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Abstract
According to the Millennium Ecosystem Assessment, invasive alien species (IAS) are one of the most important drivers of biodiversity loss and, furthermore, growing global trade and transportation are encouraging a rise in the rates of introduction of invasive species. In this paper, we carry out an economic analysis of management strategies for three invasive plant species in British Columbia, Canada: hawkweed, Scotch broom and Eurasian Watermilfoil. For each species, we partitioned the landscape into five alternative states and used a logistic growth model to simulate the invasive species population falling into each state over time.  Transitions between states occur as a result of natural processes or management actions. The management strategies we considered include conventional treatment activities and biological control, and we additionally examined an escalation in control costs and specialized management along utility and highway corridors. Based on these analyses we recommend that efforts continue to develop successful biological control programs for hawkweed and other invasive plant species.  Land management actions such as grazing management and seeding are also an important component of control programs even though these actions may be costly in the short term. For the management of invasive plants along utility and transportation corridors, nearby areas surrounded by vulnerable, un-invaded habitat should be given priority over those that are not.  
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1. Introduction
According to the most recent Millennium Ecosystem Assessment (2005), invasive alien species (IAS) are one of the five “most important direct drivers of biodiversity loss and change in ecosystem services” around the globe. The rates of introduction of IAS are increasing due to growing global trade and transportation (Jenkins, 1996).  Pimentel et al. (2005) estimate that about 42% of threatened and endangered species in the United States are listed primarily because of IAS.  They value the annual environmental damages caused by IAS in the US at almost $120 billion.   
The most recent report on the general status of wild species in Canada highlighted the issue of non-native species, and noted that almost one quarter (24%) of vascular plants in Canada are exotic species at the national level (CESCC, 2006). Significant work has been done on valuing the economic impacts of invasive plants in the United States (Pimentel et al., 2005; Duncan and Clark, 2005; Barbier and Knowler, 2006).  For Canada, Colautti et al. (2006) estimated that nuisance nonindigenous species result in an ‘invisible tax’ that ranges between $13.3 and $34.5 billion CDN per year.   They estimated that invasive plants such as purple loosestrife, leafy spurge and spotted knapweed have annual control costs and economic damages totaling to at least $210,000, $38 Million and $480,000 respectively.
Studies on the economic and ecological impacts of invasive plants highlight the importance of taking action to prevent, control, mitigate and adapt to their impacts.  However, resources available to do so are limited (Colautti et al., 2006).  Furthermore, there is often uncertainty regarding the level of damages and, consequently, the most appropriate level of resources to allocate towards invasive plant management (Eiswerth and van Kooten, 2002).  Policy makers and invasive plant managers require tools to help them evaluate the costs and benefits of alternative strategies to minimize impacts.
This paper describes a bioeconomic framework that can be used to evaluate the costs and benefits of alternative invasive plant strategies in the management of invasive plants that have already become established (Frid et al., 2009). With such a framework in place, limited resources can be allocated more effectively towards the strategies that will have the greatest net benefits. The framework involves identifying impact pathways, quantifying the damages caused by these impacts, identifying alternative management actions and their costs, and developing a bioeconomic model that projects the future damages of invasive plants under alternative management actions.  It can be applied at spatial scales that range from a localized problem to a provincial scale analysis. To illustrate the approach, we apply our modeling framework to three invasive plants in British Columbia at three different scales: hawkweed (Hieracium sp.) L.) t the Provincial scale, Scotch broom (Cystius scoparius) along a transportation corridor and Eurasian Watermilfoil (Myriophyllum spicatum) in regional water bodies. 

Hawkweed is a member of the sunflower family and was introduced to North America from Europe in the late 1800’s as an ornamental (Wilson and Callihan, 1999). Hawkweed has escaped into the landscape and become a noxious weed in various parts of the US and Canada (Duncan and Clark, 2005).  It is a problem on native rangelands in southern BC, in particular, where it displaces valued native forage species. It has various negative impacts on ecosystems and causes an intense allergic response in up to 80% of people exposed to it (L. Wilson, personal communication). Restoration is difficult and requires reseeding because hawkweed excludes other plants from the surrounding area.  
Scotch broom was introduced to British Columbia in the mid 1800’s from the Mediterranean region (Klinkenberg, 2009).  Since then, it has expanded its range extensively in coastal areas of BC, particularly Vancouver Island and the islands in the Strait of Georgia, where it poses a threat to endangered Garry oak ecosystems (Fuchs, 2001).  Impacts of Scotch broom on ecosystems and the economy can include reducing forage availability for wildlife and livestock (Oregon Department of Agriculture, 2000), reducing tree growth in commercial tree plantations and in some cases entirely preventing the growth of seedlings, and out-competing native vegetation (Watt et al., 2003; Fuchs, 2001).  Since it is highly combustible, Scotch broom can increase the risk of fire in timber plantations and utility corridors, as well as in sensitive ecosystems (Dibble et al., 2007).  

Eurasian Watermilfoil is an aquatic plant that grows in dense mats in water depths of up to six meters.  It was first detected in BC in the Okanagan Basin in 1970 (Klinkenberg, 2009).  It spread very rapidly; within four years it was well established within all of the main lakes of the Okanagan Basin (Ferrence, Weicker & Company, 1991).  Watermilfoil out-competes native plants for light and space, reducing biodiversity and the quality of recreation sites for swimming, boating, fishing and the general aesthetic appeal of the waterfront.  Decaying mats of Watermilfoil can reduce water oxygen levels, alter P:N ratios, increase pH and raise water temperatures, thereby reducing water quality (Nichols and Keeney, 1973).  Watermilfoil also can clog pipes in irrigation canals and in water and power generation intakes, increasing maintenance costs for infrastructure and reducing power generation.

In subsequent sections, we apply our modeling framework to each of these species and present our results. Finally, we discuss the implications of our research for management and conclude with some final remarks.

2.
A general bioeconomic modeling framework for invasive plant management
2.1
Modeling approach
To model the net economic benefit obtained by society when a management intervention is undertaken to control an invasive plant, we employed a fairly standard cost-benefit framework, but modified it in a novel way to include additional aspects of management. Net economic benefits were calculated as the net present values associated with a variety of management scenarios, each consisting of a set of parameter assumptions unique to that scenario and the individual invasive species in question. These net economic benefits were represented for each management intervention as the following relationship:
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where NBt represents the discounted net economic benefit in time t, Bt are the benefits from the intervention, Ct are the costs of the management program; and Et are any environmental costs associated with management (e.g. environmental damages from pesticide spraying). We calculated the net economic benefits over a 100 year time horizon. Finally, the term ρ refers to the discount factor, or 
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Benefits, Bt, are modeled as the difference in the damages from the invasive species under the "with" and "without" management situations, or Bt = DC(Nt - Ntm), where DC is the damage cost per hectare associated with the invasive species (assumed constant), Nt is the area invaded at time t assuming no management intervention, and Ntm is the area invaded at time t under a management intervention. Management costs, Ct, consist of investment costs, ICt, recurrent costs, RCt, and operating costs, OCt, yielding Ct = ICt + RCt + OCt. Investment and recurrent costs pertain only to biocontrol interventions and covered activities such as importation and development of biocontrol agents, as well as on-going research and development at government research facilities. Operating costs included any inventory activities, conventional treatments (e.g. spraying, pulling of invasive plants) and biocontrol agent release. Finally, for those management interventions that impose environmental damages as an unintended consequence, we modeled this as DCE T, where DCE is the environmental damage cost per area treated with the management intervention and T is the area treated in year t.
A critical element in our model is the depiction of the area invaded under the "with" and "without" management conditions. If no management takes place, the area occupied by an invasive plant species will expand over time. This process can be described by an appropriate difference equation and various authors have adopted the following logistic growth model in discrete time for this purpose (Shigesada and Kawasaki, 1997):
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(2)
where r is the intrinsic growth rate in discrete time and K is the ecological limit for the species in terms of maximum potential area that could be invaded.
 Expression (2) was used in our study to model the invasion process assuming that no management interventions were undertaken.


Including an allowance for several forms of management intervention (e.g. inventory, conventional treatment, biological control, etc.) required a more complex model of the invasion process. For example, we needed to recognize that these interventions may have different implications for newly invaded areas versus those that are more established, so we distinguished these two types of invaded areas. As a result, we decomposed the area invaded, Nt, into five components (Figure 1): (i) area that is in its first year of invasion and known to managers; (ii) area that is successfully invaded (Year 2+) and known to managers, Nk; (iii) area that is in the first year of invasion and is unknown to managers, Ne; (iv) area that is successfully established (Year 2+) and unknown to managers, Nu; and (v) area that is being contained by a biological control agent, Nb.
   These five categories are mutually exclusive.  We assume the area newly invaded and known in (i) is immediately eradicated and, therefore, we do not include this area as a component in the total area invaded at time t, although it still plays a role in determining changes in the other components. Thus, the total area invaded at t can be described as Nt = Nkt + Net + Nut + Nbt.  This value is always less than or equal to K given the range of intrinsic growth rates used in this study.  We next describe how each of these four components changes from one period to the next.
2.2
Area successfully invaded (Year 2+) and known

For Nk, we assume change over time in response to several processes; namely, the area eradicated, AEt, the area newly detected, Dt, and the area influenced by biological control, BCt, as follows:
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Nk increases via the detection of unknown areas Nu, as a result of inventory activities, and Dt the area detected at time t is expressed as:
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where It is the area inventoried at time t and si is the probability of success when inventorying a given area. In addition, sk is the proportion of the landscape within the ecological limit (K) where inventory is provided automatically at no cost due to factors such as past knowledge, research, education and outreach.  In contrast, Nk decreases as a function of eradication, AEt, via the relationship, AEt = seTt, where se is the rate at which treatment successfully eradicates areas treated and T is the amount of area treated. Together, these terms describe the proportion of the unknown landscape that receives successful inventory, either directly or through outreach and education, and this term is then multiplied by the absolute amount of unknown area invaded.
.  
We also impose the following condition stipulating that the area inventoried during period t must be less than the remaining area within the ecological limit that is unknown to managers:


[image: image6.wmf][

]

)

)(

1

(

t

t

Nk

K

sk

I

-

-

£





(5)

The area that is known to managers will also decrease as a function of successful biological control releases and subsequent spread from established biological control populations. We assume that the spread of the biocontrol agent to areas that are invaded and known to managers is a function of the total area invaded:
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(6)
where rb is the intrinsic spread rate of biocontrol, sr is the release success rate for biological control and Rt is the area of releases at time t.  

2.3
Area newly invaded (Year 1) and unknown

Changes in the early invasion portion of the population, Net, depend on the newly invaded area, INt, less the growth and succession of the early population stage into a full blown invasion after the passage of one year, St, the area subject to early detection and eradication, EDt, and the area exposed to biocontrol agents, Bet:
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Newly invaded areas, INt, result from growth in the area currently invaded but the parent area contributing to this growth must be adjusted for: (i) the area of early detection and rapid response, EDt, (ii) areas treated and eradicated (see above), and (iii) the area where treatment did not result in eradication but where it prevents the spread of the invader from treated areas to sites not yet invaded, Pt. Recalling r is the intrinsic rate of growth for the invasive plant species, then new invasions can be described as:
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The numerator of the fraction represents the effective population size that is using up a portion of the carrying capacity after eradication and early detection.  The last term in brackets represents the effective reproductive population size after eradication, early detection and spread prevention.


The area of early detection, EDt, represents the proportion of the invasive plant population that was eliminated because it was detected early enough (in the first year) to prevent the establishment of a large seed bank. This assumption enables us to use a simple model that does not require an age structure.  Early detection is expressed as:
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where all variables and parameters are as defined earlier. As with the detection of unknown areas, our assumption is that inventory is allocated randomly across the landscape and that the likelihood that an area that is in an early infestation will be inventoried is proportional to the unknown invaded area that is inventoried.


The area where spread is prevented, Pt, can be described as:
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where sp is the success rate for preventing the spread of areas that are treated and bsp is the success rate for preventing spread from invaded areas that are being contained by biological control agents, with se + sp ≤ 1.  The latter constraint is imposed to ensure that the area undergoing eradication and spread prevention as consequence of treatment is mutually exclusive. 

We also consider a reduction in the invasive plant population that is in the first year of invasion, due to the transition of invaded areas from the early invasion stage, Ne, to the unknown invasion stage, Nu. This relationship can be described as:
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where St is the area that was newly invaded last year but in the current year has become a full blown invasion, less the area that was successfully detected and treated in the previous year and the area where biocontrol agents have become established.  


The final component that must be removed from the invaded area in its first year is the area that shifts to the biocontrol state due to the spread of the biocontrol agent.  Labeling this area Bet, we estimate it according to the following relationship:
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Expression (12) is similar to Bkt but there is no release term because populations of initial infestations are unknown to managers and, therefore, biocontrol agents cannot be released there.

2.4
Area successfully invaded (Year 2+) and unknown

Changes in the area that is invaded but unknown to managers, Nut, can be described as:
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We assume that Nut increases as a function of succession from the early infestation stage, St, decreases as a function of new detections, Dt, and decreases as a function of the spread of biological control agents into unknown areas, But. The latter process occurs according to the following relationship:
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2.5
Area contained by biocontrol (if relevant)

Finally, the area subject to invasion that is contained by biocontrol, Nbt, changes over time via:
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Aside from increasing due to releases, Bt, the area subjected to biocontrol decreases as a function of the extinction of host plants when they are attacked by the biocontrol agent. Depicting this latter process as Ebt, we model it as Ebt = sbeNbt, where sbe is the eradication success of the biocontrol agents.  Note that in our analysis we assume sbe to be zero and that biocontrol agents rarely cause the extinction of the host plant from a site, only a reduction in density.
In summary, changes in the area invaded under no management are described by (2), while the area invaded when there is a management intervention, changes over time according to (3), (7), (13) and (15).  Estimates of the area invaded in each year are multiplied by damages per unit area (see below) to determine total damages. In some cases, treatment can reduce these damages without completely eradicating them. To capture this possibility, we included a damage reduction term that is multiplied by the area treated.  The area contained by biocontrol agents is also subject to a damage reduction term that reflects the average density reduction in the invasive plant population caused by the biocontrol agent.

3.
Parameter assumptions for the baseline case and management interventions
3.1
 Economic damage and ecological parameter assumptions
We used a benefits (or in this case “damages”) transfer approach to value the damages from the invasive plants in question. Benefits transfer is an approach whereby benefits or costs estimated for one site are used at another, either without adjustment or these may be altered in some way to reflect differences in site conditions. All monetary values were converted to Canadian dollars and adjusted to 2006 prices.
Wilson (2002) reports economic damages from hawkweed species as US $ 222 per ha in the United States.  These economic damages include losses to grazing, forestry, recreation (hunting and hiking), real estate and wild land values, but may represent only higher valued lands infested by hawkweed. Since the estimate comes from studies of leafy spurge damages, it must be seen as 'speculative', as suggested by Duncan and Clark (2005), but it represents the best information available; both hawkweeds and spurge are perennials and similar in their invasion habit into pristine grasslands/habitats. We reduced Wilson's damage estimate by 50% to obtain an estimate of the per hectare value for BC.  This reduction is based on the assumption that Wilson’s original estimate is based on infestations of lands that are of high value to range production and recreation rather than all lands that are susceptible to hawkweed invasion, and to avoid any possible double counting involving real estate values.  The estimated economic damage was $165.04 per ha (Table 1). Similarly, no studies of the economic damages from Scotch broom have been undertaken in Canada. Instead, we used data from Oregon to estimate the unit damage cost for BC (Oregon Department of Agriculture, 2000). Measurable economic damage from Scotch broom consisted of lost agricultural production (forage), foregone timber sales and loss of food resources for wildlife. The adjusted economic damage value was $39.51 per ha (Table 1). 

Finally, limited data on economic damage from Eurasian Watermilfoil in British Columbia exists, as a result of a Watermilfoil control project on Lake Okanagan carried out for the BC Ministry of Environment in the 1990s (Ference, Weicker & Company, 1991). In addition, Eiswerth et al. (2000) make a rudimentary estimate of the potential net economic damage to water -based recreation in Western Nevada and North Eastern California. Since baseline recreational values tend to be highly site specific we decided to use the older BC government study and modify and update the figures as required. Our estimate of the value of recreation lost from Watermilfoil was $954.95 per ha infested (Table 1). Given growth in the population and numbers of recreational visitors in the region since 1991 this value should be taken as a lower limit.
The basic form of the logistic growth model (Equation 2) requires estimates for the carrying capacity or ecological limit, representing the maximum area that could be invaded in the study area K; the intrinsic rate of growth of the invasive plant r; and the initial population size No at time to.  The modified logistic model that incorporates management actions and biocontrol includes several additional parameters. We selected these parameter values using a combination of data in the literature and expert opinion provided by a project technical committee consisting of academic and government weed specialists.  Our ecological and inventory parameter assumptions are provided in Table 2, with further details provided in the electronic appendix.
3.2
Management interventions
Hawkweed. We considered two interventions for hawkweed, a biocontrol program as well as a conventional treatment.  This allowed us to compare the relative economic merits of each. For the ex ante analysis of a new biocontrol project addressing hawkweed, we assumed that there would be five biocontrol agents released and then used screening costs for each agent based on data from previously implemented biocontrol programs (L. Wilson, pers. comm.; R. De Clerck, pers. comm.). Recurrent costs for the program administration and management were developed from current records and charged at 0.55 scientist-years annually; to accompany this we used a current estimate for the cost of a scientist-year of $350,000.  Field releases were governed by an annual budget of $100,000 for this purpose, with higher and lower values considered for the purpose of sensitivity analyses. We made assumptions about the area that these releases would initially affect (0.05 ha) and the average cost of a release ($295/release) based on data for knapweed (V. Miller, pers. comm.). We also included an inventory budget for detecting unknown populations of Hawkweed of $100,000 in the baseline assumptions, but varied this together with the treatment budget to establish alternative scenarios. Finally, to assess the importance of timing in the initiation of a hawkweed biocontrol (and conventional treatment) program, we considered delays in its start of 5, 10 and 20 years to determine the relative impact on economic returns. 
For conventional treatment of hawkweed, we used ecological and inventory parameters (Table 2) that were identical to those for the biocontrol analysis described above. We also considered two treatment approaches, intended to bound the range of options that might be considered, and examined the tradeoff between investing a large amount of resources at a site specific level and reducing the number of sites that can be treated versus using fewer resources per site and treating a larger area in total. Treatment Option A represents a high site specific level of investment and involved a three year spraying program, followed by land management in the form of reseeding (L. Wilson, pers. comm.). Costs were derived from best estimates of the contract cost of spraying (about $300/ha), which was then doubled to include administration and management costs/overheads. A $50/ha charge for reseeding was added to each year's spraying cost, yielding an annual cost of $650 per hectare.  Because each year of treatment reduces the amount of area invaded substantially, we assume that the amount of area treated at a site for year two decreases by 50% and again by 50% for year three.   Thus the cumulative area treated at a one hectare site after three years is 1.75 ha and the total three year cost is $1137.50. To capture the intent of this option, eradication success was assumed to be high, at 90%. Treatment Option B represented a one time spraying program with very limited permanent reduction/eradication of hawkweed and no reseeding. As a result, eradication success was assumed to be low (5%), but the temporary damage reduction parameter was set at 90%. Since pesticide spraying is well known to involve additional external environmental costs (Pimentel et al., 1992), we made a crude estimate of these to add to the private spraying costs of both options.
  Finally, we established a baseline spraying budget for conventional treatment equivalent to the biocontrol budget to ensure a fair comparison between these two programs. To calculate a comparable budget for annual treatments, we considered both investment and ongoing costs of biocontrol.  This adjustment resulted in a baseline spraying budget of $180,000/year (Table 3). 

Scotch broom. The analysis of Scotch broom differed because it was concerned with a localized problem: invasion along a representative highway corridor on Vancouver Island. Scotch broom treatment includes cutting mature plants to within a few inches from the ground, chipping the plant waste and spreading it on site as mulch; immature plants are hand-pulled and then chipped in the same manner as mature plants (B. Brown, pers. comm.). Our biological assumptions for this corridor are that the proportion of the invaded area that is known is quite large and the ecological limit is relatively small (150 ha). Treatment along the Island Highway is currently carried out using correctional facility (inmate) labor, which is substantially less expensive than contract crews, and so this cost was adopted for our analysis. Based on the historical cutting program, we assumed a cost of $1421/ha of Scotch broom removed. In contrast, a contract crew would cost approximately $6571 per ha removed.
 Finally, we considered only a limited baseline budget of $20,000/year using options of $10,000 and $40,000/year for sensitivity analyses (A. Planiden, pers. comm.).
Eurasian Watermilfoil. For Watermilfoil, we modeled a relatively limited Provincial treatment program that was consistent with the amounts expended in the Okanagan Basin at present. The analysis was made more complex by the use of two treatment approaches in the region, one involving harvesting or cutting just below the water's surface, and another entailing rototilling the lake bed in infested areas during the winter to prevent re-growth.
 The latter approach is much more successful at reducing economic damages from this species, but more costly and limited to areas with no wharves or water intakes. As a result, rototilling is chiefly used near public beaches and high use areas, while harvesting is done in other areas. To maintain the desired level of control in either situation, we assumed that treatment is carried out annually, which reflects actual practice. 

Recent annual budgets for treatment by the Okanagan Basin Water Board have been approximately $500,000, including management and administrative overheads and an allowance for funds to replace worn out machinery. To establish an annual unit cost (per ha) for control we also required the area to be treated each year.
 Assuming about 100 ha as the area treated annually, the unit treatment cost would be about $5000/ha.  This value represents a pooled or average cost across both methods used.
 To complete our assumptions, we assumed that rototilling achieves a 90% reduction in damages and harvesting achieves only 50%, yielding a weighted estimate of 0.79 for the damage reduction parameter.
4. 
Results by invasive species and management intervention
4.1 
Hawkweed Biocontrol

Many economic analyses of biocontrol indicate that when successful it can produce extremely large net benefits for society, as noted earlier (McFadyen, 1998). Our economic analysis for hawkweed biocontrol considered a baseline treatment scenario, as well as various alternative treatment scenarios for inventory budget, release budget and delays in startup (Table 3). The predicted Net Present Values (NPVs) and Benefit:Cost Ratios (BCRs) for hawkweed biocontrol were highly positive for all treatment scenarios and consistent with the range of results from other studies reported by Hill and Greathead (2000). These results suggest that the biocontrol of hawkweed is economically viable and could generate significant benefits to society. 
To understand the responsiveness of the results to changes in key economic and ecological parameters, we carried out a sensitivity analysis of the intrinsic growth rate for hawkweed, its ecological limit, the unit damages from this species and the discount rate used (Figure 2).  The results are relatively insensitive to the intrinsic spread rate for hawkweed, while the ecological limit for hawkweed has a positive and relatively strong relationship with both the NPV and the BCR. As expected, a sensitivity analysis of the unit damage per hectare demonstrates that this parameter has a positive relationship with both the BCR and the NPV, implying that when the unit damages increase the present value of benefits of avoiding those damages also increases. The model predictions were most sensitive to the discount rate used because of the long gestation period before substantial benefits are realized.  

4.2 
Hawkweed Chemical Treatment
Economic analysis of the baseline scenario with land management (Treatment Option A) indicates that both the NPV and the BCR remain positive for all treatment budget scenarios (Table 4). These results imply that the treatment of hawkweed with land management – a three year spraying schedule with reseeding – is an economically viable option for control hawkweed. Even without land management (Treatment Option B), the results show that both the NPV and the BCR remain positive, although the results for treatment without land management are less attractive than the values with land management (Treatment Option A). 
Given the greater attractiveness of treatment with land management, we concentrated our sensitivity analysis on this option alone (Figure 2). Our sensitivity analysis shows a negative relationship between the intrinsic growth rate of hawkweed the NPV and BCR, implying that the potential benefits of chemical treatment decrease as the rate of spread of hawkweed increases. In contrast, the ecological limit demonstrates a positive relationship with both the NPV and the BCR, implying that the potential benefits of a treatment program increase as the potential area that can be affected by hawkweed increases.  As expected, a sensitivity analysis of the unit damage per hectare displays a positive relationship between this parameter and the NPV and BCR. Finally, the discount rate shows a negative relationship with the NPV and BCR, reflecting the reduced weight placed on benefits in the distant future, but this effect is more pronounced for the NPV than the BCR.
4.3 Scotch broom Mechanical Treatment along Vancouver Island Highway
Economic analysis of the baseline scenario for treatment of Scotch broom, with a budget of $20,000 per year, indicates that the NPV for mechanical treatment is negative (Table 5). Indeed, the NPV remains negative and the BCR never exceeds 0.20, for all treatment budget scenarios. These results imply that the treatment of Scotch broom is not economically viable at a local site level. Although we did not analyze the treatment option using full cost contract crews, it is clear that if the unit cost of mechanical removal were to rise by 4 to 5 times, the negative results we found would only worsen. 

To understand the responsiveness of the treatment budget to the changes in economic and ecological parameters, we again carried out a sensitivity analysis (Figure 3). The intrinsic rate of growth for Scotch broom initially has a positive relationship with the NPV and the BCR, but this has a peak at the baseline estimate for intrinsic growth rate, suggesting that the relationship is complex and that higher or lower values for the intrinsic growth rate will yield lower net benefits from treatment. The ecological limit for Scotch broom generally has a positive relationship with both the NPV and the BCR, but again, this is slightly more complex with the NPV as the initial trend is in the opposite direction. As expected, the unit damage per hectare demonstrates a strictly positive relationship with the NPV and BCR. Interestingly, the discount rate shows a positive relationship with NPV, but this is reversed for the relationship between the discount rate and the BCR. Thus, choice of measure matters when considering variations in the discount rate in this case.
4.4 Mechanical Treatment of Eurasian Watermilfoil
Economic analysis of the baseline scenario for the mechanical treatment of Watermilfoil shows a positive NPV (Table 6). However, the NPV becomes slightly negative when the inventory budget is low or the treatment budget is high. The rate of BCR varies between 0.9 and 1.5 for all scenarios, which is a relatively narrow range. Therefore, the results are somewhat sensitive to the inventory and treatment budgets, but the variation is small; overall, the treatment of Watermilfoil is best viewed as providing a modest net benefit. 
Sensitivity analysis for Watermilfoil shows that the intrinsic rate of growth initially has a positive relationship with both the NPV and BCR, but again this reaches a peak (at about 13%) and then flattens or slightly declines at intrinsic growth rates (Figure 3). This finding suggests that the proposed budgets are not sufficient to generate benefits when the rate of growth is high. The ecological limit positively related with the NPV and the BCR, as are the unit damages. Sensitivity analysis of the discount rate shows a negative relationship with the NPV but little relationship to the BCR.
5.  Discussion by species
5.1 Hawkweed

For hawkweed, we analyzed the potential of a biocontrol program that was initiated only recently and, therefore, the analysis was ex ante rather than ex post, which is less common in the literature. We compared this analysis with an additional analysis that involved two different chemical control programs: the first involved repeated visits to a site for spraying and seeding for a period of three years and the second scenario lacked seeding and involved only a single spray program.. The tradeoff we tested in this latter comparison (two conventional approaches) is whether it is better to allocate a high level of restoration resources per unit area to a smaller area overall, as required for seeding and repeated site visits (land management scenario), or alternatively to use fewer resources per unit area but attempt restoration over a larger proportion of the landscape (no land management scenario). 
Under baseline assumptions the BCR for conventional spraying is significantly greater than 1.0, as long as land management is carried out. However, with a BCR of 6.6, the net returns from conventional spraying are much lower than from an equivalently budgeted biocontrol program, even if land management is included in the spraying program.  If no land management is carried out then a conventional spraying program is only marginally viable, if at all.  This latter finding highlights the importance of implementing land management actions like seeding that ensure long term benefits from spraying of a target weed.  In the case of hawkweed, it appears that allocating resources to effective control over a smaller area is a better approach than trying to spread limited restoration resources across a larger portion of the landscape. Moreover, despite positive net returns to society, the conventional treatment approaches do not bring hawkweed under control permanently and, instead, only slows its progress towards eventually occupying its entire potential ecological range by Year 75 of the simulation.  

Another difference between the biocontrol and conventional control approaches for hawkweed is that conventional approaches are a lot more sensitive to delays in the beginning of the program implementation.  With a 20 year delay in the hawkweed biocontrol program the BCR only decreased by a factor of 38% for biocontrol whereas for conventional management it decreased by 80%.  In both cases there is a cost of delaying but the cost is much greater in the case of conventional management.  This is due to the fact that biocontrol is self maintaining and eventually can spread across the landscape whereas sites controlled by conventional means may become re-infested and management must be actively applied across the entire landscape.  A general recommendation from this result is that the cost of delay is high and that because it is not entirely certain how long it will take to develop successful agents for biocontrol, it is prudent to implement conventional management strategies in the short term if this can be done in tandem with activities aimed at developing biocontrol agents for future use.  
Finally, the lower sensitivity to delay in the implementation of biocontrol suggest that another tradeoff that would be worth exploring with the model is delaying the release of agents and waiting until more effective agents are found rather than releasing less effective agents early on.  Given that successful biological control is often achieved by a single species of agent, and frequently these are the only agents introduced, this would seem to be appropriate (Myers, 2008). 

For biocontrol of hawkweed, the attractive returns partly reflect the high damages per hectare and sizeable ecological limit characterizing this species.  However, there are other dimensions to biocontrol worthy of mention. For example, we assume a consistent and sufficiently large budget to carry out ample releases at the outset of the program.  This leads to net returns being experienced within 18 years of the program start.
.  This finding highlights the importance of allocating sufficient resources for insect propagation and field releases early in the program to maximize the benefits gained from the resources invested in the development of the agents themselves.

5.2 Scotch broom

Our analysis for the control of Scotch broom along the Vancouver Island highway showed that this approach at the current scale is not likely to be economically viable.  One important caveat, however, is that we only considered the impacts of management actions on the corridor itself.  It is likely that benefits from the control program also could be experienced outside of the corridor, particularly if the surrounding area is vulnerable to infestation by propagules spreading from the corridor outwards.  If we consider the benefit of preventing spread into areas adjacent to the corridor, then this result may not hold.  

To explore the effect of corridor context, we conducted a sensitivity analysis to the overall study area size by increasing the ecological limit.  It appears that if we consider the analysis area to be beyond 0.5 km on either side of the corridor (4800 ha), and that the surrounding area is relatively un-invaded and vulnerable to invasion, then the program is beneficial in that it maintains the surrounding area in a less invaded state than if there was no control within the corridor.  This suggests that it may be useful to managers to consider the areas surrounding the corridor and their vulnerability to invasion from plants within the corridor.  This could be used as a criterion for prioritizing which transportation and utility corridors should receive limited resources for invasive species management.  It is important not to consider the corridor alone, but how the impacts of the invader may extend beyond it.  Slowing the spread of exotic weeds through the creation of barrier zones can be a valuable tool (Sharov and Liebhold, 1998). Another important issue to consider is that corridors may act as a conduit for rapid spread of the weed to new areas.
5.3 Eurasian Watermilfoil

Results from our analysis suggest that there is a potentially modest benefit to society from the conventional management of Eurasian Watermilfoil at a Provincial level. A key result of these models is that gains can drop to a loss if too few resources are allocated to inventory versus management.  This result can be explained by the fact that once established, Watermilfoil populations persist and must be managed in perpetuity.  Therefore, establishing an inventory program that allows for early detection and rapid response to potential introductions into new lake systems is very important.  How such an approach may practically be implemented is not unknown. There are various approaches that could be used for keeping Watermilfoil from infesting currently un-infested lakes, and these include public education and mandatory boat cleaning stations and inspections (Buchan and Padilla, 1999, 2000).  Evaluating the effectiveness of the first is difficult, and implementation of the second at a broad enough scale may not be possible.  Further research into how to keep Watermilfoil out of pristine aquatic systems is clearly necessary.  

Because of its rapid spread rate and persistence in the environment, Watermilfoil may be another invasive that warrants the development of biocontrol although this has not yet proven to be successful.  A native weevil, Euhrychiopsis lecontei, has frequently been observed to cause considerable damage to Eurasian Watermilfoil and has been associated with population declines in some locations (Newman, 2004).  However, population densities of the weevil are often not at sufficient densities to achieve control.  Furthermore, a recent review of natural enemies attacking Eurasian Watermilfoil identified 20 species of herbivorous insects in the indigenous range of the weed, but a lack of host specificity of these has impeded the development of a biological control program (Cock et al., 2008).  Thus this approach is unlikely to be successful in the near future.
6. Conclusions and Limitations 

Bioeconomic models make many simplifying assumptions.  Perhaps the most important of these involve the use of a logistic growth model for the plant populations that includes the intrinsic rate of increase, r, and the area of potential spread, K, based on the ecological limits of the species (described in the electronic appendix accompanying this paper).  It is known that simplified models of plant population growth and spread without taking into consideration density dependence, age structure, habitat heterogeneity and the potential for “nascent foci” of spread in addition to diffusion, can greatly influence the dynamics of invasion (review in Myers and Bazely, 2003).  Thus, the conclusions arising from our analyses must be interpreted in a relative sense.  Each example demonstrates a different situation; hawkweed has a large geographic potential and is in the phase of rapid spread, Eurasian Watermilfoil has already spread rapidly and widely and now is in the control phase, and Scotch broom, which invades areas of disturbance associated with transportation and utility corridors, is an example of the potential for slowing the spread to adjacent habitats.  
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Table 1.
Economic damages per unit area infested
	Species
	Impact
	Year
	Total Damage ($)
	Area Infested (ha)
	Unit Damage ($/ha)
	Adjustments
	Final Estimate (2006 $/ha)

	Hawkweed1
	Grazing, forestry, recreation, real estate & wild land losses


	2003 (USD)
	58,200,000
	262,162
	220.00
	FER: X 1.408

CPI: X 1.056

Adjust: X 0.50
	165.04

	Scotch broom2
	Agriculture, timber & wildlife losses


	2000 (USD)
	14,221,200
	607,300
	23.42
	FER:X 1.48

CPI: X 1.14
	39.51



	Eurasian Watermilfoil 3
	Recreation loss
	1991
	728,782
	1000
	728.78
	CPI: X 1.31
	954.95


1.  From Wilson (2003). We reduced Wilson's damage estimate by 50% to obtain an estimate of the per ha value for BC.  This reduction is based on the assumption that Wilson’s original estimate is based on infestations of lands that are of high value to range production and recreation rather than all lands that are susceptible to hawkweed invasion, and to avoid any possible double counting involving real estate values.
2.  From Oregon Department of Agriculture (2000). Damages are measured as loss in economic value, with reduced timber growth being the most important component. Unrealized timber production is set at 0.125 million board feet (MBF) per acre per year, priced at $500 per MBF. Agriculture and wildlife losses are due to reduced forage production, based on productivity of 2 acres per AUM. Affected lands are assumed to be split evenly between agricultural/wildlife use and timber. Further details were not provided in the Oregon study.

3.  From Ference Weicker & Company (1991). To make our estimate we used (i) the number of beach user days by residents/non-residents in 1991 (8.8 million days), (ii) the percentage of users from a local survey indicating they would be willing to pay more for control of Watermilfoil (22%), (iii) the additional amount these individuals would be willing to pay per year for improved control, which we treat as a measure of the damages per affected beach user ($7.86/year) and (iv) the average number of beach days per user (20.88 days). Multiplying these items provides a measure of the total damages incurred in 1991 prices, and this value was then adjusted by the area infested and updated to 2006 prices to give a per ha estimate in 2006 prices.
Table 2. 
Ecological and management parameters used in the analyses. 
	Parameter
	Units
	Hawkweed Biocontrol
	Hawkweed Chemical Control (LM)
	Hawkweed Chemical Control
	Scotch broom Mechanical Control
	Watermilfoil Mechanical Control

	Scale of Analysis
	
	Provincial
	Provincial
	Provincial
	Highway Corridor
	Provincial

	Initial Population Size

	Early Ne
	Ha
	8000
	8000
	8000
	10
	50

	Undetected Nu
	Ha
	30,000
	30,000
	30,000
	10
	100

	Detected Nk
	Ha
	40,000
	40,000
	40,000
	60
	850

	Ecological Parameters

	Growth Rate (r)
	
	0.14
	0.14
	0.14
	0.08
	0.19

	Ecological Limit (K)
	Ha x 103
	8722.5
	8722.5
	8722.5
	0.15
	22.4

	Inventory Assumptions

	Inventory Success (si)
	
	0.85
	0.85
	0.85
	0.85
	0.85

	Prior Knowledge (sk)
	
	0
	0
	0
	0.8
	0

	Cost of Inventory
	$/ha
	150
	150
	150
	150
	150

	Treatment Assumptions

	Eradication Success (se)
	
	
	0.9
	0.05
	0
	0.05

	Spread Prevention (sp)
	
	
	0.05
	0.05
	1
	0.8

	Damage Reduction
	
	
	0.05
	0.9
	1
	0.79

	Cost of Treatment
	$/ha
	
	1137.50
	600
	1421
	5000

	Environmental Damages
	$/ha
	
	11.91
	6.81
	0
	0

	Biocontrol Assumptions

	Establishment Success (sr)
	
	0.75
	
	
	
	

	Damage Reduction 
	
	0.75
	
	
	
	

	Spread Prevention (bsp)
	
	0.75
	
	
	
	

	Spread Rate (br)
	
	0.20
	
	
	
	

	Effective Coverage 
	Ha
	0.05
	
	
	
	

	Cost of Release
	$/release
	295
	
	
	
	


Source: Frid et al. 2009 

Table 3.
Economic Analysis of Management of Hawkweed: Biocontrol versus Two Conventional Treatment Methods (with/without Land Management)
	Treatment Scenarios
	Parameter

Assumption
	NPV

($ M)
	BCR
	IRR

(%)

	A. Biocontrol

Inventory budget
	
	
	
	

	Low
	0
	1695.0
	254.5
	14.9

	Medium-base line
	100000
	1686.1
	185.5
	14.4

	High
	150000
	1685.3
	163.6
	14.1

	Release budget
	
	
	
	

	Low
	50000
	1373.9
	164.2
	13.3

	Medium-base line
	100000
	1686.1
	185.5
	14.4

	High
	150000
	1893.1
	193.0
	15.0

	Escalation in costs
	
	
	
	

	Base line
	0
	1681.1
	185.5
	14.4

	Low
	5
	1284.3
	172.2
	14.2

	Medium
	10
	957.8
	156.6
	14.1

	High
	20
	475.4
	115.9
	13.9

	B. Conventional Treatment – With Land Management

Inventory budget
	
	
	
	

	Low
	50000
	39.2
	7.9
	25.1

	Medium-base line
	100000
	38.4
	6.6
	22.1

	High
	150000
	37.6
	5.6
	20.0

	Treatment budget
	
	
	
	

	Low
	90000
	18.3
	4.9
	18.3

	Medium-base line
	180000
	38.4
	6.6
	22.1

	High
	270000
	58.7
	7.4
	24.0

	Escalation in costs
	
	
	
	

	Base line
	0
	38.4
	6.6
	22.1

	Low
	5
	18.1
	4.2
	20.9

	Medium
	10
	8.1
	2.7
	19.0

	High
	20
	0.9
	1.3
	11.9

	C. Conventional Treatment – No Land Management 
Inventory budget
	
	
	
	

	Low
	50000
	0.9
	1.2
	4.2

	Medium-base line
	100000
	0.1
	1.0
	4.2

	High
	150000
	-0.7
	0.9
	NA

	Treatment budget
	
	
	
	

	Low
	90000
	-0.8
	0.8
	NA

	Medium-base line
	180000
	0.1
	1.0
	4.2

	High
	270000
	0.9
	1.1
	5.3


Table 4.
Economic Analysis of Mechanical Treatment of Scotch broom and Eurasian Watermilfoil
	Treatment Scenarios
	Parameter

Assumption
	NPV

($ M)
	BCR
	IRR

(%)

	A. Mechanical Treatment of Scotch broom
Treatment budget ($/yr)
	
	
	
	

	Low
	10000
	-0.2
	0.1
	NA

	Medium-base line
	20000
	-0.5
	0.1
	NA

	High
	40000
	-0.9
	0.1
	NA

	B. Mechanical Treatment of Watermilfoil
Inventory budget ($/yr)
	
	
	
	

	Low
	100000
	-1.0
	0.9
	NA

	Med –base line
	200000
	2.8
	1.2
	8.4

	High
	300000
	8.6
	1.5
	10.5

	Treatment budget ($/yr)
	
	
	
	

	Low
	350000
	6.5
	1.5
	12.9

	Med-base line
	500000
	2.8
	1.2
	8.4

	High
	650000
	-0.9
	1.0
	NA


Figure 1.
A graphical depiction of the states and transitions used in our model 


of alternative weed management strategies.
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Figure 2.
Sensitivity Analysis of: (a) Intrinsic Growth Rate, (b) Ecological Limit, (c) Unit Damages and (d) Discount Rate for Hawkweek (Biocontrol and Conventional treatment).
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Figure 3.
Sensitivity Analysis of: (a) Intrinsic Growth Rate, (b) Ecological Limit, (c) Unit Damages and (d) Discount Rate for Scotch broom (Mechanical treatment) and Eurasian Watermilfoil Treatment (Mechanical treatment).
(i)  Scotch broom (Mechanical treatment)



(ii)  Eurasian Watermilfoil (Mechanical treatment)
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� Note that the area of analysis and consequently the ecological limit we apply will vary and can range from the Island Highway corridor for Scotch broom to the entire ecological limit in the province for Hawkweed.


� The first year of invasion represents a time when there is neither seed nor propagule bank established and, therefore, it presents an opportunity for early detection and rapid response.


� Our assumption is that inventory is allocated randomly across the landscape and that the likelihood that an area that is invaded will be inventoried is in direct proportion to the share of the total unknown area that is inventoried.


� Following Pretty and Waibel (2005), we developed an average damage cost per hectare for planted crop area in the US and converted this to Canadian dollars. We then used USDA data to estimate the total number of treatments per hectare, or "hectare-treatments", using crop specific areas, proportion treated and the number of annual treatments per hectare for each crop. This yielded an estimate of $6.81/ha-treatment for a single treatment (Treatment Option B) and $11.91/ha-treatment for the three year treatment option described in Treatment Option A.





� We also assumed that the average Scotch broom infestation extended 4m on either side of the road. Each treated site was assumed to require re-treatment annually (e.g. zero eradication success but high damage reduction) to remove new plants, since the seed bank can persist for up to 70 years.


� In contrast, an alternative to mechanical treatment is the use of herbicide pellets, a chemical approach that is the preferred treatment south of the border, and far less costly. However, data on the potential impacts from the use of these chemicals was not available, but and may be significant.





� Aerial photo information suggested that up to 430 ha has been subject to treatment in recent years (310 ha rototilling, 120 ha harvesting), but not all this area has been treated each year. Earlier documents and analyses suggested that the area treated annually ranged from only 54 to 108 ha in the late 1980s and as much as 150 ha in the early 1990s, but some areas may have been treated twice in a single year.


� We believe this simplified approach is acceptable for two reasons. Since the more expensive method is applied where use values are higher, the "net returns", or difference between benefits and costs, may well be quite similar under either treatment alternative.


� By way of comparison our analysis of the historical diffuse knapweed program indicated it took 38 years to reach an equivalent level of control (Frid et al., 2009).  
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