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Abstract:  

Weeds can cause significant problems to natural ecosystems. Although there have 

been numerous studies on the economics of weed control, relatively few of these 

studies have focused on natural ecosystems. This paper addresses this gap in the 

literature by assessing the cost-effectiveness of a comprehensive range of control 

strategies for blackberry (Rubus anglocandicans) in natural environments in Australia. 

We developed a stochastic dynamic simulation model and a deterministic dynamic 

optimisation model. The stochastic model calculates the expected net present value 

(NPV) of a range of control strategies, including any combination of treatment 

options. The optimisation model identifies the treatment combination that maximises 

NPV. Both models represent the costs and efficacies of control options over 25 years. 

The results indicate that using rust (Phragmidium violaceum) as a biological control 

agent only marginally increases NPV and excluding rust does not affect the optimal 

choice of other control options. The results also show for a wide range of parameter 

values that a strategy which combines the herbicide grazon (Triclopyre and picloram) 

and mowing is optimal. If chemical efficacy decreases by 20 percent it becomes 

optimal to include grazing blackberry by goats in the control strategy.  

 

Keywords: environment, economics,  weed, stochastic, optimisation, management 
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Introduction 

 

In many environments, invasive species are significant threats to biodiversity and 

agriculture.  The majority of natural ecosystems suffer from invasive species.  Weeds 

are the most costly invasive species, leading to huge worldwide economic damages 

(Sheppard et al. 2003). Weeds reduce water management efficiency and natural 

biodiversity (Tyser and Key 1988; Lacey and Fay 1989; Monaco et al. 2001). 

Blackberry is categorised as a Weed of National Significant in Australia (WoNS) 

and due to its large invasiveness, environmental and economic impacts it is 

considered as one of the worst weeds in Australia (Reid 2008). Vere and Dellow 

(1984) estimated that, in central western NSW, the value of the lost production plus 

the cost of controlling blackberry was $4.7m. James and Lockwood (1998) estimated 

that, across Austalia, the cost of controlling blackberry plus the lost agricultural 

production was $41.5m.  

There have been a number of studies evaluating management strategies for weeds 

and other pests. Wu (2001) used dynamic optimal weed control decision rules to find 

the optimal management for weed. Similar approach has been used by Taylor and 

Burt (1984); Kennedy (1987); McConnachie et al. (2003); Chalak-Haghighi (2008). 

Most of these studies have focused on weed control for agricultural benefits. Studies 

that have considered the economics of environmental weeds and pests include Cacho 

et al. 2006; Panetta 2006 and Cacho et al. 2008. These studies have generally 

examined only a small number of discrete control strategies, often only one.  

This paper extends the previous studies by identifying the optimal integrated 

strategy for cost-effective control of blackberry in Australian environments. In doing 

so, it evaluates all possible combinations of individual treatment options. In other 

words, it applies the concept of Integrated Weed Management (IWM) (Miller et al. 
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1992; Buckley et al. 2004; Pannell et al. 2004; Chalak-Haghighi et al. 2008;) to 

natural ecosystems. 

Two different models are developed and applied to the problem: (a) a stochastic 

dynamic simulation model that represents weed infestation as a stochastic process and 

allows comparison of the NPVs of different integrated strategies, and (b) a 

deterministic dynamic optimisation model that finds the optimal integrated 

management strategies. The dynamic model includes technical relationships estimated 

from the simulation model. Both models include estimates of the non-market 

(intangible) environmental and social benefits of weed management in natural 

ecosystems.  

The two models have different strengths: the stochastic simulation model is 

spatially explicit and can represent an area of the land and accounts for stochastic 

elements such as introduction of new infestations and probability of blackberry being 

removed by control strategy. The strength of dynamic optimisation model is that it 

finds the optimal solution for any infestation. The use of two models allows us to 

verify the accuracy of each model, through the comparison of results for the same 

scenarios.  

The objectives of the paper are to identify which combination of control options 

is likely to be optimal in different circumstances, to estimate the economic benefits of 

biological control is an element of the control strategy, and to determine how changes 

in model parameters affect the optimal control strategy.  

Method 

Blackberry’s tend to infest areas adjacent to rivers and streams in relatively high-

rainfall regions. Once established, they spread at a rate of around 1 to 2 metres per 

year. The models represent the impact of blackberry on social welfare within 100m of 
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a river in a region to which blackberry is well-adapted. Blackberry causes losses of 

social welfare in at least three ways: by obstructing people who wish to swim in the 

river from using some of the river bank, by obstructing fishers from using some of the 

river bank, and by competing with native plants and degrading native habitat.  

The following defines the annual net benefit obtained from the river: 

)()()()( tttswimtfishtvegt ucwBwBwBB −++=  (1) 

where ut is the control strategy (i.e. the combination of treatments) adopted in year t 

and ct  is the cost of that control strategy. Bveg, Bfish, and Bswim are the benefits obtained 

from healthy vegetation, fishable river side and swimmable river sides, respectively. 

All prices and costs are expressed in Australian dollars ($).  

Benefit obtained from healthy vegetation is calculated from the following 

formula (Yeoh et al. 2009): 

)1455.0( wExpvB vegveg −=  (2) 

where w is the percentage cover of blackberry and vveg is the value of healthy 

vegetation per hectare. 

We assume that the relationship between the fishable and swimmable river 

side and percentage coverage of blackberry (w) is linear and follows the below 

function: 

)1()( wvvBB swimfishswimfish −⋅+=+  (3) 

where vfish and vswim are dollar values representing the non-market values that fishers 

and swimmers obtain from using the river.  
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Non-market values of blackberry impacts 

Morrison and Bennet (2004) reported that, on average, households in NSW are 

prepared to pay, as a one-off lump-sum, $1.98 per ha to protect the habitat of healthy 

native vegetation, $29.93 to retain the entire Gwydir River in a fishable state and 

$59.98 to keep the entire it swimmable. We use these values to calculate the social 

benefits from biodiversity, fishing and swimming for an area of land that abuts a 330 

km length of river and is 100m wide. Conservatively, value we multiply the elicited 

values by the respondent rate to the survey (0.396). For 2.65 million households in 

NSW, the total value of the entire Gwydir river comes to $2,078,000 for healthy 

vegetation and $31,409,000 for fishing and $62,943,000 swimming. To calculate the 

area that can be infested by blackberry on the river side the length of the river (330 

km) is multiplied by the average width on both sides of the river that has potential to 

be infested by blackberry on the both side of the river: estimated to be 100 metres on 

both sides (Grammie 2009). To calculate the values per hectare of land, the total value 

is divided by the estimated area of river side within the relevant area (6600 ha). This 

results in a value of $315 for healthy vegetation, $4759 for fishable river side and 

$9537 for swimmable river side per hectare. Calcualting annuity values, this turns out 

to be $19 ha-1yr-1 for healthy vegetation, $286 ha-1yr-1 for fishable river side and $573 

ha-1yr-1 for swimmable river side.  

 

Blackberry dynamics 

As noted earlier, the establishment of a new blackberry infestation is modelled as a 

stochastic event. Blackberry seeds can be introduced to an un-infested area by birds. It 

is estimated that the probability of a new infestation occurs in each m-2 of land unit is 
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0.0016 for the land that is within 5 meters of the river and 0.000021 for land that is 5-

100 metres from the river (John Moore pers. Comm. 2009). 

It is assumed that within 5 meters from the river, blackberry spreads two metres 

per year, while in the range of 5-100 metres from the river side, the rate of spread 

decreases to 1 meter a year due to decreased soil moisture (John Moore, pers. Comm. 

2009). As the density of blackberry increases, the competition between blackberry 

individuals increases and the growth rate decreases. Based on discussion with a weeds 

scientist, it was assumed that blackberry cannot infest more than 75 percent of the 

relevant land area.  

Based on these assumptions, the simulation model is used to generate the 

transition function for the density of blackberry between year t and year t+1 (Figure 1).  

A cubic function is fitted to the data to estimate the function for use in the 

optimisation model.  
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Figure 1. Transition density of blackberry in year t and t+1.  
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)()023.053.146.1945.0( 23

1 ttttt uMwwww ⋅++−=+  (4) 

where wt+1 is percentage coverage of blackberry in year t+1 and M(ut) is a multiplier 

that presents the effect of control strategies (ut) on the weed population density.  

Control Strategies  

There are 8 control options considered for the control of blackberry: introduction of 

rust (Phragmidium violaceum), glyphosate, Glyphosate plus metsulfuron, metsulfuron 

(Metsulfuron methyl), grazon (Triclopyre plus picloram), galrlon (Triclopyre), 

grazing goats and mowing. 

All possible combinations of theses options are considered and illogical 

combinations (e.g. combining more than one chemical in a strategy) are excluded. 

This yielded 47 possible control strategies (Table 1). A “+” sign means that the 

control option is included in the list of control strategies and a “-” sign means that the 

control option is not included in the strategy. The efficiency multiplier M(ut) of the 

strategies that include a single option (strategies 2-8 and 25) are obtained from the 

literature  which are presented in Table 1. Chalak-Haghighi (2008) has shown the 

additive efficacy of single control options can be used to calculate the efficacy of 

integrated weed control strategies. We used the same method to calculate efficacies of 

integrated strategies.  Control costs ($ ha -1) include the treatment costs and 

transportation costs (Andrew Reeves pers. comm. 2009)  
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Table 1. Costs and efficacies of strategies to control blackberry. Control options are: Rust, Gly. (Glyphosate), Gly.+Met. (Glyphosate plus metsulfuron),  
Met. Met. (Metsulfuron methyl), grazon, galrlon, goats and Mowing.  

Strategies   Control options    
Efficacy 

multiplier  

 rust Gly. Gly.+Met. Met.Met. Grazon Garlon Goats Mowing 
  (M(ut)) Costs 

($ ha-1) Reference 

1 - - - - - - - - 1 0  
2 - + - - - - - - 0.2 5100 Yeoh et al. (2006) 

3 - - + - - - - - 0.05 5095 Yeoh et al. (2006) 

4 - - - + - - - - 0.25 5040 Yeoh et al. (2006) 

5 - - - - + - - - 0.03 5400 Yeoh et al. (2006) 

6 - - - - - + - - 0.08 5200 Pritchard (1990) 

7 - - - - - - + - 0.55 3607 Batten (1979) 

8 - - - - - - - + 0.48 500 Amor and Harris (1981) 

9 - + - - - - + - 0.11 8707  
10 - + - - - - - + 0.096 5600  
11 - - + - - - + - 0.028 8702  
12 - - + - - - - + 0.024 5595  
13 - - - + - - + - 0.138 8647  
14 - - - + - - - + 0.12 5540  
15 - - - - + - + - 0.017 9007  
16 - - - - + - - + 0.014 5900  
17 - - - - - + + - 0.044 8807  
18 - - - - - + - + 0.038 5700  
19 - - - - - - + + 0.264 4170  
20 - + - - - - + + 0.053 9207  
21 - - + - - - + + 0.013 9202  
22 - - - + - - + + 0.066 9147  
23 - - - - + - + + 0.008 9507  
24 - - - - - + + + 0.021 9307  
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Strategies   Control options    

Efficacy 
multiplier 

(M(ut)) 

Costs  
($ ha 

-1
) 
            Reference 

 rust Gly. Gly.+Met. Met.Met. Grazon Garlon Goats Mowing     
25 + - - - - - - - 0.957 1 Mahr et al. (1998) 
26 + + - - - - - - 0.191 5101  
27 + - + - - - - - 0.048 5096  
28 + - - + - - - - 0.239 5041  
29 + - - - + - - - 0.029 5401  
30 + - - - - + - - 0.077 5201  
31 + - - - - - + - 0.526 3608  
32 + - - - - - - + 0.459 501  
33 + + - - - - + - 0.105 8708  
34 + + - - - - - + 0.092 5601  
35 + - + - - - + - 0.026 8703  
36 + - + - - - - + 0.023 5596  
37 + - - + - - + - 0.132 8648  
38 + - - + - - - + 0.115 5541  
39 + - - - + - + - 0.016 9008  
40 + - - - + - - + 0.014 5901  
41 + - - - - + + - 0.042 8808  
42 + - - - - + - + 0.037 5701  
43 + - - - - - + + 0.253 4108  
44 + + - - - - + + 0.051 9208  
45 + - + - - - + + 0.013 9203  
46 + - - + - - + + 0.063 9148  
47 + - - - + - + + 0.008 9508  
48 + - - - - + + + 0.020 9308  
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Comparing strategies by simulation model:  

Blackberry density and growth for a 100×10 metre area of the river side is simulated 

using Microsoft Excel. The following presents the net benefit obtained from the 

environment: 

)()1( ttt ucwlvB −−=  (5) 

where lv is the land value, w is the portion of land infested by blackberry and c(ut) is 

the cost of control strategy adopted in year t (ut).  

The Net Present Value (NPV) obtained from applying each strategy follows: 

( )∑
= ∂+

=
T

t

t

tB
NPV

0 1
 (6) 

where Bt is the net benefit obtained from the environment and ∂ is the discount rate. 

NPVs of control strategies can be compared and the best of the tested control 

strategies can be selected.  

As the number of combinations of control strategies is large finding the optimal 

strategy in this way can be time consuming. To solve this problem an optimisation 

model has been developed: 

Optimisation model  

The optimisation model is developed to find a sequence of control strategies (ut) that 

maximises the NPV (Vt). The optimisation model follows:  

 

)}(),({)( 11 +++= ttttttt wVuwBMaxwV δ  

Subject to  

)()023.053.146.1945.0( 23

1 ttttt uMwwww ⋅++−=+  
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where δ is the discount factor. The benefits in year t depend on the weed density in 

year t and the control strategy adopted (ut). The future net benefits, however, are 

affected by the future weed density. The dynamic programming model was solved 

using backward induction by MATLAB for a planning horizon of 25 years.  

 

Results 

The results suggest that, for blackberry in Australia, using rust (Phragmidium 

violaceum) as a biological control agent only marginally increases NPV and 

excluding rust does not affect the optimal choice of other control options. Thus we 

analyse strategies 1-24 that do not include rust. Strategies 25-48 are the same 

strategies as 1-24, except that they include rust.  

Each control strategy results in a different weed density and generates different 

benefits. Here we first compare the weed density and net benefits for different 

strategies. 

In Figure 2, weed densities (percentage coverage of blackberry) are presented 

for four strategies: no control, strategy 16 (i.e. combination of grazon and mowing), 

strategy 8 (i.e. mowing) and strategy 19 (i.e. goat control and mowing). These 

strategies are selected for illustrative purposes. They are not necessarily optimal 

strategies.  
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Figure 2. Percentage coverage of blackberry in year t for different strategies: no 
control, strategy 16 (i.e. combination of grazon and mowing), strategy 8 (i.e. mowing) 
and strategy 19 (i.e. goat control and mowing).  
 
 

In the absence of control, at the beginning of time horizon, the density of weed 

rapidly increases. As the weed density increases, weed spread reduces due to 

competition of weed individuals with each other and decrease in the food sources. 

Strategy 16 keeps the weed density at a very low level as it has the highest efficacy 

(see Table 1).  

Figure 2 presents the undiscounted year-by-year net benefits of the same 

selected strategies. These results are simply the benefits from those years; they do not 

factor in benefits in future years from current weed control. As this figure shows, for 

most years strategy 16 gives the highest net benefit. This is because strategy 16 is 

more cost-effective than other control options in removing weeds. Strategy 16, 

however, is expensive. Thus, at the beginning of the time horizon where the weed 

density is very low, the annual net benefit of “no control” is higher than that for 
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strategy 16. But as the weed density increases the benefit obtained from removing the 

weeds exceeds the control cost and strategy 16 become more attractive.  
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Figure 3. Net benefit obtained from the land in year t for different strategies: no 
control, strategy 16 (i.e. combination of grazon and mowing), strategy 8 (i.e. mowing) 
and strategy 19 (i.e. goat control and mowing).  
 
 

Strategies 8 and 19 result in a lower efficacies than strategy 16 (see Table 1). Thus 

strategy 16 reduces weed density to a greater extent than strategies 8 and 19. Even 

though strategies 8 and 19 are cheaper than strategy 16, net benefit obtained from the 

land is higher when strategy 16 is applied. This is because strategy 16 keeps weed 

density to a very low level, such that the benefits exceed the control costs.  

The application of strategy 19 result in a lower weed density than strategy 8 as it has a 

higher efficacy. However, the cost of strategy 19 is much higher than strategy 8. The 

control cost of 19 is so high that it outweighs the benefits of its higher efficacy 

(Figure 3).  

The results show that, for the base-case set of assumptions, a combination of mowing 

and grazon (strategy 16) is the most cost effective IWM strategy for blackberry 
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control. The sensitivity analysis shows that strategy 16 is optimal for a large range of 

land value (Figure 4).  
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Figure 4. Optimal strategies weed control strategies depending on land value and 
initial weed infestation. When the land value and initial blackberry density are above 
the threshold line, the optimal strategy is 16, otherwise the optimal strategy is 1 (no 
control).  
 
 

If the land value is larger than 280 $ ha-1 the optimal strategy is 16, irrespective of the 

initial weed density. When there is a combination of the low land value and low initial 

weed density, the optimum is strategy 1 (no control) (Figure 4).   

We use sensitivity analysis to show the effect of change in the efficacy of 

control options on the NPV. Table 2 presents the NPV of various scenarios for a 

selection of strategies that are most cost-effective. For the efficacies presented in 

Table 1 (base case), the application of strategy 16 results in the highest NPV. As the 

efficacy of chemicals increases by 20 percent, strategy 3 (i.e. application of 

Glyphosate plus metsulfuron) gives the highest value. This is because the increase in 

the efficacy of chemicals enables it to reduce weed density to such a low level that 

Strategy 16 

 

Strategy 1 
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including more control option will not be cost-effective. When the efficacy of 

chemicals decreases by 20 percent, strategy 23 (, i.e. a combination of grazon, goat 

control and mowing) gives a higher NPV than strategy 16.  This is because, when the 

efficacy of chemical decreases, it becomes beneficial to at grazing by goats to the 

IWM strategy.  

When the efficacy of goat and mowing increase or decrease by 20 percent, the NPV 

of the strategies that include goat and mowing (strategies 8, 16, 21 and 23) increases 

or decreases respectively. Results show that the strategy 16 is still the most cost-

effective strategy when these changes in the efficacies of goat and mowing occur. 

Because these options have a much lower efficacy than chemicals, a 20 percent 

increase in their efficacy is not sufficient to change the optimal strategy.  
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          Table 2. NPV ($ ha-1) of alternative control strategies in difference scenarios: 
 

Efficacy  Strategy  

  5  8  16  21  23  3 

Base case  10766  7671  10809  10764  10774  10675 
Chemicals + 20%  10830  7671  10829  10796  10790  10832 
Chemicals -20%  4540  7671  9089  10308  10369  4202 
Goat control +20%  10766  7671  10809  10770  10784  10675 
Goat Control - 20%  10766  7671  10809  10755  10771  10675 
Mowing +20%  10766  7673  10812  10766  10777  10675 
Mowing - 20%   10766  7668  10789  10760  10770  10675 
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Results show that NPV responds differently to change in treatment efficacy when the 

strategy includes a single control option and when it includes more than one option.  

For the strategies with more than one option, the change in the efficacy of one control 

option will be absorbed to some extent by other control options. Thus, the efficacy of 

a strategy with more than one treatment included is less affected by change in the 

efficacy of the individual options.   

Previous sensitivity analysis results have been for individual changes in 

parameters. Table 3 shows results for combinations of parameter changes for three 

key parameters.  

 
      Table 3. Optimal strategies for alternative efficacies in different scenarios  

Goat 
efficacy 

 Mowing 
efficacy 

 Chemicals 

    -20%  Base case  +20% 

Base case   Base case  23  16  3 
Base case   +20%  23  16  3 
Base case   -20%  23  16  3 
         
+20%  Base case  23  16  3 
+20%  +20%  23  16  3 
+20%  -20%  23  16  3 
         
-20%  Base case  23  16  3 
-20%  +20%  23  16  3 
-20%  -20%  23  16  3 

 
 

The results in Table 3 show that when the efficacy of chemicals is kept at base case 

levels (Table 1), and when the efficacies of mowing and goat either stay at base case 

or change by 20 percent, the optimal strategy is 16. Thus, these changes in the 

efficacy of mowing and grazing by goats are not large enough on their own to change 

the optimal strategy way from 16.  
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However when the efficacy of chemicals reduces by 20 percent, strategy 16 is no 

longer the most cost-effective option, even when efficacy of mowing increases by 20 

percent. This is because the decrease in chemical efficacy increases the density of 

blackberry. Thus when the efficacy of chemicals decrease by 20 percent, goats need 

to be included in the strategy to compensate for the loss in NPV, so strategy 23 (i.e. 

grazon, goat and mowing) becomes the optimal strategy.  

 

      Table 4. NPV ($) for alternative efficacies in different scenarios.  

Goat 
efficacy 

 Mowing 
efficacy 

 Chemicals 

       -20%  Base case  +20% 

Base case   Base case  10369  10809  10832 
Base case   +20%  10558  10812  10915 
Base case   -20%  10093  10789  10830 
         
+20%  Base case  10505  10812  10833 
+20%  +20%  10629  10816  10921 
+20%  -20%  10108  10795  10834 
         
-20%  Base case  10130  10801  10829 
-20%  +20%  10552  10811  10830 
-20%  -20%  9480  10793  10828 

 
 
When the efficacy of chemicals increases by 20 percent, a single chemical 

(Glyphosate plus metsulfuron) is the most cost-effective control option (option 3). A 

20 percent increase in the efficacy of chemicals make those strategies that include 

chemicals highly cost-effective.  

NPVs corresponding to the strategies shown in Table 3 are shown in Table 4. A 

decrease in the efficacy of chemicals has a larger impact on the NPV than does an 

increase in chemical efficacy.  
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Conclusions 

This paper employs a stochastic dynamic simulation model and a deterministic 

dynamic programming model to find the most cost-effective integrated control 

options for blackberry in riparian areas in Australia. To do this, 48 control strategies 

and various case scenarios have been developed.  

The results suggest that using rust has a low impact on NPV. With or without the rust 

option included, for a wide range of parameter values, a combination of the grazon 

and mowing is optimal. If chemical efficacy decreases by 20 percent it becomes 

optimal to combine grazing goats with other strategies. We also concluded that an 

increase in the efficacy of chemicals makes Glyphosate plus metsulfuron more cost-

effective than other options.  
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