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Summary

1. There are very few general guidelines available to improve the process of eradicating
invasive species. We addressed the basic question of whether it is more efficient to priorit-
ize the removal of outliers or core populations of an invasive grass, Spartina alterniflora.
2. We used a structured model in which the population of the invasive species is partitioned
into different classes based on local conspecific density in order to investigate density-based
eradication strategies.

3. The Spartina population at a Pacific coast estuary in Washington state, USA, is subject
to an Allee effect: at low density plants produce fewer propagules than in high-density
coalesced meadows. Plants at low density, however, are able to spread faster vegetatively.
We used a genetic algorithm to find the optimal division of resources between removal
of high-density and low-density plants. We explored the consequences of the Allee
effect, contrasting financial budgets available for control operations and the inclusion of
seedling control in addition to the control of mature plants.

4. We found that the optimal strategy was dependent on the annual budget available for
control. At low and medium budgets, it was necessary to remove the low-density plants
first to achieve eradication, but if more money was available then the optimal strategy
was to prioritize high-density areas.

5. Without an Allee effect the optimal strategy would always be to prioritize the removal
of fast-growing, low-density sub-populations. Seedling control did not change the opti-
mal strategy but did, in some cases, reduce the cost of eradication.

6. Synthesis and applications. Given the uncertainty in future budgets allocated for con-
trol of invasive Spartina, we recommend a strategy that prioritizes the removal of low-
density subpopulations of S. alterniflora over high-density subpopulations. The Allee
effect in this system is not sufficiently strong to outweigh the importance of the rapid
vegetative spread of the plants at low density.
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pollen limitation, Spartina alterniflora
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Introduction

Invasive species are notoriously difficult and expensive
to control or eradicate, and it is important to try to find
the most efficient management strategies (Byers et al.
2002). Prevention is usually more cost-effective than
post-entry eradication or containment (Mack ez a/. 2000;
Rejmanek 2000; Leung et al. 2002), but obviously it is
already too late to use this option for the many estab-

Correspondence: Caz M. Taylor, Department of Environ-
mental Science and Policy, One Shields Avenue, University of
California, Davis, CA 956168755, USA (fax +530 752 3350;
e-mail cmtaylor@ucdavis.edu).

lished invasions. The dynamics of spread of invasive
species have been successfully captured in various popu-
lation models (reviewed in Hastings 1996; Higgins &
Richardson 1996; Shigesada & Kawasaki 1997) but
these have been used surprisingly infrequently to find
optimal control strategies (Higgins & Richardson 1996;
Higgins, Richardson & Cowling 2000).

Several aspects of control can be optimized. In agri-
cultural crop—pest systems, the objective is often to find
the best integration of control methods (biological,
cultural and chemical) and the best within-season
scheduling of pesticide application in order to maximize
crop harvest and thus profit (Shoemaker 1981; Shoemaker
1982; Plant & Mangel 1987; Pandey & Medd 1991).
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Optimal integration of control methods is also import-
ant for management of environmental weeds (Randall
1996; Buckley et al. 2004). When biological control agents
are introduced to control an invasive species, one
objectiveis to optimize the timing and size of releases in
order to maximize the establishment of agents (Shea
& Possingham 2000). Another objective is to find the
most vulnerable life-history stages or transitions and
thereby determine the best combination of biocontrol
agents or other control techniques to reduce the population
growth rate (Shea & Kelly 1998; Buckley, Briese & Rees
2003a,b). Barrier zones can be used to contain or slow
the spread of an invasion, and a population model has
been used to find the optimal number and placement of
traps within such a zone for the control of the invasive
gypsy moth (Lymantria dispar) (Sharov & Liebhold
1998b; Sharov, Liebhold & Roberts 1998). Deciding
between different objectives, such as whether to eradi-
cate, stop or slow the spread of an invasive species,
requires economic long-term cost-benefit analysis
(Sharov & Liebhold 1998a).

We address the question of whether it is more effi-
cient to prioritize removal of young, low-density areas
(outliers) at the edge of an invasion or older core popu-
lation areas when using mechanical or chemical control
methods (Moody & Mack 1988). Different approaches
lead to different answers. The population biology
approach suggests that, in general, outliers contribute
the most to range expansion and should be removed
first, whereas the metapopulation approach suggests
prioritizing core populations that supply most of the
new propagules (Hulme 2003).

Menz, Coote & Auld (1980) used a spatial simulation
model to compare two control strategies: (i) inside-out
(i.e. starting from the high-density centre of the invasion
and moving to the lower density outliers); and (ii) the
opposite, outside-in. They found that inside-out is cheaper
when the spread rate is high, although they cautioned
that this strategy needs a consistently high annual
budget and incurs a higher risk of the invasion becoming
unmanageable if the budget is not met every year.
Wadsworth et al. (2000) found that prioritizing small
satellite populations in riparian weeds was less efficient
than controlling the highest density areas.

All other work on this question determines that it is
better to prioritize outliers. Moody & Mack (1988) used
a non-spatial simulation model of a plant spreading by
multiple foci to address whether it is most effective to
remove a proportion of the original ‘main’ invasion or
a proportion of outliers, which they termed ‘nascent
foci’. They concluded that removing the outliers is a
better strategy because such strategies lead to a longer
time until the total area of the outliers exceeds the area
of the main invasion (crossover time). However, maxi-
mizing the crossover time may not be the appropriate
goal. Itis, in fact, straightforward to construct scenarios
in which strategies with a shorter crossover time produce
faster or cheaper containment than those with longer
crossover times. Both Higgins, Richardson & Cowling

(2000) and Grevstad (in press) used spatial simulation
models of plant invasions to compare removal strate-
gies that prioritize high-density sites with those that
prioritize low-density sites, and both concluded that
low-density sites should take precedence. Higgins,
Richardson & Cowling (2000) further concluded that
prioritizing removal of juveniles is more cost-effective
than prioritizing removal of mature plants.

Direct simulation of different strategies is useful, and
the most appropriate scheme in many cases but does not
allow for mathematical or algorithmic optimization of
strategies. In this study we used a genetic algorithm
(Goldberg 1989) to find optimal density-based control
strategies. Genetic algorithms belong to a class of algo-
rithm known as stochastic global optimization (Torn &
Viitanen 1999; Fouskakis & Draper 2002) that have the
philosophy of using randomness in a constructive way
to search globally for an optimal solution. These algo-
rithms have been widely applied to engineering, economic
and biological problems. The most common optimiza-
tion technique for bio-economic problems, especially
for pest control problems, is stochastic dynamic pro-
gramming (SDP) (Bellman & Dreyfus 1962; Shoemaker
1981; Shoemaker 1982; Pandey & Medd 1991; Shea &
Possingham 2000). However, SDP requires a model of
low dimension, and for a structured population model the
number of possible states of variables often exceeds the
number that is computationally tractable (Shoemaker
1981).

Our population model is unusual in that it is struc-
tured by density. Structured population models usually
partition the population into age, stage, physiological
or size classes, under the rationale that the vital rates
of individuals are age-, stage-, physiologically or size-
dependent (Cushing 1998; Caswell 2001; De Roos,
Persson & McCauley 2003). However, in some systems
vital rates are dependent on conspecific density. When
species are subject to an Allee effect (Allee 1958; Stephens,
Sutherland & Freckleton 1999), also known as depen-
sation, vital rates are depressed at low density. Several
mechanisms can lead to an Allee effect, including
diminished mate-finding opportunities in animals, pollen
availability in plants and higher predation rates when
conspecifics are few or widely spaced (Courchamp,
Clutton-Brock & Grenfell 1999). Vital rates, such as
fecundity and mortality, can also be suppressed at high
densities due to intraspecific competition (often termed
density-dependence). In our study system, the invasion
of anintertidal grass into a Pacific estuary, space limita-
tion and an Allee effect lead to an inherent trade-off
between the removal of high-density and low-density
plants. The low-density plants at the edge of an invaded
area grow faster vegetatively because they are not sub-
ject to the space limitations of the high-density plants,
but their isolation from one other leads to pollen limita-
tion and reduced seed production (Davis et al. 2004a,b).
While it is possible to have density-dependent vital rates
in an age- or stage-structured model (Caswell 2001), we in-
stead created a model in which the population is structured
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into density classes in order to best represent these
density-dependent vital rates (Taylor et al. 2004).

In this study, we extend the model to include annual
plant removal and use it to find optimal partitioning of
resources between the high-density main invasion and
the low-density invasion edge. Additionally we consider
the effect of seedling control, different levels of available
annual resources, required time to eradication and the Allee
effect in determining the optimal control strategies.

Materials and methods

SPECIES AND STUDY SYSTEM

Spartina alterniflora Loisel. is a perennial, intertidal
grass native to Atlantic estuaries of North America. It
was accidentally introduced into Willapa Bay, an estuary
on the Pacific coast in the southern part of Washington
State, about 100 years ago and has spread to occupy
vast areas of mudflat that, prior to this invasion, had no
emergent vegetation. Spartina now fringes the entire
(43 x 10-km) estuary and affects 72 km* (Murphy 2003).
If not checked, it is expected eventually to occupy the
entire 230 km? of available mudflat in Willapa Bay.
Spartina recruits from single seeds and grows rhizoma-
tously into circular plants comprising a single genet
(clone). Initial recruitment is at low density and clones
grow circumferentially, increasing in diameter as rhi-
zomes expand outwards. In time, clones merge to form
dense continuous meadows. The process is reminiscent
of bacterial colonies growing on a Petri plate. Seed of
Spartina disperses great distances by floating on water-
borne wrack in winter within Willapa Bay. Some goes
outinto the sea and the dominant current carries wrack
northwards (Sayce, Dumbauld & Hidy 1997). Over the
past decade seedlings have appeared at locations hun-
dreds of kilometres north of Willapa Bay as far as the
mouth of the Copalis River (Sayce, Dumbauld & Hidy
1997; Murphy 2003).

Attempts to control the spread started in the early
1990s, yet the population in Willapa Bay has continued
to expand rapidly, despite the approximately $1-6 million
that was spent on control from 1998 to 2002 (Reeves
1998, 1999, 2000; Murphy 2001, 2002). An additional
$2-4 million was spent on control in 2003 and the state
and federal agencies involved in the control programme
believe that it will be possible to eradicate the popula-
tion if this significantly larger effort can be sustained
(Murphy 2003). Multiple methods of control are employed,
including pulling seedlings by hand, attempting to
remove adult plants mechanically by mowing, crushing
and tilling, and spraying with herbicide (Murphy
2001, 2002, 2003).

Vital rates in Spartina are strongly dependent on the
local conspecific density. Low-density Spartina indi-
viduals, because of their isolation from one another, are
subject to pollen limitation and thus produce very little
seed relative to the high-density individuals (Davis
et al. 2004a,b). However, low-density plants are not

subject to the space limitation of plants in the high-
density meadows and are able to spread much faster
clonally (Taylor et al. 2004). Our model partitions a
Spartina population into three classes: juveniles, low-
density individual clones and high-density meadows
(Taylor et al. 2004). This model structure allows us to
most easily find the best density-based strategies.

DENSITY-STRUCTURED MODEL

We simulate the spread of Spartina in a 1-km?* area of
mudflat by partitioning the Spartina population into
three classes representing different density stages: seed-
ling, clone and meadow. The variables of the system
represent the proportion of the total mudflat area occu-
pied by seedlings, the proportion of the total mudflat
area occupied by clones, the proportion of the total
mudflat area occupied by meadows and number of dis-
tinct clones and meadows in the population. We define
J, as the proportion of the total available area occupied
by juveniles or seedlings at time ¢, 7, as the proportion
of the total available area occupied by clones, and M, as
the proportion of the total available area occupied by
meadows. (N,), is the number of clones. (N,)), is the
number of meadows.

The area occupied at time ¢ + 1 is given by three
difference equations that are non-linear because the
parameters are not constant:

Jt+1:(f1)/lt+(fM)tMt eqn 1
Im:Jl"‘(HI),(l —n,)ll eqn2
M, = (ul)rn/lz + (“-M)tMt eqn 3

The number of clones changes in the following way:

(N =Ny, + ST, —n,(N)), eqn 4

The number of meadows changes in the following way:

(N = V), = 5 ) (M), + 5 01, V),
eqn S

where S (= 1 km?) is the total area of mudflat available,
W, is the vegetative growth rate of clones and p,, the
equivalent for meadows. 1 is the rate at which clones
coalesce into each other and into existing meadows to
create more meadows, 1, 1s the rate at which meadows
coalesce into other meadows, and 7n,, is the rate at
which clones merge into other clones. f; is the total
fecundity of clones per unit area. f), is the total fecund-
ity of meadows. The Allee effect is incorporated in
that f; is much smaller than f,,. If all these quantities
were constant, we would have a linear stage-structured
model but in fact we assume that the fecundities of
clones ( f;) and meadows ( f),), the coalescence rates of
clones into meadows (1, N, and 1;;) and growth rates
of both meadows (u,,) and clones (u;) depend on the
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area occupied by clones, the area occupied by meadows,
the number of clones, the number of meadows and on
four underlying fixed parameters. The growth rate
and fecundities are density dependent; as the available
mudflat fills up with Spartina, the vegetative growth
rates and the establishment of new seedlings (which is
incorporated into the fecundity parameters) decrease
towards zero. A full description of this model and its
development is given in Taylor ez al. (2004) and in an
online supplement to this paper.

The annual removal of juveniles, clones and
meadows is modelled by subtracting proportions of the
total mudflat area, (R)),, (R)), and (R,,),, respectively,
from equations 1, 2 and 3, and by subtracting from
equations 4 and 5 a proportion of the number of clones
and meadows equal to the proportion of clone and
meadow area removed. If the area to be removed exceeds
the existing area we remove all the existing area. We
assume that (R)),, (R)), and (R,,), are areas of Spartina
that are able to be permanently removed, not areas
treated. So if, for example, the control treatment used
is only 50% effective then two times R,, would need to
be treated in order to remove R,,.

J = max[(f})rl/ + (fM)zM/ —(R)),0] eqn 6
It+1 = maX[Jt + (HI)/(I - n:)I, - (RI),,O] eqn 7
M, =max[(u) N1, + M) M, = (Ry),,0] eqn 8

(NI)“'I = m'd.X|:(Nl)t + S‘]t - nt(Nl)t - (Nl)t(ljl)l, 0:|
eqn 9

(Ny )y =max |:(NM)r - %(nMM)z(NM)r
eqn 10

1 B (Ry),
+5(n11)(N1)z (Ny), M a0:|

t

Finding optimal control strategies

DEFINITION OF CONTROL STRATEGY

If a control strategy is applied for a finite number of
years (7T'), removal of seedlings, clones and meadows
can be represented by three vectors of length 7"

RJ =[(R)1s (R))ss .. s (R)q]
l_{1 =[(Rp)1, (R -+ » (R)4]

RM = [(Ru)1> (Ry)s -+ » (Ry)]

Removal of juveniles takes place early in the season,
whereas removal of clones and meadows is concurrent
and thus competing. We therefore put an upper limit
on the total area of adult plants, (R,), = (R)), + (R,),
< R, that can be removed in any given year, and
find the optimal division between removal of clones
and removal of meadows. Two vectorseach of length T,

(R,) and (P,,), comprise the control strategy. The ele-
ments of P,,, 0 < (P,,), < 1, are the meadow proportion
of the total area removed in each time step.

We discretise the removal strategies to make it pos-
sible to optimize strategies using a genetic algorithm
Goldberg 1989. Moreover, allowing the strategies to
take continuous values delivers more precision than
could actually be implemented. For every time step, we
allow removal of 0%, 25%, 50%, 75% or 100% of the
maximum, R, and allocate to meadow removal 0%,
25%, 50%, 75% or 100% of the area removed. So:

(RA)I = [Oa 0257 05: 075: 1] X Rmax

(Py), =1[0,0-25,0-5,0-75, 1]x R,

CONTROL OBJECTIVE AND SCENARIOS

Our goal is to find strategies that (i) eradicate the in-
vasion within T"years and (ii) minimize total effort and
risk of colonization of other sites within the bay. For
the latter, we use a multi-objective technique and mini-
mize the product of the effort and risk. Eradication
is chosen as a goal for each site because regrowth is
certain if any Spartina is left at the end of the control
programme. For each strategy we calculate the following.

AreaLeft: the area of the invasion left at the end of the
strategy (after 7 years).

Cost: the total area that is removed during the control.
We assume that there is a constant cost of removal per
unit area. We also assume that the cost per unit area of
removing meadow plants is equal to the cost per unit
area of removing clones.

Risk: the total seed production during the control
years. We assume that the risk of seed escaping from
this site and colonizing other sites in the bay is linearly
proportional to this number.

The objective function (which is to be minimized) of
each strategy is give by:

Objective Function = {AreaLeft. i'f AreaLeft > 0
Cost X Risk if AreaLeft =0

We are interested in finding optimal strategies and
their associated cost and risk for five scenarios.

Base scenario: eradication must occur within 10 years.
No control of seedlings is included and the population
is subject to an Allee effect (fecundity of clones is much
lower than fecundity of meadows).

With seedling control: this is the same as the base
scenario except we add the removal of up to 100 seedlings
per year.

No Allee effect: this scenario is the same as the base
scenario except we take away the Allee effect by allowing
the fecundity of the clones to be the same as that of the
meadows. This scenario does not represent the true
dynamics of the population and is designed to deter-
mine the consequences that an Allee effect might have
on control decisions.
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Table 1. Initial conditions at start of control for early, established and late invasions. Calculated from the model after 20, 40 and

60 years, respectively. Total area available is 1 km?

Early invasion

Established invasion Late invasion

Age of invasion (years) 20
Area occupied by juveniles (km?) 1
Area occupied by clones (km?) S11
Area occupied by meadows (km?)

Number of isolated clones 3
Number of meadows 1
Total area occupied (km?) 520
Percentage of available area occupied 0-05

40 60

82 4000

10771 50 400

6029 510 500

193 9620

14 524

16 882 564 900
1-7 56-5

Fast eradication: eradication must take place within
5 years otherwise this is the same as the base scenario.
Slow eradication: eradication must take place within
20 years otherwise this is the same as the base scenario.

OPTIMIZATION

Using the model without any removal, we calculate the
initial state of a 20-year-old, 40-year-old and 60-year-
old invasion labelled early, established and late, respec-
tively. The initial conditions are shown in Table 1. The
early invasion is dominated by uncoalesced clones,
the established invasion has a significant area of both
clones and meadows, and the late invasion is dominated
by meadows. Control is then applied to the invasion for
a specified (5-, 10- or 20-year) period. For every year
there are 25 possible combinations of management
options, leading to 25" (c. 10') possible control strat-
egies for a 10-year control programme, 25° (¢. 107) pos-
sible strategies for a 5-year programme and 25% (c. 10%)
possible strategies for a 20-year programme.

The genetic algorithm starts by randomly generating
10 000 control strategies. Each strategy is simulated
in the model and the value of the objective function
(described above) is calculated. Each iteration of the
algorithm picks the 100 ‘best’ strategies, i.e. those that
produce the lowest values of the objective function, and
uses a simple crossover function (Goldberg 1989) to
generate 10 000 new strategies from every possible two-
way recombination of the 100 best strategies. The cross-
over function generates a random crossover point, cp,
for each vector (R, and P,,) of the two strategies to be
recombined and generates new vectors by combining
the first cp elements of the vector from one strategy with
thelast (T—cp) elements of the vector of the other strategy.
There is also a small probability (P = 0-05) of mutation
(to a value chosen randomly from a uniform distribu-
tion of the five possible values) for each element of both
(R,) and (P,,) to maintain diversity and improve the per-
formance of the algorithm (Goldberg 1989). The algo-
rithm terminates when an iteration does not reduce, within
a tolerance of 107, any component (4reaLeft, Cost or
Risk) of the current best value of the objective function.

We first calculated the minimal area that must be
removed annually (R,,,) in order for eradication of
an early, established and late invasion to be achievable.

We performed a binary search on the value of R,
until we found the minimum value (to within 1% of ini-
tial invasion size) for which a strategy could be found to
eradicate the invasion within 7 years. Since 1998,
Washington State Department of Natural Resources
has published yearly reports stating total expenditure and
total area treated (Reeves 1998, 1999, 2000; Murphy
2001, 2003). We used these data to estimate the approxi-
mate cost of Spartina removal per square metre. We then
translated the minimum R,,, value into an estimated
minimum annual budget. We calculated the minimum
R, and the minimal annual budget for each of the
five scenarios described above.

We used the genetic algorithm to find the optimal
division of resources between meadow and clone removal
that could eradicate an established invasion at three
annual budget levels (assuming an average value for the
cost of removal per m?) corresponding to removal of
22%, 30% and 40% of the initial invasion. We repeated
this for each of the five scenarios. We did not attempt to
find the optimal control strategies for an early invasion
that consists almost entirely of uncoalesced clones or for
a late invasion that is dominated by meadows (Table 1).
Only when the starting point of the invasion consists of
large proportions of both clones and meadows is the
optimal strategy of interest. We calculated the total
expenditure and the relative risk of seeds from this site
colonizing other sites for each of the optimal strategies
for each budget level and each scenario.

Results

For an early invasion, at least 20% of the initial occu-
pied area, or about 100 m?, must be removed each year
to effect eradication within 10 years. For an established
invasion at least 22% of the initial occupied area must
be removed annually, but this is about 3700 m*. For a
late invasion, at least 16% of the initial occupied area
(approximately 90 000 m?) must be removed annually
(Table 2). Calculations from the legislative reports gave
a range of treatment costs of between $0-05 m™ and
$0-13 m™ and an average of $0-08 m™. Treatment was
assumed in the reports to be about 50% effective, so the
cost range for actual removal cost was between $0-09 m™
and $0-25 m™ and the mean was $0-16 m™. Using these
data, the minimum annual budget for eradicating a
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Table 2. (a) Minimum area in terms of percentage of initial invasion that must be removed annually to effect eradication of the
invasion. (b) Minimum annual budget needed to eradicate invasion assuming removal cost per square metre is $0-09-$0-25

Early invasion

Established invasion Late invasion

Initial size of invasion (m?) 520

(a) Percentage initial invasion

Base scenario (eradication within 10 years) 20
With seedling control 18
No Allee effect 25
Fast eradication (within 5 years) 33
Slow eradication (within 20 years) 16

(b) Minimum annual budget ($)

Base scenario (eradication within 10 years) 9-26
With seedling control 8-23
No Allee effect 12-33
Fast eradication (within 5 years) 15-43
Slow eradication (within 20 years) 7-21

16 882 564 900
22 16
20 15
23 16
39 38
17 8
334-929 8 135-22 596
304844 7626-21 184
349-971 8 135-22 596
593-1646 19 320-53 666
258717 4067-11 298

60-year-old invasion in 1 km? was between $8100
and $22 600. For a 40-year-old invasion, the minimum
annual budget was $330-$930 km™, and for a 20-year-
old invasion only $9-$26 km™ (Table 2b). Neither the
Allee effect nor the inclusion of seedling control had a
large effect on the minimum annual budget, except for
an early invasion when the Allee effect increased the
minimum budget needed. Faster eradication (within
5 years) increased and slower eradication (within 20 years)
decreased the minimum annual budget dramatically,
especially for a late invasion ( Table 2).

For an established invasion, the type of strategy that
was optimal depended a great deal on the annual budget.
The best strategies (the ones that minimized the product
of escapee risk and total expenditure) were ‘meadow-
first’ strategies (Fig. 1b,c), but these required a high or
medium annual budget (removal of 30% or more of the
initial invasion, approximately $800 assuming a cost of
$0-16 m™). If a high annual budget was not available
then it was necessary to remove the low-density clones
first and focus in the second, third or fourth year on the
meadows (Fig. 1a). Eradication using a meadow-first
strategy was not possible when the budget was low (c.
$600 year™). Without the Allee effect (when fecundity
of clones and meadows is identical), it was always
better to remove faster growing clones first. Neither the
addition of seedling control nor the desired eradication
time qualitatively changed the optimal strategy under
any of the conditions tested, although seedling control
did substantially reduce the risk of colonization when
the budget was low (Fig. 2b).

The annual budget also had a large effect on both the
total expenditure and risk of colonizing other sites of
the optimal strategy. Risk always decreased with increas-
ing annual budget, whereas the lowest total expenditure
(about $4700 km™ for the base scenario) was the same
when the annual budget was at its low or high value
(Fig. 2a). Seedling control had a large effect on escapee
risk when the budget was low, but the optimal strategy
found in this case was more expensive by about $500
over 10 years than for the base scenario (this did not

(a) Low annual budget

mmmmm (Clone removal
Meadow removal

Proportion of maximum annual removal
<)
W
S

1 2 3 4 5 6 7 8 9 10

Time (years)

Fig. 1. Optimal strategies for eradication of an established
(40 years) invasion when (a) annual budget is low (approxi-
mately $600, corresponding to a maximum annual removal of
3700 m* or 22% of initial invasion), (b) annual budget is medium
(approximately $800, corresponding to a maximum annual
removal of 5100 m? or 30% of initial invasion) and (c) annual
budget is high (approximately $1000, corresponding to a
maximum annual removal of 6800 m? or 40% of initial invasion).

include the cost of removing the seedlings themselves).
When the budget was medium or high, removing seed-
lings did not reduce the already low colonization risk
but did result in strategies that were cheaper by $600
and $270, respectively (Fig. 2b). Removing the Allee
effect always increased the escapee risk, increased
the expenditure when the annual budget was low and
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(a) Base scenario

55
5-0
45
4.0
35
3:0
2:5

0 1 2 3

IS

(b) With seedling control
5.5 12
50
45
4.0
3-0 L 04
3.0

25 = 0-0
0 1 2 3

- 0-8

Cost (x $1000)
Risk

IS

(d) Fast eradication
50
4.5
4.0
35
3.0
2.5 4

08

L 04

Cannot Eradicate
Cannot Eradicate

=00
Low Medium High

mm Total cost of eradication

—— Risk of colonizing other sites

(¢) No Allee effect
5.5 12
50
4.5 r0-8
4.0
35 - 0-4
3.0
S 25 = 0-0
=
2 c
X &
= (e) Slow eradication
S
O 55 12
50
4.5 F0-8
4.0
3.5 F0-4
3.0
25 -0-0

Low Medium High

Annual budget

Fig. 2. Total expenditure and risk associated with the optimal control strategies for each of the five scenarios (a—e). Total
expenditure (columns and left axes) in thousands of USA dollars, and number of thousands of potentially escaping seeds
produced during control (circles and right axes). Assumes a removal cost of $0-16 m™.

reduced the expenditure when the annual budget was
medium or high (Fig. 2¢). Faster or slower eradication
had little effect on the expenditure or escapee risk. Fast
eradication was only possible with a high annual budget.
Slow eradication increased the expenditure when the
budget was high (Fig. 2d,e).

Discussion

Although the best strategy that we found is to remove a
large fraction of the area every year starting with the
main invasion (meadow-first strategy), this is also the
riskiest strategy as it requires large resources to be con-
sistently available. When annual resources are lower,
eradication is only possible if priority is given to the
fast-growing low-density plants. This is the same
conclusion that Menz, Coote & Auld (1980) reached,
although for different reasons. Under Allee dynamics,
asin Spartina, the strategy prioritizing the high-density
meadows is optimal because it leads to a lower risk of
new propagules. In other systems, prioritizing high
density is optimal because of the inclusion of marginal
(density-independent) costs or of costs of searching for
infestations. If these costs are significant then removing
high-density sites is likely to be more efficient (Menz,
Coote & Auld 1980; Wadsworth et al. 2000). For a
restricted annual budget or when there is no Allee effect,
itis necessary to prioritize the fast-growing low-density
plants, or the rate of spread of the invasion will exceed
the rate of control (Moody & Mack 1988; Higgins,
Richardson & Cowling 2000; Grevstad, in press). We

have shown that the optimal control strategy depends
on both the biology of the invasive species and on the
available annual commitment of resources.

We have previously shown that the Allee effect dra-
matically slows the rate of spread of Spartina (Taylor
et al. 2004). We expected that eradication would be
cheaper when the invasion was subject to Allee dynamics,
and this was true when the annual resources were
restricted (low annual budget). However, if high annual
resources are available then the optimal strategy for a
population with Allee dynamics is more expensive than
for a population without Allee dynamics (Fig. 2a,c).
The reason for this is found in the multiple-objective
approach that we took. The more expensive strategy
has a lower risk of escaping propagules than the less
expensive strategy found for the non-Allee dynamics.
There are two kinds of Allee effect, strong and weak
(Wang & Kot 2001; Wang, Kot & Neubert 2002). With
a strong Allee effect, growth rates become negative
and the population will become extinct when it drops
below a threshold density. For an invasive species with
a strong Allee effect, eradication is easier because it is
only necessary to reduce the population density to
below this threshold (Liebhold & Bascompte 2003).
Spartina, however, experiences only a weak Allee effect;
the growth rates are lower at low density but never
negative (Taylor et al. 2004). The weak Allee effect
changes the optimal eradication strategy but does not
always make eradication easier or cheaper.

The questions explored in this study are relevant to
control of Spartina at a relatively small spatial scale.
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The model simulates spread across a 1-km? site. The
mudflats of Willapa Bay occupy about 230 km?, about
72 km? of which is invaded to differing extents by
Spartina (Murphy 2003). While the small-scale tactical
questions addressed by this study are important for the
optimization of control, a model of larger spatial scale
would be needed to develop a full management plan for
Willapa Bay (Mack et al. 2000; Grevstad, in press). In
this system and in others the cost of control increases
sharply with the length of time since invasion (Higgins,
Richardson & Cowling 2000), as does the potential for
propagule supply. A larger scale model is needed to
explore whether control should focus on the recently
invaded or more established sites or evenly throughout
the bay. Lack of specific knowledge about the long-
distance seed dispersal between sites in the bay has so
far hampered development of such a model.

The control objective can radically change the strategy.
We chose eradication as a goal because of the small
spatial scale of this study and to minimize both cost
and risk of escaping seeds. A goal of containment or
slowing the spread may be more appropriate at a larger
scale (Randall 1996; Sharov & Liebhold 1998a,b;
Rejmanek 2000; Byers et al. 2002).

We structured our model by local density (un-
coalesced clones and coalesced meadows) and by age
(juveniles and adults). There is a long history in theor-
etical ecology of population models that are structured
by age, physiological stage, some other physiological
trait such as individual size (Metz & Diekmann 1986;
Tuljapurkar & Caswell 1997; Cushing 1998; Caswell
2001), and occasionally by some other demographic
trait (Lamberson et al. 1992; Waldstatter, Hadeler &
Greiner 1988). The advantage of a structured model is
that different classes can have different vital rates. It is
well known that density of conspecifics can affect vital
rates and it is therefore surprising that we were unable
to find any other examples of density-structured models.
The more common approach seems to be to use an
age- or stage-structured model with density-dependent
vital rates (Caswell 2001). We used difference equations
to model discrete time, appropriate for an annually
reproducing plant species, and a discrete set of possible
states. To represent the individual’s state as a con-
tinuous variable, integrodifference equations could be
used for discrete time, and differential equations for
continuously reproducing species. Such models could
extend the concept of density structuring to include
continuous time and/or continuous state.

MANAGEMENT RECOMMENDATIONS

We recommend that the agencies responsible for eradica-
tion of Spartina continue to prioritize the removal
of low-density uncoalesced individuals, referred to as
‘clone fields’ in the legislative reports (Murphy 2003),
over the high-density meadows. The vegetative spread
of these low-density plants is so rapid that this strategy
is necessary when resources are limited. Prioritizing

meadows is slightly cheaper when resources are high
but the low-density-first strategy will also work and
incurs less risk in the face of uncertain future budgets
and uncertain efficacy of control techniques. These
recommendations are consistent with results from
comparing control strategies in a simple spatial model
of Spartinathat does notinclude the Allee effect (Grevstad,
in press) and with general guidelines of weed control
(Moody & Mack 1988; Hulme 2003).

Our results suggest that seedling control should con-
tinue to be considered as a possible adjunct control
activity. Seedling removal used to be a component of
the control plan (Murphy 2001) but is not mentioned in
more recent reports (Murphy 2003). We do not have any
data with which to estimate the cost of seedling control,
but we can calculate the benefit of seedling control.
Our model shows that when the annual budget is low,
removing 100 seedlings km™ year™ from a 40-year-old
invasion reduces the risk of escaping seed over a 10-
year control programme by about 75%.
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