling density in 1998 was 
slightly correlated with topsoil % sand, % gravel and 
a northerly aspect. A. calendula cover in the pasture 
year, however, was best explained by subsoil factors 
and elevation: A. calendula cover was related to EC 
and terrain attributes, but there was little relationship 
to seedling density in any other year. A. calendula 
growth was greater on one side of the field than on 
the other, perhaps due to a soil fertility gradient that 
does not affect emergence. 

Erodium botrys was most abundant on one side 
of the area: its cover was strongly negatively corre-
lated with A. calendula cover in the pasture in 2003. 
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A. calendula was clearly the more aggressive of the two 
species: where plants were side by side, A. calendula’s 
leaves curved up and over E. botrys, whereas the latter 
species kept its rosette leaves close to the ground. Al-
though not significant (perhaps due to its low seedling 
densities), E. botrys emergence in all three years tend-
ed to be greatest where there was least A. calendula 
cover. 

Both Oxalis pes-caprae and Buglossoides arvensis 
were in very localised patches. O. pes-caprae patches 
were always in the same position and increased in 
density over time, but without spreading. B. arvensis 
patches were much less dense (only a few plants in a 
patch, compared to many thousands of O. pes-caprae 
in a similar sized area) and occurred in different posi-
tions in different years. The abundance of neither spe-
cies seemed to be related to edaphic parameters.

DISCUSSION
The use of an adaptive analysis approach and sampling 
at an appropriate scale has enabled us to tease out at 
least some of the factors driving spatial pattern in 
four broad-leaved weeds in this case study. We have 
also been able to raise specific hypotheses that can be 
tested through further research. Unfortunately, it has 
proven almost impossible to obtain funding for this 
work, despite its uniqueness.

Spatial distributions of densities of A. calendula 
varied over time, suggesting that the factors limiting 
emergence differ between years. In 1998, we hypoth-
esise that water was limiting, with greater per cent 
emergence from the seed bank occurring in places 
where water was concentrated (such as tyre impres-
sions). In other years, perhaps emergence corresponds 
much more closely to seed bank densities, which may 
vary spatially as a result of patchy seed production 
(perhaps due to variation in soil fertility). Mapping of 
seed banks and nutrients, although time consuming, is 
needed to help examine these processes further. 

Explanations for the sporadic patches of B. arven-
sis and the spatially variable density of A. calendula 
also need further study. Patches of B. arvensis were 
much less concentrated and may indicate the remnants 
of a past, more abundant population that is barely sur-
viving in the field. The density of O. pes-caprae was 
greatest in the centre of patches, perhaps suggestive of 
an actively spreading population, and elongated, with 
each patch resembling a comet with tail. The shape and 

direction of O. pes-caprae patches, along with anisot-
ropy in other species, suggest the strong influence of 
cultivation in pattern generation. Yet, with cultivation 
still occurring, there appears to be little further spread 
other than would be achieved by vegetative growth 
from adjacent plants. Occasional plants found away 
from the main patches fail to survive or to found new 
patches. Perhaps the explanation for this is changes in 
farming practices. Deeper cultivation and wider points 
may have moved O. pes-caprae corms more readily in 
the past. Shallower modern cultivation may miss many 
of the O. pes-caprae propagules, which are often found 
deeper than current ploughs, while reduced surface 
area will drag fewer of them along. Outlying plants 
may come from small corms that compete poorly 
with a dense crop and may be unable to invest in new 
daughter corms. 
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