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Field margin weeds may contribute to the invasion and persistence of weeds in arable
fields. Experimental studies of this hypothesis, however, have been inconclusive. We
examined the role of field margin weed populations with a spatially explicit simu-
lation model of Canada thistle population dynamics. We measured the contribution
of field margin populations to weed pressure in the field across a wide range of
parameter values and compared the weed control value of efforts applied to the field
margin to that of similar efforts applied to the field. Under most combinations of
parameter values, field margin weeds contributed little to weed pressure in the field,
suggesting that controlling field margin weeds may often be of little value. Two
conditions appeared to be necessary for field margin weeds to influence weed pop-
ulation dynamics within the field: the presence of unoccupied weed habitat, which
increased the importance of dispersal to population growth, and high dispersal rates
of field margin weeds relative to field weeds, which increased the relative contribution
of field margin weeds to dispersal.

Nomenclature:  Canada thistle, Cirsium arvense (L.) Scop. CIRAR.

Key words:  Metapopulation, source-sink, dispersal, patchiness.

Field margin weed populations may contribute to the
invasion and persistence of weed populations in adjacent
arable fields (Boatman 1989; Kleijn 1997; Marshall and
Smith 1987). For this reason, noxious weed laws require the
control of many weed species that occur in both cropland
and noncropland. Consequently, both farmers and govern-
ment agencies spend large sums of money each year con-
trolling weeds in noncropland. Weed control in noncrop-
land also has environmental costs. For example, field mar-
gins actively managed for weeds contain lower levels of plant
and animal diversity (Kleijn 1997). Despite the high costs
and potential benefits associated with managing weeds in
noncropland, little work has been done to determine the
circumstances under which field margin weeds influence
weed populations in adjacent fields.

Field margin weeds can influence field weed population
dynamics only when immigration is important to the
growth of field weed populations. Insight into the impor-
tance of immigration can be gleaned from spatial models of
plant population dynamics. Spatial models have focused on
the role of dispersal in allowing plants to escape from crowd-
ing (Howe and Smallwood 1982), in invading new habitats
(Shigesada and Kawasaki 1997), and in reducing local var-
iation in abundance (Hastings and Harrison 1994; Levin
1976; Levin et al. 1984; Venable and Brown 1988). Models
of weed populations have suggested that dispersal rates are
important both in determining the speed of an invasion
(Auld and Coote 1980; Ballaré et al. 1987; Maxwell and
Ghersa 1992; Weiner and Conte 1981) and in escaping
from density dependence by migrating to areas with less
intraspecific competition (Ballaré et al. 1987; Perry and
Gonzalez-Andujar 1993; Schippers et al. 1993).

Dispersal can also serve to recolonize extinct local pop-
ulations, a role elucidated by the development of metapo-
pulation models. These models assume multiple local pop-
ulations interconnected by migration and subject to extine-

tion; they find that equilibrium population size depends on
the balance between extinction and recolonization rates
(Levins 1969). Recent metapopulation models of plant pop-
ulations have found dispersal to increase mean population
size by allowing for the recolonization of unoccupied habitat
following local extinction (Perry and Gonzalez-Andujar
1993; Tilman et al. 1997). In sum, dispersal (and, conse-
quently, immigration from the field margin) is most likely
to be important where a weed is invading a field, where
density dependence is strong, or where local extinction is
common.

Source—sink models, a subset of metapopulation models,
have been used to address questions similar to the one posed
in this paper: Can source populations (field margin popu-
lations), which persist independently, enable the persistence
or growth of sink populations (field populations) by sup-
plying immigrants (Hanski and Simberloff 1997; Pulliam
1988, 1996)? For organisms with extremely high fecundities
and dispersal rates (e.g., marine invertebrates), small source
populations may support much larger sink populations
(Quinn et al. 1993). Plants have lower rates of reproduction
and dispersal than marine invertebrates but also have been
found to have sink populations (Janzen 1983; Kadmon and
Shmida 1990; Keddy 1981). Sink populations of desert an-
nuals, for example, may be several times larger than adjacent
source populations (Kadmon and Shmida 1990; Shmida
and Ellner 1984). Similarly, a source—sink model of an an-
nual weed found that seed input from the field margin
might account for as much as 75% of the weed seedbank
in the area within 10 m of the field edge (Fogelfors 1985).
Source—sink models therefore suggest that field margin pop-
ulations might strongly affect weed population size but that
the area over which they do so may be limited by fecundity
and dispersal distance.

Empirical studies of weeds in field margins have focused
on spatial patterns of weed abundance. Studies of weed or
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seed distribution in relation to field margins have found that
the weed/seed abundance of certain species can be substan-
tially higher near the field margin than in the center of the
field (Hume and Archibold 1986; Jones and Naylor 1992;
Marshall 1989; Wilson and Aebischer 1995). In all cases,
this edge effect was found to decrease quickly with distance
from the edge. Cultivation may increase dispersal distance
for non-wind-dispersed species, thereby extending the influ-
ence of the field margin; within 1 yr, however, few seeds
travel further than 10 m from the field margin (Fogelfors
1985). Finally, according to Marshall’s (1989) observations,
relatively few weeds thrive in both fields and field margins.
Taken together, empirical studies suggest that field margin
weed populations are of little importance to the population
dynamics of most field weeds but could play a more im-
portant role in the dynamics of a small subset of species.

In this paper we attempt to further narrow the question
of when field margin weed populations are important with
a spatially explicit metapopulation model. This model allows
us to study the effects of field margin populations on field
populations across a wide array of different conditions. Spe-
cifically, we examine the role of field margin populations in
the context of three different scenarios concerning the spa-
tial distribution of the weed within the field. In the first,
the weed is present throughout the entire field. This scenario
(referred to as complete occupancy) represents a weed that
is well dispersed through its potential habitat. In the second
scenario (invasion), the weed is initially present in only one
patch in the center of the field and in the field margin.
Invasion situations might exist either because weeds have
never invaded a particular field or because management
practices have changed, resulting in a newly favorable en-
vironment for the weed population. In the third scenario
(extinction), the weed is absent from portions of the field
because random extinctions periodically eliminate weed
patches. This scenario represents situations in which control
efforts and environmental variation result in the complete
elimination of patches of weeds. In each of the above sce-
narios, we focus on how the presence of field margin weeds
changes the amount of effort needed to keep the field pop-
ulation within acceptable levels.

Our purpose is to improve theoretical understanding of
the role of field margin weeds in weed population dynamics.
The results of interest consist of the behavior of modeled
weed populations together with mechanistic explanations for
that behavior. These mechanistic hypotheses can then serve
as a framework to ground future empirical studies. Because
of the generality of our theoretical questions (e.g., Under
what assumptions about dispersal do field margin weeds in-
crease weed abundance in the field?), a believable model
structure is more important than the exact correspondence
of the model to the circumstances of any particular weed
population. We have taken two steps to try to ensure that
our model behaves, qualitatively, like real weed populations.
First, we base the model on a particular weed species, Can-
ada thistle, a common weed of cultivated fields, field mar-
gins, and other ruderal habitats; this gives us a reference
point from which to evaluate the structure and parameters
of the model. Second, we use the resultant estimates of pa-
rameter uncertainty to set bounds for sensitivity analyses.
These sensitivity analyses allow us to test whether the be-
havior of the model is robust.
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Ficure 1. Map of the spatial layout of the model. Field margin patches are
black and field patches are gray.

Materials and Methods
Model Structure

The population dynamics of Canada thistle are simulated
using a spatially explicit metapopulation model built using
the RAMAS ais simulation program (Akcakaya 1998). The
simulated environment consists of 36 circular patches 10 m
in diameter in a six by six array (representing a field 60 by
60 m) adjacent to six similar patches in a one by six array
(representing a field margin 10 by 60 m; Figure 1). The size
of the array was chosen to allow for the presence of spatial
patterns within the field while minimizing the practical dif-
ficulties of modeling large numbers of populations.

Growth and reproduction within individual patches is
accomplished by multiplying a matrix of transition values
by a vector describing the number of grams of Canada this-
tle per patch in each of two life history stages: adult plants
and seeds/seedlings (Figure 2). Seeds and seedlings are con-
densed into a single stage to represent the occurrence of seed
production, seed dispersal, and seedling growth within one
time step (1 yr). For each patch, prior to matrix multipli-
cation, each value in the matrix is chosen randomly from a
log-normal distribution around a fixed mean and standard
deviation (Table 1). The mean for a given transition value
represents the average number of grams of one stage pro-
duced, in a single time step, by 1 g of that stage or the other
stage. The random variation around that mean represents
environmental variation that causes transition values to
change over time. Within a patch, variations in individual
transition values are perfectly correlated and, thus, vary in
synchrony.

Among patches, variations in transition values ranged
from independent to highly correlated. Factors that cause
growth rates to vary over time (e.g., climate) might be ex-
pected to act over spatial scales larger than that of an indi-
vidual patch. Independent variation among patches would
thus be inappropriate. For this reason, we added varying
degrees of correlation among the randomly chosen transition
values of individual patches. The degree of correlation (C)
between the vital rates of two patches 7 and j depends on
the distance (D;) among patches such that
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Ficure 2. Model diagram, depicting the life cycle of Canada thistle (Cirsium
arvense, divided into plant and seed/seedling stages) and associated transi-
tion matrices and column vectors. N1 and N2 are the stage abundances of
seedlings and plants, respectively.

where a, b, and ¢ are parameters of the function. The re-
sulting matrix of patch correlations is then used to calculate
correlated random transition values (Akgakaya 1998). After
matrix multdplication, ceiling-type density dependence is
simulated by multiplying the resulting stage abundances by

K)IN,, 2]

where K(2) is the maximum patch biomass, chosen randomly
at each time step for each patch from a log-normal distri-
bution with a fixed mean and standard deviation, and NV,
is the patch biomass. Variation in maximum biomass is pro-
portional to variation in transition values and represents the
same environmental variation. Both parameters are varied to
ensure that patches are subject to variation at all stages of
growth. Canada thistle control follows population growth.
Individual Canada thistle patches are controlled when they

exceed a threshold density, at which point a fixed percentage
(representing the efficacy of the herbicide) of the biomass
of the patch is removed.

Dispersal occurs among patches and is limited to the
seed/seedling stage, reflecting an assumption that vegetative
dispersal is important to the growth of individual patches
but unimportant, relative to seed dispersal, in the creation
of new patches. This assumption is most applicable to con-
servation tillage systems but may be questionable in tilled
cropland, where movement by machinery may lead to rapid
rates of vegetative dispersal (Donald 1990). Relaxing this
assumption might be expected to have two principal effects:
increasing dispersal within the field or changing the shape
of the dispersal function. Although we evaluated the effects
of elevated field dispersal, the scale of the patches in our
model kept us from examining the extensive but short-dis-
tance movement that would be expected from vegetative
dispersal.

Dispersal rates are nonrandom and based on distance ac-
cording to the function

2
My = q exp\——), 3]

where M;; is the proportion of the population dispersing
from patci] i to patch j, Dy is the distance between 7and j,
and q, r, and s are constants based on the dispersal ability
of the species. Seeds that move beyond the edge of the field
are lost, (i.c., these seeds are no longer part of the simula-
tion). Following dispersal, the abundance of each patch is
adjusted to account for emigration and immigration and
then used as the initial abundance for the subsequent year.

Parameterization

Model parameters and bounds for sensitivity analyses
were based on field data and values from the literature (Ta-
ble 1). Where these were not available, parameters were hy-
pothesized based on information from other species or from
our understanding of the system. Bounds for sensitivity
analyses reflect the degree of certainty in parameter esti-
mates; where estimates are less certain, bounds are wider.
Specifically, estimates of transition matrix elements were tak-
en from field studies of Canada thistle in no-till corn (Zea

TasLe 1. Parameter estimates and upper and lower bounds used in sensitivity analyses.

Parameter?

Lower bound

Parameter estimate

Upper bound

Growth and density dependenceP
1 (seed set)
11, and 5, (seedling and plant  growth, respectively) 1.3
Maximum biomass (shoots m~2) 15
Environmental variation

Coefficients of variation (2 1, # 3, %, maximum biomass) 0.25, 0.166, 0.125,

0.00103

0.103 1.03
2.22 15
25 55

0.50, 0.33, 0.25, 0.25 1.00, 0.66, 0.50, 0.50

Correlation parameters (a, b, c) 1, 2, 0.5 1,5, 0.5 1, 25, 0.5

Degree of correlation among neighboring populations (%) 20 53 88
Dispersal

Dispersal parameters (q, r, s) 2,0.7, 0.5

Dispersal rates (relative to median) /100 1 *10

Proportion of seeds migrating to each adjacent

population (10 m) 0.000021 0.002183
Field dispersal (relative to median dispersal rates) 0.01 1

2 See text, Equations 1 and 3, respectively, for correlation and dispersal functions.

b See Figure 2 for a description of growth rates.
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TasLe 2. Dispersal distances for Asteraceae species with plumed achenes. Numbers preceded by “~” are estimated from figures.

Maximum
Seed fall dispersal Wind  Height of
(within distance) distance speed release
Species (%) (m) (m) (km h-1) (m) Reference Type of study
Picris capillaris 93 (~3.5) 6.9 0.4 Jongejans and Schippers 1999 Wind tunnel/model
95  (4.37) 21.6 0.4
95  (14.31) 43.2 0.4
Crepis capillaris 95  (~06) 21.6 0.4 Jongejans and Schippers 1999 Wind tunnel/model
Senecio jacobea 89 (5) 14 7-15 0-1.5 McEvoy and Cox 1987 Field
Cirsium vulgare 91 (1.5) Michaux 1989 Field
Arnica montana 95  (3.75) ~6 23.4 0.35 Strykstra et al. 1998 Wind tunnel
29 (9 23.4 0.35
Heterotheca latifolia 30 18.8 Plummer and Keever 1963 Field
15 9.4
Cirsium arvense This study Model
Lower bound 99.98 (10)
Median 98.32 (10)
Upper bound 83.20 (10)

mays)—soybean [ Glycine max (L.) Merr.] rotations (N. Jordan
and S. Huerd, unpublished data). To model the effects of a
large field margin population, we applied these transition
values to the field margin population as well as the field
population, thereby ensuring that field margin patches con-
tained dense Canada thistle populations. Little is known
about variation in weed demographic parameters over time.
We therefore calibrated our model based on an observed
coefficient of variation (CV) of Canada thistle abundance
over time of 0.4 (Firbank 1993). To obtain this value in our
model, a CV of 0.25 for plant growth had to be used. We
hypothesize that seedling growth will vary 50% more than
plant growth, because it is not buffered by root carbohydrate
reserves, and that seed set will vary twice as much as plant
growth based on generally higher variation in fecundities
than survival rates reported in the literature (Charron and
Gagnon 1991; Lesica and Shelly 1995; Moloney 1988). The
resulting CVs of transition values are within the range of
those reported for other species (Charron and Gagnon
1991; Ehrlen 1995; Horvitz and Schemske 1995; Lesica and
Shelly 1995; Moloney 1988).

Maximum patch biomass is taken from a survey of Can-
ada thistle shoot density in wheat (7riticum aestivum L.)
fields (Donald and Kahn 1996). Maximum biomass of field
margin patches was 55% of that of field patches, reflecting
an assumption that some of the field margin would be oc-
cupied by plants other than Canada thistle. Although no
information was available regarding the spatial correlation
of growth rates, reasonably high levels of correlation might
be expected based on the homogeneity of agricultural en-
vironments and climatic effects at the scale of an individual
field. The high and low bounds of the correlation function
parameters (Table 1) correspond, respectively, to 20% cor-
relation and 88% correlation of growth rates between neigh-
boring patches.

Canada thistle is wind dispersed. Although Canada thistle
dispersal has not been studied directly, Sheldon and Burrows
(1973) estimate its maximum dispersal distance to be 11.4
m, based on a measured terminal velocity of 21.6 cm s7!
and a wind speed of 16.41 km h~!. The dispersal patterns
of other Asteraceae species with similar dispersal structures
have been studied in more detail (Table 2). Given the rel-

512 ¢ Weed Science 49, July—August 2001

atively low terminal velocity of Canada thistle achenes (Bak-
ker 1960; Sheldon and Burrows 1973), one would expect it
to be one of the more effective dispersers. Its dispersal ability
may be limited, however, by a tendency for the pappus to
break off, leaving the achene attached to the receptacle (Bak-
ker 1960; Bostock and Benton 1979). Bakker (1960) found
that only 9.9% of Canada thistle plumes collected 10 m
from parent plants were attached to achenes. We have there-
fore chosen dispersal rates in the middle of the range ob-
served for Asteraceae species (Table 2). Because of the large
uncertainties inherent in measuring dispersal and the desire
to encompass the dispersal characteristics of a variety of
weed species, we have also chosen to vary the dispersal pa-
rameter widely in our sensitivity analyses. Our median, high,
and low dispersal distances correspond to 1.7, 16.8, and
0.017%, respectively, of seeds dispersing beyond the bound-
aries of a parent patch (10 m or more). With median dis-
persal and growth rates, an average of 819 seeds move from
a field margin patch to the adjacent field patch in a single
time step; 30 seeds move from the same field margin patch
to a patch 30 m away.

Model Output

Starting with the assumption that farmers will control
Canada thistle populations in the field, the relevant measure
of the importance of field margin populations is the effect
these populations have on the effort farmers must expend
to control field populations. The effect of field margins on
necessary control efforts can be gauged by comparing mod-
els with and without dispersal from the field margin. We
measured necessary control effort as the quantity of Canada
thistle biomass that must be removed in order to keep the
population below a threshold level (5 shoots m=2). Our pri-
mary dependent variable, Canada thistle biomass removed,
is a measure of the degree to which the combined mass of
the field patches exceeds the threshold mass. The lower the
population growth during a particular time step, the less
Canada thistle biomass must be removed. Canada thistle
biomass removed is thus considered to be indicative of the
rate or frequency of herbicide application needed to keep
the population under control.



TasLe 3. Parameters specific to individual Canada thistle (Cirsium arvense) distribution scenarios.

Complete occupancy Invasion Extinction
Lower Upper Lower Upper Lower Upper
Parameter bound Median bound bound Median bound bound Median bound
Intensity of patch control (% of Can- 25 65 85 25 65 85 25 50 75
ada thistle biomass removed)
Extinction probability 0 0 0 0 0 0 0 50 85

Distribution of initial abundance
among patches

Initial abundance (mean number of
shoots per occupied patch)

All field patches occupied

0.122 1.22 12.2

One field patch occupied 18 randomly chosen field

patches occupied

491 491 4,910 0.055 0.55 5.5

In addition to presenting the difference in necessary con-
trol effort between models with and without dispersal from
the field margin, we gauge the relative worth of focusing
control efforts on field margin Canada thistle vs. field Can-
ada thistle by examining a third type of model, in which
the control efforts that could have been applied to the field
margin are instead applied to an area of the field of the
same size. We thus compare three model types, all of which
include patch control (i.e., the truncation of patch size at
the infestation threshold [see Model Structure]). The first
model type, Patch Control, includes no additional control
and represents the situation in which the field margin is
present, but no actions are taken to control it. In Field Mar-
gin Control and Patch Control, all dispersal from the field
margin patches is cut off, representing control of field mar-
gin patches by herbicides or mowing. In the third type of
model, Field Control and Patch Control, control efforts
(which remove 50% of Canada thistle biomass in affected
patches) are applied randomly to an area of the field equiv-
alent to the area of the field margin (one-sixth of the field).

The assumption underlying the comparison of field con-
trol and field margin control models is that farmer effort
may be approximated by area covered without reference to
the type of control being applied. To test whether the results
were sensitive to the spatial pattern of the field control, pat-
tern was varied independently of the intensity of control.
Two approaches were used: control of the entire field but
with one-sixth the effectiveness of the field control, and con-
trol of the entire field once every 6 yr. Field Control and
Patch Control is the only model type in which additional
control efforts are applied within the field. To allow com-
parison of farmer effort following the three types of addi-
tional control represented by the three models, the field con-
trol portion of the harvest is not included in the Canada
thistle biomass removed.

Sensitivity Analyses

Initial explorations of model behavior suggested that the
relative effectiveness of these different control strategies de-
pends on the number of unoccupied patches. As discussed
in the introduction, three different scenarios of patch oc-
cupancy have corollaries in real weed populations and are
potentially of interest. We therefore performed sensitivity
analyses on all model parameters under three different as-
sumptions about occupancy.

1. Complete occupancy. Extinction is rare enough that
most patches are occupied at all time steps.

2. Invasion. Occupancy is low because the weed has not yet
invaded.

3. Extinction. Occupancy is low because of frequent ex-
tinctions. Under this scenario, each local patch had a
0.125 chance of extinction each year, resulting, on av-
erage, in local extinction once every 8 yr. To reduce oc-
cupancy, it was also necessary to reduce dispersal among
field patches; otherwise, field patches immediately recol-
onize extinct patches and occupancy is complete. Such a
situation might arise from cropping systems that reduce
seed production. Because lower dispersal results in lower
growth rates, it was also necessary to lower the intensity
of patch control to obtain a viable Canada thistle pop-
ulation under the extinction scenario.

These three basic scenarios thus differ in terms of initial
abundance/distribution, extinction rates, and the intensity
of control efforts (Table 3; Figure 3). In sum, we performed
sensitivity analyses on the relative merit of three different
control strategies under each of three different occupancy
scenarios. Sensitivity analyses involved varying parameters
independently, within ranges based on the degree of uncer-
tainty in each parameter estimate (Table 1). For each sce-
nario, we present results only for those parameters that in-
fluenced the importance of the field margin.

Results
Basic Scenarios

When mean parameter values were used, the three dif-
ferent occupancy scenarios had similar results. Where oc-
cupancy is complete, seeds from the field margin popula-
tions had no discernible effect on the growth of the field
populations, and control efforts applied to the field were
most effective in reducing the necessary control effort (Fig-
ure 4; deterministic results for this simulation are presented
in Appendix 1). Where occupancy is low because the weed
has not yet invaded, necessary control effort increases as the
weed invades the field. Dispersal from the field margin in-
creases the speed of this invasion (and therefore the rate of
increase in Canada thistle control), but only for a few years,
after which the rate of invasion is similar with or without
control of the field margin (Figure 5). The rate of invasion
is slowest when control efforts applied to the edge are in-
stead applied to the field (Figure 5). Finally, although ran-
dom extinction reduces both the rate of increase in and the
equilibrium levels of control effort (Figure 6), field margin
control again does little to reduce necessary control efforts.
These results are robust to changes in the spatial pattern of

Blumenthal and Jordan: Weeds in field margins * 513



A) COMPLETE OCCUPANCY

B) INVASION

C) EXTINCTION

Ficure 3. The model in action: examples of population densities after 12
yr under the three different occupancy scenarios. Field population densities
of Canada thistle (Cirsium arvense) range from < 1 shoot m~2 (light gray)
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control in the field control models. Control of the entire
field once every 6 yr and annual control that is one-sixth as
effective result in qualitatively similar patterns (results not
shown).

Sensitivity Analyses
Complete Occupancy

In the complete occupancy scenario, the relative effec-
tiveness of the three control strategies was not sensitive to
variation in any of the model parameters (Figure 7).

Invasion

Sensitivity analyses of the invasion scenario revealed that
there are conditions under which controlling field margin
weeds greatly reduces necessary control effort in the field.
Where weeds in the field have little dispersal ability of their
own but weeds in the field margin have high dispersal rates
(e.g., where control efforts reduce seed production in the
field), seeds from the field margin can greatly speed the
invasion process (Figure 7B). Under such conditions, con-
trol can be more effective when applied to the edge than
when applied to the field. The difference in necessary con-
trol efforts between Patch Control and Field Margin Con-
trol models is most pronounced early in the invasion pro-
cess. If dispersal rates are universally high or universally low,
the presence of the field margin speeds the invasion only
slightly, and control efforts applied to the edge are less ef-
fective than similar efforts applied to the field (Figures 5
and 7E).

The greater influx of seeds adjacent to the field margin
can lead to a situation in which the field margin is impor-
tant to weed patches at the edge of the field (Figure 8A),
even where it is not important to the weed population as a
whole (Figure 5). This edge effect declines sharply with dis-
tance from the field margin (Figure 8B), although this de-
cline is less pronounced with higher dispersal rates (results
not shown).

Extinction

As in the invasion scenario, the field margin is most im-
portant to field population growth when there is a large
discrepancy between the dispersal abilities of the two pop-
ulations; that is, where the field patches have little ability to
recolonize extinct patches in their midst. In such situations,
controlling field margin weeds can be more effective in re-
ducing subsequent control efforts than similar amounts of
control applied to the field (Figure 7C). If dispersal rates are
equalized, however, either by increasing the field dispersal
(Figure 6) or by decreasing edge dispersal (Figure 7F), the
importance of the field margin population decreases, reduc-
ing in turn the effectiveness of control strategies aimed at
field margin weeds.

P

to more than 7 shoots m~2 (dark gray). Field margin population densities
were 13.7 shoots m~2. Simulations were run with median parameter esti-
mates (Tables 1 and 3) and no control of field margin populations.
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FiGure 4. Patch control removal rates necessary to keep the field population
at acceptable levels in the complete occupancy scenario. Patch control alone
(PC) is compared to patch control plus field margin control (PC & FMC)
or additional field control (PC & FC).

Discussion

Weed populations in field margins may sustain popula-
tions in adjacent fields (Marshall and Smith 1987; Theaker
et al. 1995). Given the economic and environmental costs
of weed control in nonarable land, however, it is important
to practice such control only when it is effective in reducing
weed populations within adjacent fields. Several hypotheses
about when field margin weed control may or may not be
effective can be drawn from our simulations.

Relative Dispersal Abilities of Field and Field
Margin Weeds

Controlling field margin weeds was only advantageous
(i.e., more effective than similar measures applied to the
field) if weeds in the field margin had substantially higher
dispersal rates than their counterparts in the field (Figures
7B and 7C). Where dispersal rates were universally high or
universally low, immigrants to any given patch from the
field margin were insignificant relative to the larger number
from within the field (Figures 4-6 and 7d-f). Because dis-
persal declines rapidly with distance, the primary sources of
immigrants for a given location are nearby patches rather
than patches with high seed production. Field patches were
closer to one another than they were to field margin pop-
ulations, and this more than offset the much larger number
of seeds produced in field margin populations. Although
lower growth rates can limit seed production within the
field, making immigrants from the field margin more im-
portant, this effect is counterbalanced by the associated de-
crease in growth potential for each immigrant.

Field margin populations become more important, how-
ever, as their dispersal rates (or seed set) increase relative to
those of field populations (Figures 7a-c). Such discrepancies
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FiGure 5. Patch control removal rates necessary to keep the field population
at acceptable levels in the invasion scenario. Patch control alone (PC) is
compared to patch control plus field margin control (PC & FMC) or
additional field control (PC & FC).

in dispersal rates could arise from impediments to seed pro-
duction or dispersal within the field (e.g., tall crops would
limit wind dispersal). Conversely, for many species, dispersal
may be facilitated by cultivation or combining (Howard and
Cussans 1991; Rew and Cussans 1997), leading to higher
dispersal rates within the field than between the field margin

5
o PC
£ ~ ~ - PC&FMC
o) 8
= e PC & FC
)
)
>
)
£
5]
—
[7]
[2]
£
s *
el
O
w
S |
2
<
O
0 T T \
0 10 20 30
Time (yr)

FiGure 6. Patch control removal rates necessary to keep the field population
at acceptable levels in the extinction scenario. Patch control alone (PC) is
compared to patch control plus field margin control (PC & FMC) or
additional field control (PC & FC).
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Ficure 7. Necessary removal rates under the three different invasion scenarios with either low dispersal from field populations but high dispersal from field
margin patches (a—c) or low dispersal rates in both field and field margin patches. Patch control alone (PC) is compared to patch control plus field margin

control (PC & FMC) or additional field control (PC & FC).

and the field. Under such conditions, one would expect field
margin weeds to have little effect on population dynamics
within the field. The vegetative dispersal of Canada thistle,
which can be facilitated by field operations, may be an ex-
ample of this latter situation: high dispersal rates within the
field would decrease the relative contribution of field margin
patches to total immigration. The inclusion of vegetative
dispersal in the model might therefore be expected to reduce
the effect of field margin weeds on population dynamics

within the field.

Habitat Occupancy

Given higher dispersal abilities of field margin weeds than
field weeds, a second condition must be met for the field
margin to have a substantial effect over a large portion of
the field. Potential habitat for the weed in question must be
unoccupied. This condition exists because very few seeds
travel long distances. If those few seeds land in existing
patches, their effect on growth will be negligible. Source—
sink models suggest that, given sufficiently high rates of re-
production and dispersal, immigrants from the field margin
could comprise a large portion of the weed population with-
in the field (Kadmon and Shmida 1990; Quinn et al. 1993).
Our results suggest, however, that Canada thistle dispersal
rates are too low for these immigrants to act as a direct
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subsidy to the field population. Rather, for immigrants from
the field margin to substantially increase population size
within the field, they must create new, growing patches.

At first glance, unoccupied habitat seems to be present
for most weed species. Weeds are, in general, patchily dis-
tributed (Cardina et al. 1995; Marshall 1988; Mortensen et
al. 1993; Wallinga 1995). A closer look, however, suggests
that patchiness need not be indicative of unoccupied habitat
and, consequently, that the cause of the patchiness may de-
termine the importance of dispersal from the field margin.
The three causes that have been suggested in the literature
are represented by the three basic scenarios used in this
model.

1. Weeds are patchy because much habitat is not suitable
for population persistence.

2. Weeds are patchy because they have not yet fully invaded
a field.

3. Weeds are patchy because they have gone extinct in some
areas.

In the first case, habitat might be unsuitable because of
underlying environmental conditions (e.g., weeds that exist
only in wet areas of a field), patchy control efforts, or an
interaction between the environment and control efforts
(Dieleman et al. 1997). Insofar as environmental heteroge-
neity causes weed patchiness, the weed exists in all available
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Ficure 8. Patch control removal rates necessary to control Canada thistle
(Cirsium arvense) patches 10 and 20 m from the nearest field margin patch
(A and B, respectively). Patch control alone (PC) is compared to patch
control plus field margin control (PC & FMC) or additional field control
(PC & EQ).

habitats. In our models, this situation is represented by the
complete occupancy scenario, in which the field margin has
no effect on the weed population dynamics in the field (Fig-
ures 4, 7A, 7D).

Conversely, where patchy distributions result from in-
complete invasion or extinction, control of field margin
weeds is potentially beneficial (Figures 7B and 7C). The
invasion scenario represents any situation in which a weed
is invading an area of favorable habitat that is large relative
to its dispersal abilities. Such situations are not limited to
the arrival of new weeds. They also include instances in
which changing management practices make habitat more
favorable to a weed already present within a limited area of
the field. Our results suggest that the presence of field mar-
gin weeds can increase the speed of such invasions, resulting
in (temporarily) large differences in the amount of weed
control necessary to contain the invasion (Figure 7B).

Extinction in weed populations would be caused by zem-

poral variation in the environment (including control mea-
sures). A series of bad years or effective control efforts might
cause local patches to go extinct. Inasmuch as extinction
dynamics cause weed patchiness, the potential exists for field
margin control to be beneficial on an ongoing basis (Figure
7C). This result is in accord with those of other metapo-
pulation models (Levins 1969; Perry and Gonzalez-Andujar
1993; Tilman et al. 1997). As in these models, the impor-
tance of dispersal stems from its role in recolonizing extinct
weed patches. Where field margin emigrants account for a
large proportion of this recolonization, their presence can
greatly increase equilibrium population size (Figure 7C).

In both the invasion and extinction scenarios, the size of
the edge effect is very sensitive to the relative dispersal rates
of the field and field margin populations (Figures 7E and
7F). Furthermore, although we were not able to model this
situation, the importance of the field margin would also be
expected to depend on the relative scales of extinction and
colonization. If dispersal distances are small relative to the
areas over which extinction occurs, the weed will be repeat-
edly faced with the invasion scenario, suggesting that the
field margin could be important to population growth. As
the scale of extinction decreases relative to that of dispersal,
however, the limited dispersal ability of field weeds would
be more effective in recolonizing extinct patches, and dis-
persal from the field margin would be less important in
keeping potential habitat occupied.

Given the different results obtained under the complete
occupancy, invasion, and extinction scenarios, it is worth
considering to what extent each hypothesis might account
for observed weed patchiness. Inasmuch as weed patches
reflect patchiness in underlying environmental conditions,
weeds occupy available habitat (the complete occupancy sce-
nario). Spatial correlations between soil characteristics and
weed populations suggest that a patchy environment may
cause weed patchiness (Andreasen et al. 1991; Dieleman et
al. 1997). Studies showing stability of weed patches over
time are also in agreement with this hypothesis (Gerhards
et al. 1997; Wilson and Brain 1991) but have not been
conducted over time frames longer than 10 yr. Furthermore,
a recent model of an annual weed has shown that stable
patches can be generated randomly (Wallinga 1995), sug-
gesting that such patches may not always reflect environ-
mental heterogeneity.

Evidence for incomplete invasion as a cause of weed
patchiness consists of direct observations of weed invasions
(e.g., Chancellor 1985) and shifts in weed communities
with changing management practices (Holzner and Immo-
nen 1982). Such observations do not provide us with insight
into the relative importance of incomplete invasion. Given
the frequency with which management practices change,
however, and the slow speed at which invasions occur in
this (Figure 5) and other models (Auld and Coote 1980;
Fogelfors 1985; Maxwell and Ghersa 1992), the invasion
scenario could be quite common.

Evidence for extinction as a cause of weed patchiness is
limited to the few studies that have tracked the persistence
of weed populations over time. Patches have been found to
be stable over 5 to 10 yr at the field scale (Gerhards et al.
1997; Wilson and Brain 1991) but to vary at either small
spatial scales (Benoit et al. 1992) or large temporal scales
(Chancellor 1985). It seems likely that each of the above
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hypotheses accounts for some of the patchiness observed in
weed populations. Determining their relative importance is
an empirical task: one that is crucial to the advancement of
our understanding of the spatial dynamics of weed popu-
lations.

Localized Edge Effects

Even if a weed appears from its distribution to be invad-
ing a field from the field margin, the actual effect of the
margin may be limited to the edge of the field. Under con-
ditions in which controlling the edge would do little to slow
an invasion at the field scale (Figure 5), it could slow it
substantially for those patches closest to the field margin
(Figure 8). Similar results have been found with a simple
analytical model of an annual weed (Fogelfors 1985).

That the importance of the field margin may be limited
to the portion of the field adjacent to the edge is also sug-
gested by empirical studies. Three studies of seed movement
found only small numbers of seeds moving more than 7,
12.5, or 3 m into the field (Hume and Archibold 1986;
Jones and Naylor 1992; Rew et al. 1996). Patterns of weed
abundance also suggest limited movement of field margin
weeds. Field margin weeds have been found to have elevated
abundance only within the first 2 to 4 m of the field, and
few of these apparent invaders are also important field weeds
(Marshall 1989; Wilson and Aebischer 1995). Furthermore,
even when important field weeds are particularly abundant
in the field margin and decrease in abundance with distance
into the field, it cannot be assumed that the field margin is
“fueling” the persistence of the weed in the field (Cousens
and Mortimer 1995). Rather, the extra seed input may sim-
ply be increasing the local abundance of a weed that would
be common in the absence of the field margin population
(Figures 5 and 8).

It has been suggested that few weed species thrive in both
field margins and fields (Marshall 1989). For those species
that do, this study suggests two conditions that appear to
be necessary for field margin populations to influence field
populations strongly: differential dispersal abilities and un-
occupied but favorable habitat. For many weed species,
therefore, the field margin may be of little consequence. It
is particularly unlikely that the field margin would be im-
portant for weeds that disperse well in the field (e.g., species
that are spread by combine harvesters or tillage). Exceptions
to these generalizations might be expected following changes
in management practices (the transition to no-till agriculture
is a current example) and with weeds that disperse more
effectively from the field margin than within the field. In
such instances, controlling field margin weeds may prevent
or slow weed population growth in the field.

The restricted number of instances in which field margin
weeds are likely to be a problem suggests that it may be
possible to reduce management of weeds in nonarable land
without negative consequences in adjacent arable land. Re-
cent work on the ability of diverse perennial plant com-
munities to exclude weeds provides further grounds for op-
timism (Kleijn 1997; Knops et al. 1999; Smith and Mac-
Donald 1992). Such plant communities might not only re-
duce the need for weed control within field margins, but
also greatly increase the biological diversity of agricultural
landscapes.
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Arpenpix 1. Deterministic output of numbers of Canada thistle
(Cirsium arvense) shoots and seeds after 25 yr using median param-
eter values (Tables 1 and 3) and Patch Control model type. Sim-
ulation included migration from the field margin and excluded
variation in transition values and maximum biomass. During the
25th time step, 4.6 shoots m~2 were harvested from field patches.

Population Shoots Seeds
(Column, row)? m 2

1, 3 (field margin) 24.00 3,667
2,3 2.83 1,164
3,3 2.52 1,037
4,3 2.46 1,012
5,3 2.45 1,004
6,3 2.44 1,001
7,3 2.42 988
Average of all field patches 2.48 1,020

2 Refer to Figure 1 for populations corresponding to column and row
numbers.
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