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Abstract: This study investigates the relationship between seed dispersal and spatial pattern in a population of wild oats (4vena fatua
L.), acommon annual weed of arable fields in western Canada. Fractal analysis revealed that wild oats has an aggregated spatial pattern
with statistically self-similar properties. Wild oats seed dispersal was successfully modelled using the fractal inverse power law. The
estimated fractal dimension of the seed dispersal curve (D = 1.912) is strikingly similar to that of the population’s spatial pattern (D =
1.881), indicating that the observed spatial pattern is characteristic of the dispersal distribution. This result suggests that the dispersal
curve of a given weed species may be used to successfully predict its pattern of invasion.

Introduction

Intensively managed agricultural ecosystems are
regularly and frequently disturbed. Annual disturbances
such as soil tillage and fertilizer addition produce homo-
geneous edaphic conditions compared to the variability of
natural ecosystems. Given this edaphic uniformity, one
might intuitively expect invading weed species to evenly
cover an arable field over time. However, numerous em-
pirical studies have demonstrated that weed populations
of intensively managed fields show highly under-dis-
persed (aggregated) spatial patterns (e.g., Marshall 1988,
Wiles et al. 1992, Cardina et al. 1995, Johnson et al. 1995,
Wallinga 1995). Such observations suggest that processes
other than environmental heterogeneity determine spatial
patterning in weed populations. For example, Wallinga
(1995) argues that herbicide use in arable fields keeps
weed populations at such low densities that “critical phe-
nomena” (Grassberger 1983) drive the process. By adjust-
ing the removal rate of weeds in a population model to
maintain a constant density, he produced self-similar ag-
gregated spatial patterns that mimicked well the observed
pattern of the weed cleavers (Galium aparine L.) in a win-
ter wheat field in the Netherlands.

Aggregated spatial patterns in weed populations may
also arise naturally from the self-similar characteristics of
species dispersal curves. Kenkel and Irwin (1994) simu-

lated seed dispersal using a Lévy flight model (Mandel-
brot 1983), in which dispersal distances are selected from
an inverse power law probability distribution. The model
produces statistically self-similar spatial patterns in which
the degree of spatial aggregation is determined by the ex-
ponent of the inverse power law function. They proposed
a theoretical relationship between dispersal charac-
teristics and spatial aggregation. Specifically, species
with the capacity for long-distance seed dispersal (long-
tailed dispersal curves) expand by continuously estab-
lishing new colonies well beyond the original parental
patches. By contrast, species that shed their seed close to
the parent plant expand as a slowly advancing front. Nu-
merous other researchers have suggested that patterns of
biological invasion are a function of species dispersal
curves (van der Plank 1960, Harper 1977, Shaw 1995).
However, we are not aware of any empirical studies that
have specifically linked the process of dispersal to the re-
sulting spatial pattern.

The objective of this study is to examine the relation-
ship between seed dispersal and spatial patchiness in a
population of wild oats (4dvena fatua L.), a common an-
nual weed of arable fields in southern Manitoba. Agro-
ecosystems are well-suited to examining this relationship;
because edaphic conditions are relatively uniform, the
spatial pattern of a population is not confounded by envi-
ronmental heterogeneity.
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Study area

Two sites in southern Manitoba were used in this
study. Wild oats seed dispersal was examined at the Uni-
versity of Manitoba Agricultural Field Station at Carman
(49°26°N, 98°09°W), while the mapped wild oats patch
was located at the Glenlea Agricultural Field Station near
Winnipeg (49°50°N, 97°10°W). Black chernozemic soils
occur at both sites, but the soils at Glenlea contain more
clay. The climate of south-east Manitoba is continental,
with a mean annual temperature of 1.8°C and ranging
from 19.5°C in July to —19.5°C in January. Approxi-
mately two-thirds of the 54 cm annual precipitation falls
as rain from May through August (Environment Canada
1993).

Wild oats (Avena fatua L.)

Wild oats is an annual plant that produces flowering
stems 0.6 to 1.2 m in height (Sharma and Vanden Born
1978). The species is native to Eurasia but has become a
troublesome weed of grain fields throughout western
Canada. It is the second most common weed in Manitoba,
infesting 65% of all arable fields. Wild oats is self-polli-
nated, and an individual plant may produce up to 500
seeds. The seeds mature early and shatter readily, and are
usually shed in late summer prior to crop harvest
(Shirtliffe et al. 2000). Recently shed seeds are dormant,
which allows the species to survive the winter. Seeds gen-
erally germinate the following spring, but may enter sec-
ondary dormancy if conditions are not favourable
(Kropac et al. 1986). Like most graminoid weeds, the
seeds of wild oats are relatively heavy (20-40 mg) and
have no specific adaptations for long-distance dispersal.
As a result, graminoid weeds in a grain crop rarely dis-
perse their seed at distances greater than the height of the
plant (O’Toole and Cavers 1983). Wild oats generally has
a patchy (spatially underdispersed) spatial distribution in
cultivated fields (e.g., Thornton et al. 1990). The spatial
dispersion of plants within a single patch has not been pre-
viously investigated, however.

Materials and methods

Seed dispersal

At the Carman site, six experimental plots were sown
in 1996 to spring wheat (Triticum aestivum L. cv.
Katepawa) at 75 kg ha'l, resulting in an emerged density
of 100 plants m™. The wheat crop averaged 1.1 m in
height at maturity. In addition, a short row of wild oats
was hand-seeded into each plot. Following emergence, a
single plant of wild oats was randomly selected from each
plot to study seed dispersal, and the other plants termi-
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nated. At maturity, the six wild oats plants ranged from
1.2 to 1.4 m in height. Thirty-six seed traps were arranged
around each wild oats plant in a hexagonal grid to produce
three concentric rings or distance classes:

Distance class Mean (Range) No. seed traps
Distance (m) per plant
1 0.68 (0.5-0.9) 10
2 1.06 (1.0-1.12) 8
3 1.49 (1.35t0 1.68) 18

The seed traps were 15 cm diameter petri dishes contain-
ing filter paper sprayed with Tanglefoot (Tanglefoot Co.,
Grand Rapids, Michigan) to ensure seeds adherence in the
traps. Six small holes were drilled around the periphery of
each petri dish to allow for drainage of rainwater. Seeds
were collected from the traps on a regular basis from seed
shed initiation to termination.

For analytical purposes, data from the six plants were
pooled. A weighted mean dispersal distance was com-
puted for each of the three distance classes. Total capture
area (the sum petri dish area for each distance class) was
determined and expressed as a proportion of the total area
of each distance class. The number of seeds captured
within each distance class was then divided by the propor-
tion of capture area to obtain an estimate of the expected
number of seeds shed in each distance class. These data
were used to model seed dispersal in wild oats using the
inverse power law:

Y=as D

where Yis the expected number of seeds shed in a distance
class, S is the weighted mean dispersal distance, O is a
constant, and D is the fractal dimension of the dispersal
curve (Kenkel and Irwin 1994). Plotting log Y against log
S linearizes the inverse power law and so provides an es-
timate of the fractal dimension of the wild oats dispersal
curve.

Spatial pattern

A wild oats patch located within a large experimental
plot sown to wheat was mapped in 1997. The plot is part
of a crop rotation experiment initiated in 1992, and had a
rotation of wheat, pea, flax, wheat and flax. The experi-
mental area receives inorganic fertilizer, but herbicides
have not been applied since the experiment was initiated.
Beginning in 1994, the crops were harvested with a New
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Holland conventional combine and the chaff collected us-
ing a Redekop chaff collection system.

The wild oats patch was first noted in 1994, and has
been expanding since. A 10 x 10 m plot was randomly
positioned within the patch and divided into one hundred
1 x 1 m grid units. Each grid unit was in turn divided into
sixteen squares, and the spatial coordinates of wild oats
plants in each square were carefully mapped. A total of
6896 individual plants were enumerated in this way.

A fractal analysis of the wild oats spatial pattern was
undertaken using the box counting method to estimate the
fractal dimension D (Hastings and Sugihara 1993). In box
counting, a O covering of the point pattern is obtained by
centering a square box of side length & on each point, and
counting the number of boxes Ng required to cover the
pattern. This procedure is repeated for various integer
multiples of 8. A simpler approach involves superimpos-
ing a grid of non-overlapping boxes on the pattern, and
counting the number of boxes occupied. In this study, we
began with a 60 x 60 grid of boxes (8 = 1, or box size of
16.7 x 16.7 c¢cm) and sequentially combined adjacent
boxes to obtain counts at d=1, 2, 3, 4, 5 and 6. The fractal
dimension of the pattern is given by the limit:

D= —gim [log N5 /1ogd]
-0

where Ngis the number of boxes of side length & contain-
ing at least one point (Appleby 1996). In practical appli-
cations the defining power law relationship is:

Ny 08 P

The point pattern is statistically self-similar if the log-log
plot is linear over a specified range of d values. The nega-
tive gradient of the fitted line is the fractal dimension.

The fractal dimension describes the space-filling
properties of a point pattern (Mandelbrot 1983). A ran-
dom point pattern is completely space-filling since all re-
gions of the plane have an equal chance of being occu-
pied, giving D =2. Values of D <2 imply some degree of
self-similar spatial aggregation, with smaller values of D
indicating greater aggregation (less space-filling). The
fractal dimension is thus interpretable as a scale-invariant
measure of the degree of spatial aggregation.

The method described above determines the cluster
dimension (Hastings and Sugihara 1993: 44). In comput-
ing the cluster dimension, the number of occupied boxes
is counted but the frequency distribution of point counts
within occupied boxes is not considered. By considering
the frequency distribution of point counts, a continuum of
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q dimensions is defined that more fully characterizes a
fractal pattern. Specifically, the number of points »; in
each of N5occupied boxes is determined and expressed as
proportions of the sample size n (p; = n;/n). These propor-
tions are used to determine the generalized entropy
(Rényi 1970), expressed as:

Né
1,0)=1/(1-g)log 3 p/

i=1

The generalized entropy defines a continuum of functions
referenced by the parameter ¢. The generalized dimension
D, for the gth fractal moment is given by the limit:

Dq = _511%[[‘1 (®)/1logd]

The plot of generalized entropy /,, (3) against log is used
to estimate D, (Hentschel and Procaccia 1983). By vary-
ing ¢ an entire family of generalized dimensions is ob-
tained, the most common of which are:

q 1, (d) Dimension
0 log N3 cluster

1 -2 pilogpi information
2 -log 2 p,-2 correlation

When estimating the fractal dimension of a finite number
of points #, the log-log plot will necessarily deviate from
linear at small values of 8, since Ngapproaches 7 as & de-
creases. Indeed, the maximum number of occupied boxes
is N5 = n, and is thus independent of & when fine-scaled
grids are used (Hagen et al. 2001). Failure to recognize
this problem will result in under-estimation of the fractal
dimension of the original pattern (Hall 1995). We there-
fore followed Hall’s (1995) recommendation and used a
relatively coarse-scaled grid to estimate D.

A statistically random spatial pattern has a theoretical
fractal dimension D = 2, but this value is only achieved as
n approaches infinity (Hagen et al. 2001). The smaller the
sample size n, the greater the deviation from a theoretical
D =2. An empirically determined D value should there-
fore be compared against values obtained from random
simulations of the same sample size, to determine whether
the observed pattern deviates significantly from random
(Hastings and Sugihara 1993: 106). We generated 100
random point patterns at #» = 6896 to determine expected
random D values. An observed pattern is deemed to be
significantly different from random if its fractal dimen-
sion D is less than the smallest D value from the100 ran-
dom simulations.
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Results

Seed dispersal

A total of 159 seeds (mean = 26.5 seeds per plant)
were captured by the 216 seed traps. Of these, 105 (66%)
occurred in the first distance class (<90 cm), 40 (25%) in
the second distance class (90 — 125 cm), and only 14 (9%)
in the third distance class (125 to 175 cm). These results
indicate that long-distance dispersal in wild oats is very
infrequent. In fact, no seeds were recovered from the 24
traps placed at a distance of 168 cm. The vast majority of
seeds were shed within 120 cm of the plant, which corre-
sponds closely to the mean plant height. A simple inverse
power law model fit the seed dispersal data very well (R2
= 96.4%; Figure 1). The data suggest that each plant pro-
duces approximately 400 seeds. The slope of the plot
gives a fractal dimension for dispersal of D = 1.912, indi-
cating that long-distance dispersal events are very rare
(Kenkel and Irwin 1994).

Spatial pattern

The mapped wild oat patch produced a linear 7;() vs.
In (®) plot, indicating that its spatial pattern is statistically
self-similar (Figure 2). Statistical self-similarity implies
that the degree of aggregation is invariant across spatial
scales. Over the complete range of box sizes (d =1 to 6),

the estimated information dimension D} = 1.812 (R2 =
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Figure 1. Seed dispersal of wild oats fitted to the inverse
power law (R2 =96.4%, P <0.001). The slope of the fitted
regression line is —2.912, giving a fractal dimension D =
1.912.
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Table 1. Fractal dimension as a function of ;. Estimates of
fractal dimension D, were obtained from the slope of /; vs.
In(box size) plots, using the four largest box sizes (range 50
to 100 cm). R% =100% for all regressions.

q Dy

0.0 1.807
0.5 1.866
1.0 1.881
1.5 1.871
2.0 1.851
2.5 1.826
3.0 1.794

99.8%). However, careful examination of the plot reveals
non-linearity at the two smallest grid sizes. Following
Hall (1995), we removed the smaller grid sizes (0= 1 and
2) and recalculated the regression. The resulting plot is
almost perfectly linear (R2 =100%, inset of Figure 2), in-
creasing the estimated information dimension to D =
1.881. Estimates of generalized fractal dimensions D,
from ¢ = 0 to 3 (in increments of 0.5, again with the two
smallest grid sizes excluded) are summarized in Table 1.
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6.0 1
I,

5.5 1
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4.5 1
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4.0 4.5
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Figure 2. Power law relationship between /1 = - Z p; log pi
and box size 0. In the main graph 0 ranges from 1 (16.7 cm)
to 6 (100 cm); the estimated information dimension D =
1.812 (R2 =99.8%, P < 0.001). The inset graph shows the
same data over the range 6 = 3 to 6; the estimated informa-
tion dimension D = 1.881 (R2 =100%, P <0.001).
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The detection of spatial aggregation is greatest at ¢ = 0
(Dy=1.807) and ¢ = 3 (D3 = 1.794), and lowest at ¢ = 1
(D1 = 1.881). In theory, D, should decline monotonically
with increasing ¢ (Schroeder 1991: 222). Our results,
which indicate a non-monotonic relationship, are likely
attributable to sampling error (finite sample size).

Estimated fractal information dimensions for the 100
simulated random point patterns (n = 6896) averaged D;
=1.992; the lowest value was D = 1.983. The spatial pat-
tern of the wild oats patch is therefore significantly under-
dispersed, since the observed D = 1.881 < 1.983. Note,
however, that the theoretical range of the fractal dimen-
sion is from D = 1 (highly aggregated) to D = 2 (statisti-
cally random). The observed value of Dy = 1.881 there-
fore suggests that the degree of spatial aggregation is not
particularly strong.

Discussion

Our study demonstrates that wild oats has a spatially
aggregated pattern with self-similar properties. Further-
more, wild oats seed dispersal is successfully modelled by
the inverse power law. The estimated fractal dimension of
the dispersal curve (D = 1.912) is very near that of the
population’s spatial pattern (D = 1.881), indicating that
the observed spatial pattern is characteristic of the disper-
sal distribution (Shaw 1995). This is an important finding,
as it suggests that the dispersal curve of a given weed spe-
cies may be used to successfully predict its pattern of in-
vasion. This finding is in keeping with Kenkel and Irwin’s
(1994) proposed functional relationship between disper-
sal characteristics and the observed degree of spatial ag-
gregation (see also Shaw 1995, Wallinga 1995).

Kenkel and Irwin (1994) showed that by varying spe-
cies dispersal characteristics (the power law exponent)
different degrees of spatial aggregation are produced.
Their Lévy flight inverse power law model predicts that
species with limited capacity for long-distance dispersal
(D =2) will be randomly distributed. Values of D <2 pro-
duce spatially aggregated patterns; the greater the capac-
ity for long-distance dispersal (lesser values of D), the
higher the degree of spatial aggregation at all scales. In
general, dispersal models that consider long-distance dis-
persal (so-called “fat-tailed” curves), such as the inverse
power law, result in spread rates that accelerate with time
(Kot et al. 1996). Shaw (1995) demonstrated that disper-
sal curves with exponential tails (log-linear distributions)
result in models of species invasion as an expanding front.
The negative exponential probability distribution as-
sumes that long-distance dispersal events are “completely
negligible”, so that all moments of the dispersal distribu-
tion are defined (Shaw 1995). By contrast, dispersal
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curves that decline at less than an exponential rate (log-
log distributions, including the power law, Cauchy and
Pareto) have infinite first and higher moments, and are
therefore dimensionless and scale-free (Okubo and Levin
1989). Models based on non-exponential dispersal curves
produce invasion patterns characterized by the continu-
ous formation of new daughter patches (Minougue 1987,
Mollison 1986, Kot et al. 1996). Such models result in
what appear to be more “natural” dispersal patterns (Shaw
1995). The greater realism of non-exponential models is
supported by pollen evidence from the late Pleistocene,
which demonstrates that tree species with “fat-tailed” dis-
persal curves underwent very rapid post-glacial spread
even though their mean dispersal distances are short
(Clark 1998).

It is noteworthy that the empirical pattern of wild oats
proved to be statistically self-similar. Wallinga (1995)
demonstrated statistical self-similarity in cleavers
(Galium aparine L.), an annual weed of cultivated crops
in Europe. However, the degree of spatial aggregation in
cleavers was much greater (D =1.51, vs. D =1.88 in wild
oats). Unlike wild oats, cleavers has small barbs on the
seeds and foliage that assist in long-distance dispersal
(Malik and Vanden Born 1988). The lower fractal dimen-
sion (greater degree of spatial aggregation) in cleavers is
entirely consistent with its increased capacity for long-
distance dispersal (Kenkel and Irwin 1994). By contrast,
wild oats seeds are comparatively heavy and have no spe-
cial adaptations to assist in their natural dispersal. While
wild oats seeds are dispersed at various distances from the
parent plant, the vast majority fall only a short distance
away. As a result, new daughter patches are very rarely
formed and the degree of spatial aggregation is therefore
low (higher D). By contrast, greater capacity for long-dis-
tance dispersal in cleavers increases the likelihood of new
daughter patches establishing at some distance from their
parents, thereby increasing the degree of spatial aggrega-
tion (lower D).

Under uniform environmental conditions, a close re-
lationship is expected between weed dispersal and spatial
pattern (Kenkel and Irwin 1994, Shaw 1995). However,
in practice the spatial pattern of a weed population may
be affected by other factors such as edaphic and micro-en-
vironmental variation, interspecific competition, com-
bine harvesting, and soil tillage. In this study, the striking
similarity between the fractal dimensions of dispersal and
spatial pattern suggests that natural seed dispersal is of
overwhelming importance in determining wild oats spa-
tial pattern. While seed germination and establishment of
weeds may be affected by natural edaphic variability (An-
dreasen et al. 1991), repeated soil tillage of intensively
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managed fields produces highly uniform edaphic condi-
tions (Wallinga 1995). Interspecific competition can also
affect the spatial distribution of weeds (Lehman and Til-
man 1997, Bergelson 1996), but in most crop monocul-
tures the intensity of competition is probably spatially in-
variant. Mechanical transport of weed seeds during
combine harvesting may be an important vector of disper-
sal (McCanny and Cavers 1988, Cousens and Mortimer
1995). However, in this study chaff collection was per-
formed, and virtually all wild oats seeds present at harvest
were removed with the chaff (Shirtliffe 1999). Further-
more, most wild oats seeds are naturally shed prior to crop
harvest (Shirtliffe et al. 2000). Soil tillage equipment may
disperse weed seeds over short distances (< 1 m, see Rew
and Cussans 1997) and may therefore reduce spatial ag-
gregation at scales comparable to the mean dispersal dis-
tance of wild oat seeds.

While a self-similar spatial pattern in wild oats was
detected over the spatial scales assessed, the 10 x 10 m
plot used in our study was far too small to permit exami-
nation of interpatch spatial relationships over the entire
cropped field. Empirical observations suggest that wild
oats has a spatially aggregated distribution in cultivated
fields (e.g., Thornton et al. 1990), but whether the spatial
pattern is statistically self-similar at these larger scales re-
mains to be demonstrated. Further research should be di-
rected toward determining the specific mechanisms by
which weed spatial patterns develop in arable fields. In-
vestigation of the invasion dynamics of weed species un-
der controlled experimental conditions (no initial seed
bank, homogeneous substrate, no interspecific competi-
tion) would be particularly useful in determining the link
between seed dispersal and spatial aggregation.
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