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Abstract1

By reviewing key issues, available approaches and analyses, we aim to encourage and assist 2

practitioners in developing sound plans to evaluate the effectiveness of agents in adversely 3

affecting their target weeds at various phases throughout a biological control program. 4

Assessing the effectiveness of prospective agents before release assists the selection process, 5

while post-release evaluation aims to determine the extent that agents are alleviating the 6

ecological, social and economic impacts of the weeds. Information gathered on these weed7

impacts prior to the initiation of a biological control program is necessary to provide baseline 8

data and devise performance targets against which the program can subsequently be 9

evaluated. Detailed data on weed populations, associated plant communities and, in some 10

instances ecosystem processes collected at representative sites in the introduced range several 11

years before the release of agents can be compared with similar data collected later to assess 12

agent effectiveness. Laboratory, glasshouse and field studies are typically used to assess agent13

effectiveness. While some approaches used for field studies may be influenced by 14

confounding factors, manipulative experiments where agents are excluded (or included) using 15

chemicals or cages are more robust but time-consuming and expensive to implement.16

Demographic modelling and benefit-cost analyses are increasingly being used to complement 17

other studies. There is an obvious need for more investment in long-term post-release 18

evaluation of agent effectiveness to rigorously document outcomes of biological control 19

programs.20

21

Key words: Weed biological control; Invasive plants; Impacts; Benefit-cost analysis; 22

Demographic modelling; Evaluation; Monitoring 23

24

25
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1. Introduction1

2

Classical weed biological control programs are increasingly criticized for their lack of 3

rigorous evaluation of the ultimate outcomes of deliberate introductions of exotic organisms 4

(McEvoy and Coombs., 2000; Wajnberg et al., 2001; Louda et al., 2003; Pearson and 5

Callaway, 2003, 2004; Thomas et al., 2004; Thomas and Reid, 2007; Carson et al., 2008; 6

Müller-Schärer and Schaffner, 2008). In a typical program, most resources are invested in 7

surveying the native range of the invader for natural enemies, but limited time and energy are 8

spent assessing the effectiveness of candidate biological control agents in suppressing the 9

target weed (Sheppard, 2003; McClay and Balciunas, 2005; Morin et al., 2006; Raghu et al., 10

2006b). In contrast, extensive resources are allocated to experimentally demonstrating that the 11

candidate agents do not pose an unacceptable risk to non-target plant species (Evans, 2000; 12

Briese, 2005). Once agents are approved for release by regulatory agencies, funds are then 13

directed to mass-culture, release and monitor their establishment (e.g. Briese and McLaren, 14

1997; Clark et al., 2001; Smith et al., 2009). Evaluating the effectiveness of agents in 15

reducing weed populations and the response of associated plant communities to the reduction 16

or removal of the weed is often neglected or omitted altogether due to inadequate resources 17

and funding (McClay, 1995; Blossey and Skinner, 2000; Syrett et al., 2000; Thomas and 18

Reid, 2007; Carson et al., 2008). Furthermore, the long-term economic and social outcomes 19

from biological control programs are generally poorly documented (Syrett et al., 2000; Jetter, 20

2005).21

22

There is growing pressure on practitioners to undertake research to identify, prior to their 23

release, those agents that are most likely to be effective (Holt and Hochberg, 2001; Pearson 24

and Callway, 2003; McClay and Balciunas, 2005; van Klinken and Raghu, 2006). This is due 25
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to the costs involved in testing and releasing ineffective agents, and the need to minimize the 1

number of deliberate introductions of exotic organisms to address public concerns about risks 2

of off-target effects (Ewel et al., 1999; Louda et al., 2003; Willis et al., 2003; Willis and 3

Memmott, 2005; Pearson and Callaway, 2003). Despite these pressures, there are 4

disincentives to undertake pre-release evaluation of agent effectiveness because of the 5

additional time and resources required and the potential likelihood of rejecting agents that 6

could be effective in the introduced range (McClay and Balciunas, 2005).7

8

Pre-release modelling and experimental studies to evaluate the effectiveness of prospective 9

agents can provide some indication of their potential to adversely affect key growth 10

parameters of the target weed and thus assist the agent selection and prioritisation process 11

(Sheppard, 2003; McClay and Balciunas, 2005; Morin et al., 2006; Raghu et al., 2006b, 12

2007). They will however, never fully predict how a candidate agent will perform on weed 13

populations in the introduced range, when faced with a new set of environmental conditions, 14

particularly if the agent suffers from high rates of parasitism or predation (McFadyen and 15

Spafford Jacob, 2003; Broughton and Pemberton, 2008). Pre-release experimental studies to 16

demonstrate the effectiveness of candidate agents are either performed in the field in the 17

native range of the target weed (e.g. Brun et al., 1995; Briese et al., 2003; Goolsby et al., 18

2004; Gerber et al., 2007a, b) or on individual plants under controlled conditions, often in 19

conjunction with host-specificity trials (e.g. Hasan and Aracil, 1991; Shishkoff and Bruckart, 20

1996; Balciunas and Smith, 2006; Baars et al., 2007). A priori predictions of agent efficacy 21

however, have so far not often been explicitly tested by quantifying effectiveness in the field 22

after release.  23

24
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On the other hand, demonstrating that an agent introduced to a new country is effective in 1

reducing populations of a target weed across its range and over the long-term is a challenging 2

and non-trivial task. Not only do researchers need to determine whether the agent has 3

adversely affected the weed, they also need to show that the observed suppression is greater 4

than would be expected given the underlying spatio-temporal variability of the biological 5

system and abiotic conditions (McClay, 1995; Carson et al., 2008). Therefore, pre-release 6

measurements of target weed populations and associated plant communities are valuable to 7

provide baseline data against which the biological control program can be subsequently 8

evaluated (Evans and Landis, 2007; Yates and Murphy, 2008). To date, the majority of post-9

release evaluation studies have focused on subjective assessments of agent establishment and 10

performance at the individual plant level (McClay, 1995; Dhileepan, 2003a; Thomas and 11

Reid, 2007). Few studies have quantified the effects of agents in reducing weed populations 12

(e.g. Hoffmann and Moran, 1998; Sheppard et al., 2001; Buckley et al., 2003a, b; Dhileepan, 13

2003b; Story et al., 2006), fewer have attempted to quantitatively measure the response of 14

associated plant communities to the removal of the weed (e.g. Huffaker and Kennett, 1959; 15

McEvoy et al., 1991; Hunt-Joshi et al., 2004; Paynter, 2005; Barton et al., 2007; Dhileepan, 16

2007) and none, as far as we are aware have monitored changes in animal and microbial 17

communities and ecosystem processes (e.g. nutrient cycles, hydrological cycles). Assessing 18

the degree to which weed management programs in general are contributing to the 19

conservation of native communities and ecosystem processes is increasingly being performed 20

to determine if programs lead to the stable recovery of ecosystems (e.g. Erskine Ogden and 21

Rejmánek, 2005; Galatowitsch and Richardson, 2005; Gosper et al., 2006; Harms and 22

Hiebert, 2006; Blanchard and Holmes, 2008; French and Buckley, 2008).23

24
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There are several reasons to invest resources in measuring the effectiveness of agents in 1

suppressing the target weed in the introduced range: 1) it can provide the necessary 2

information to fine-tune a biological control program’s strategy and improve future programs, 3

2) it may inform practitioners that other agents, which affect different life stages of the target 4

weed, are needed to exert additional stresses on the weed at both individual plant, and 5

population levels, and 3) it may indicate that altering other management practices would 6

increase agent effectiveness. Most importantly, evaluating the effectiveness of agents using a 7

range of ecological, economic and social indicators provides data to assess whether and to 8

what extent the agents have successfully suppressed weed populations and contributed to 9

aesthetic, recreational, human health, biodiversity and economic benefits (Syrett et al., 2000). 10

Such rigorous assessments can then be used to justify continued investment in biological 11

control research and implementation. 12

13

By reviewing key issues, available approaches and analyses, we aim to encourage and assist 14

practitioners in developing sound plans to evaluate the effectiveness of agents throughout the 15

lifespan of weed biological control programs. While we recognize that the majority of16

biological control practitioners are aware of the benefits of selecting highly effective agents 17

and measuring their effectiveness after release, there are still many programs that do not 18

include any pre- and post-release assessments of agent effectiveness. This review’s main goal 19

is to present a compilation of the various approaches, including their strengths and 20

weaknesses, which can be used for assessing agent effectiveness and not a summary of the 21

effectiveness of agents from different systems. Specifically we discuss: 1) the need to assess 22

ecological, economic and social impacts of the target weed before initiating a biological 23

control program, 2) the importance of setting performance targets at the start of a program and 24

gathering adequate baseline ecological data for future comparison, 3) the types of data 25
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typically collected to assess agent effectiveness and 4) the experimental, modelling and 1

economic approaches that have been used to evaluate the effectiveness of agents pre- and 2

post-release. We will not discuss the evaluation of possible direct effects of biological control 3

agents on non-target plants as these were reviewed in detail by Barton (2004) and Willis et al. 4

(2003). While we have included examples and references from many different countries to 5

provide a global perspective to the review, we emphasize certain Australian examples that we 6

are well acquainted with to illustrate particular points.7

8

2. Ecological, economic and social impacts of the target weed9

10

Data on the ecological and socio-economic impacts of a target weed prior to implementing a 11

biological control program provide crucial information to use later for comparison when 12

evaluating the effectiveness of introduced agents. Such information also helps determine 13

whether the investment in a program is justified in the first place. It can also assist in 14

identifying potential conflicts of interest, such as when the target weed is of economic benefit 15

to some industries or individuals (Delfosse, 1989). If data show that the weed is a symptom 16

rather than the cause of the degradation of natural or agricultural ecosystems (MacDougall 17

and Turkington, 2005), a biological control program may not necessarily deliver economic or 18

ecological benefits unless the underlying causes of the initial invasion are addressed (Hulme 19

2006). 20

21

The ecological damage caused by a weed can be assessed through field studies that correlate 22

weed abundance with native plant abundance and diversity, and ecosystem processes, or that 23

measure native community composition in plots with weeds removed and weed-infested plots 24

(Grice, 2004; MacDougall and Turkington, 2005; Hulme and Bremner, 2006). Information on 25
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the current economic damage caused by the weed and potential adverse impacts should the 1

species spread beyond its present distribution will also provide essential data for future 2

comparison (Leistritz et al., 1992; Walker et al., 2005; Kaiser, 2006; Ireson et al., 2007; Juliá 3

et al., 2007). There is however, often a scarcity of useful quantitative economic data of weed 4

impacts in the literature, and therefore consultation with key stakeholder groups is frequently 5

necessary to obtain realistic estimates (Eiswerth et al., 2005; Page and Lacey, 2006).6

Information on the reduction in agricultural output (yield) due to a weed and financial costs of 7

its control is generally readily available for many intensive agriculture industries (Sinden et 8

al., 2004; O’Donovan et al., 2005), but weed biological control has rarely been contemplated 9

for such systems. In contrast, there is generally limited information on the impact of weeds on 10

pasture or rangeland production and the subsequent reduction in carrying capacity (e.g. for 11

livestock) (Auld et al., 1987). Estimating the financial costs of a weed invading natural 12

ecosystems is a recurrent challenge due to lack of data on the value of ecosystem and 13

recreational services that are lost due to the invasion (Sinden et al., 2004; Eiswerth et al., 14

2005; Kaiser, 2005; Sinden and Griffith, 2007). Consequently, economic analyses of 15

environmental weeds often only include estimates of control costs.  16

17

Consultation with health centres and review of medical studies can be used to reveal social 18

costs of some weeds. For example, Bass et al. (2000) found that pollen from common 19

ragweed (Ambrosia artemisiifolia L.) caused severe hay fever and asthma. Similarly, pollen 20

and plant dust of parthenium (Parthenium hysterophorus L.) result in allergenic respiratory 21

reactions and contact dermatitis (Khosla and Sobti, 1979; McFadyen 1995). An increase in 22

numbers of patients suffering from vector-borne tropical diseases has been attributed to the 23

expansion of water hyacinth (Eichhornia crassipes (Mart.) Solms) infestations in Lake 24

Victoria, Africa (Epstein, 1998). In this case, dense weed populations have provided a refuge 25
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for breeding of Anopheles spp. mosquitoes and the snail Biomphalaria sudanica Martens, 1

vectors of malaria and schistosomiasis, respectively (Navarro and Phiri, 2000; Plummer, 2

2005). 3

4

The scarcity of relevant quantitative information on the ecological, economic and social 5

impacts of a weed often encountered before the initiation of a biological control program is a 6

challenge for practitioners. They can partially circumvent this difficulty by encouraging other 7

researchers interested in broader issues relating to plant invasion mechanisms to use their 8

target weed as a model system for obtaining relevant ecological and economic impact data. 9

10

3. Setting performance targets and gathering detailed baseline 11

ecological data 12

13

Biological control programs benefit from having well-defined performance targets. Setting 14

weed management outcomes to aim for provides quantitative benchmarks against which 15

achievements can be subsequently evaluated (van Klinken and Raghu, 2006; Thomas and 16

Reid, 2007). These targets are crucial to assist the selection of an appropriate candidate agent 17

to increase likelihood of achieving the desirable level of control of the target weed. They also 18

provide the basis to select the design, scale and duration of experiments to measure agent 19

effectiveness after release and to determine the type, timing and frequency of data collection 20

(Vos et al., 2000; Hobbs, 2003; Roni et al., 2005).21

22

Performance targets may include a quantitative estimate of 1) the required decline in 23

propagule production to reduce weed spread, 2) the level of control necessary to make the 24

weed more amenable to other control measures and/or, 3) the necessary suppression in 25
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populations over a defined timeframe to reduce the weed’s economic or ecological impacts to 1

an acceptable level. For example, reducing the percentage cover or biomass of the target weed 2

per unit area below 50% for 10 continuous years may be deemed necessary to obtain a 3

satisfactory increase in desirable vegetation at infested sites. Setting such a target implies that 4

there is a functional relationship between weed abundance or density and recovery of 5

desirable vegetation and/or agricultural productivity. Knowing the shape of these impact-6

density curves allows an observed level of decline in the weed to be equated with a degree of 7

economic or ecological benefit and can considerably improve management decisions 8

(Yokomizo et al. 2009). However, this requires considerable knowledge of the impacts of the 9

weed and the level of control necessary to ameliorate them (Eiswerth et al., 2005; Jetter, 10

2005; Kaiser, 2006). Unfortunately, this information is rarely available for environmental 11

weeds, and consequently there is great uncertainty associated with performance target 12

estimates (Jetter, 2005; Hulme, 2006; Thomas and Reid, 2007). 13

14

Detailed baseline data on selected populations of the target weed across its introduced range 15

collected soon after the inception of a biological control program and well before any agents 16

are released will later facilitate assessment of agent effectiveness (Thomas and Reid, 2007; 17

Carson et al., 2008). Weed demographic data are also helpful to parameterize models to 18

predict agent efficacy and assist with agent selection. Data collected over multiple, 19

consecutive years before the first agent is released should provide a realistic indication of 20

spatio-temporal fluctuations in plant population parameters (Underwood, 1993). Pre-release 21

baseline ecological data can also help narrow down the number of different measurements 22

that will have to be collected following the release of agents, based on relationships 23

established between various weed parameters (e.g. Story et al., 2001; Swirepik and Smyth, 24

2003), providing the agents do not alter these relationships. 25
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1

Measuring key parameters of plant communities co-existing with the weed will enable 2

subsequent assessment of their response following a reduction in the weed population due to 3

biological control (e.g. Lesica and Hanna, 2004, Schooler et al., 2006b). It may also be 4

beneficial in some instances to gather baseline data on ecosystem processes at weed-infested 5

sites (Vitousek, 1990; Denslow and D’Antonio, 2005; Hulme, 2006). It is too often assumed 6

that associated plant, animal and microbial communities and ecosystem processes will 7

automatically recover as a result of a local reduction in the size or density of weed 8

populations (Thomas and Reid, 2007; Carson et al., 2008). Changes in weed populations are 9

unfortunately not necessarily positively or linearly related to impacts on the ecosystems.10

Biological control practitioners need to be aware of the wider ecosystem implications of 11

releasing agents and need to promote a whole-system weed management approach so that 12

weeds managed by biological control are not replaced by other weeds (Müller-Schärer and 13

Frantzen 1996; Hulme, 2006; Buckley et al., 2007; Buckley, 2008; Carson et al., 2008).14

15

4. Types of data collected to assess agent effectiveness 16

17

Agent-related measurements18

Several different types of measurements can be made to quantify damage caused by agents at 19

different densities on individual plants. Typically for insect agents, density is assessed by 20

counting the number of individuals of each life-stage on plants. This information is valuable 21

to understand trends in the agent populations, phenology and dispersal patterns. To quantify 22

feeding damage, measurements may include portions of leaf area removed, proportion of 23

leaves exhibiting agent damage, severity of the damage per unit size/biomass, litterfall, 24

number of stem tips damaged, gall density, distribution of galls on the plant, number of 25
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oviposition marks or loss of photosynthetic tissue (e.g. Dhileepan and McFadyen, 2001; 1

Goolsby et al., 2004; Paynter, 2006; Gerber et al., 2007a, b, 2008). Such measurements may 2

not be straightforward for some agents, due to difficulties in sampling (e.g. large trees) or the 3

nature of insect feeding mode (e.g. endophagous or below-ground).4

5

Damage assessment for pathogen agents also depends on their life-history characteristics. For 6

example, a visual assessment of gall numbers per tree was performed for the gall-forming rust 7

pathogen Uromycladium tepperianum (Sacc.) on Port Jackson wattle (Acacia saligna (Labill.) 8

H.L.Wendl) in South Africa (Wood and Morris, 2007). In contrast, for pathogens infecting 9

leaves incidence (e.g. percentage of foliage or number of leaves with necrotic lesions or rust 10

pustules) and severity (e.g. portions of leaf area infected or number of lesions per leaf) of 11

disease symptoms on individual plants are typically assessed (e.g. Baudoin et al., 1993; Brun 12

et al., 1995). Disease incidence can also be determined at the population level by estimating 13

percent cover or counting the number of plants (or shoots), within a defined area, that are 14

infected by the pathogen (e.g. Morin et al., 2002; Dhileepan et al., 2006). These 15

measurements not only provide a quantitative assessment of damage but also give a measure 16

of the pathogen population density. Pictorial keys can be developed to standardize and 17

streamline visual assessments of severity of disease symptoms on leaves or stems (James, 18

1971; Stonehouse, 1994). 19

20

Quantification of agent incidence and damage is not in itself informative if it is not related to 21

effects on weed life-history parameters, taking into account density-dependent relationships 22

and the ability of plants to compensate for damage (e.g. Buckley et al., 2005b; Schooler and 23

McEvoy, 2006; Gerber et al., 2007a, b, 2008). Such relationships are essential to predict if the 24
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agent will have strong effects on weed abundance and spread (McEvoy and Coombs, 1999; 1

Shea, 2004; Davis et al., 2006).2

3

Weed-related measurements4

Measurements on the weed are ideally taken at the individual plant and population levels. 5

Growth (number, size and biomass of above- and below-ground parts) and reproductive6

(number and biomass of flowers, fruits and seeds) parameters, and survival are typically 7

measured for individual plants. At the weed population level, measurements may include 8

weed density and cover, stand size and age structure, seedling recruitment and survival, viable 9

seed bank density and spread. The specific measurements collected will depend on the weed-10

agent system. For example, the number of viable seeds produced by the weed will be 11

measured if a seed-feeding agent is anticipated for release, but it is important to verify if this 12

parameter affects the magnitude of the weed’s seedbank and its recruitment, and weed 13

population dynamics (McEvoy et al., 1991; Kriticos et al., 1999; Buckley et al., 2005b). 14

Gathering fecundity data may also be important for other types of agents since reduction in 15

plant growth may indirectly reduce fecundity. The weed’s growth form, life history 16

characteristics and ecological context are also considered when designing protocols to 17

measure change in populations, so that relevant data can be collected to a high level of 18

resolution. For example, artificial trellises had to be used to support climbing shoots of the 19

environmental weed bridal creeper (Asparagus asparagoides (L.) Druce), on which most fruit 20

production occurs, to collect data on reproductive output (Stansbury et al., 2007). Gathering 21

weed demographic information across broad spatial scales is necessary to test whether 22

different populations respond similarly to agents (Shea and Kelly 1998; Buckley et al. 2003a;23

Davis et al. 2006).24

25
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Ecosystem-related measurements1

The response of an ecosystem following reduction of a dominant weed population by 2

biological control agents can be assessed by measuring plant community parameters such as 3

diversity and abundance of native and weedy plant species, and productivity in 4

agricultural/forestry systems (e.g. pasture carrying capacity, crop yield). Measurements of 5

other characteristics of the ecosystem, such as species richness and abundance of beneficial 6

arthropods and microbes, soil nutrient levels and water quality, or ecosystem processes, such 7

as rate of nutrient cycling and decomposition, and changes in hydrological cycles may also be 8

considered (Vitousek, 1990; Denslow and D’Antonio, 2005; Hulme, 2006). 9

10

5. Laboratory and glasshouse studies 11

12

Laboratory or glasshouse experiments that simulate possible agent damage on the target weed 13

can be performed ahead of any agent selection, to identify the types of damage that will 14

severely affect individual plants (e.g. Schat and Blossey, 2005; Schooler et al., 2006a; 15

Dhileepan et al., 2009). For example, Raghu et al. (2006a) used glasshouse simulated 16

herbivory experiments to assess how damage to various plant parts affected growth of the 17

invasive liana cat’s claw creeper (Macfadyena unguis-cati (L.) A. H. Gentry). They found that 18

artificial defoliation caused the greatest reduction in above and below-ground biomass. In 19

contrast, direct damage to below-ground organs only had a negligible effect on overall plant 20

productivity and even triggered compensatory responses by the plant. These results suggested 21

that specialist herbivores in the leaf-feeding guild capable of removing over 50% of the leaf 22

tissue would be desirable for the biological control of this species. Results of simulated 23

experiments however, are of limited value if the simulated damage does not compare with 24
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that of actual agent damage observed in the laboratory, glasshouse or field (Hjalten, 2004; 1

Lehtilä and Boalt, 2004; Raghu and Dhileepan, 2005).2

3

In situations where field studies cannot be carried out in the native range, laboratory or 4

glasshouse experiments are typically performed to demonstrate the potential effectiveness of 5

prospective agents (e.g. Shishkoff and Bruckart, 1996; Evans and Bruzzese, 2003; Smith, 6

2005). These experiments enable detailed measurements of key weed growth parameters 7

affected by the candidate agent, including those such as below-ground biomass that are often 8

difficult to measure under field conditions (Morin et al., 2002; Raghu et al., 2006a) and 9

provide useful data for parameterizing models (Buckley et al., 2005b). They also provide 10

opportunities to test the influence of multiple agents, plant competition or different abiotic 11

factors on agent effectiveness (e.g. Willis et al., 1998; Callaway et al., 1999; Heard and 12

Winterton, 2000). An indication of the effects of an agent on pair-wise competitive 13

interactions between a weed and co-occurring desirable plant species can be obtained from 14

pot experiments (e.g. Groves and Williams, 1975). 15

16

The drawback of laboratory and glasshouse experiments is that they are of limited value for 17

long-lived trees and shrubs (Wirf, 2006). They also tend to concentrate on measuring effects 18

of agents on individual plants and early life-stages under a prescribed set of environmental 19

conditions, and consequently can generate exaggerated or unrealistic results (McClay, 1995; 20

Raghu et al., 2006b). Conversely, there are examples of agents, such as the rust fungus 21

Puccinia xanthii Schw. on Noogoora burr (Xanthium occidentale L.) and the mealybug 22

Hypogeococcus pungens (Granara de Willink) on harrisia cactus (Harrisia martini (Labour.) 23

Britton), that were predicted to be ineffective in controlling populations based on results of 24

laboratory experiments (Julien et al., 1979; McFadyen, 1979), but which built up and 25
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maintained large populations after release, and effectively controlled their target weeds 1

(McFadyen and Tomley, 1981; Chippendale, 1995; Morin et al., 1996). These cases highlight 2

the importance of combining results of laboratory experiments with that of field studies in the 3

native range and demographic modelling, to generate more robust predictions of agent 4

efficacy.5

6

6. Field studies7

8

There are several approaches that have been used to assess the effectiveness of prospective 9

agents in the field in the native range or after their release in the introduced range. With all 10

approaches except for manipulative experiments, the effects of agents may not be easily 11

separated from those caused by a variety of confounding variables. For example, abiotic or 12

biotic differences in sites and/or years can influence both agents and weeds, and the 13

competition or facilitation exerted by the associated plant communities on the weeds 14

(McClay, 1995; Müller-Schärer and Schaffner, 2008). To account for these possible 15

confounding factors and ascertain that observed changes are primarily due to the agents, field 16

studies are conducted over several years and at many representative sites across different 17

climatic regions and habitats (e.g. Swirepik and Smyth, 2003; McConnachie et al., 2004; 18

Denoth and Myers, 2005). Although wide fluctuations in plant populations between years are 19

less common for perennial weeds, capturing variability over several years is still important 20

because it may take considerable time for these weeds to respond to stresses exerted by the 21

agents (Buckley et al., 2004). In many instances, firm evidence of the effectiveness of the 22

agent in damaging the weed and affecting weed populations can only be obtained by carrying 23

out different types of field studies, including the more robust manipulative experiments, 24
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coupled with laboratory or glasshouse studies and demographic modelling, whenever possible 1

(Briese, 2006). 2

3

Correlative studies4

Correlative field studies aim to determine the relationship between agent densities/damage 5

levels and the weed growth and reproductive performance. They may be carried out in the 6

native range of the target weed to demonstrate the effectiveness of specific natural enemies in 7

debilitating the weed (e.g. Brun et al., 1995; Wood, 2002; Briese et al., 2003; Hafliger et al.,8

2005). For example, Briese (2000) demonstrated a strong relationship between attack levels 9

by the seed weevil Larinus latus Herbst and seed destruction of Scotch thistle (Onopordum 10

spp.) by surveying 46 populations in the native range. He conceded however, that the effect of 11

reduced seed production due to the agent on the weed population dynamics may be negligible 12

since Scotch thistle has a long-lived seed bank. This case highlights the importance of 13

including measurements at the weed population level to more accurately predict agent 14

efficacy. 15

16

Many agents in the native range may be host limited (bottom up effect), making it difficult to 17

assess their effectiveness in reducing plant populations. Common-garden experiments in the 18

native range, where a high density population of the target weed is artificially created 19

(equivalent to those found in the introduced range) can be used to remove this resource 20

constraint to obtain measurements of agent effectiveness that are more realistic for the 21

introduced range. Correlative studies involving target density manipulation in the native range 22

can therefore provide an opportunity to investigate the population dynamics of the candidate 23

agent and identify the key ecological mechanisms that may be limiting its effectiveness i.e. 24

bottom up and top down limitation of population growth (Blossey, 1995; Sheppard, 2003; 25
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Sheppard, 2006). Measuring the levels of predation or parasitism affecting the agent 1

population (top down effect) may also assist in interpreting data collected on their 2

effectiveness in reducing the weed population should such agents escape this following 3

release (Gassmann, 1996). 4

5

Determining if a candidate agent affects weed populations in the native range may not be 6

relevant for assessing effectiveness if other factors such as plant competition rather than 7

natural enemies are the main limiting factors on target populations. In the introduced range, 8

where weed densities are much higher the agent may no longer be resource limited or could 9

escape its co-evolved parasites/predators. Sheppard (2003) highlighted that candidate agents 10

likely to be effective in reducing weed populations in the introduced range are generally 1) 11

widely distributed in the native range, 2) capable of attacking the most vulnerable plant stage12

identified in weed population models based on introduced range data and, 3) able to outbreak 13

and kill their host, at least in some circumstances. A retrospective analysis of past biological 14

control programs would be a first step towards testing these predictions.15

16

Correlating agent densities and damage levels to changes in growth and reproductive 17

parameters of individual plants has also been used to assess the effectiveness of released 18

agents (e.g. Swirepik and Smyth, 2003; Schooler and McEvoy, 2006; Wood and Morris, 19

2007). A more comprehensive assessment of the effectiveness of agents can be obtained by 20

extending measurements to plant population parameters (e.g. Davis et al. 2006). Hoffmann 21

and Moran (1991) for example, showed that the 98% seed reduction in Sesbania punicea 22

(Cav.) Benth.) caused by the weevil Trichapion lativentre (Beguin-Billecocq) did not lead to 23

a decline in the density of mature plants. 24

25
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Comparing sites (or plots) with and without agents1

When agents have not been widely released or have not spread extensively by natural means, 2

it is possible to compare weed population parameters at sites or plots where agents are present 3

with others where they are absent (e.g. Dhileepan et al., 2000a; Paynter, 2005). Carson et al. 4

(2008) recommend releasing agents in randomly selected sites that are paired with non-release5

sites (control sites) in a replicated manner, stratified across relevant temporal and spatial 6

biotic and abiotic gradients. Paynter (2005) conducted such comparisons over three years to 7

quantify the effects of the stem-mining moth Carmenta mimosa Eichlin & Passoa on mimosa 8

(Mimosa pigra L.). In this study, differences in litter and seed fall, seed banks, vegetation 9

cover, size, density and age structure of mimosa stands at nine sites where the stem-mining 10

moth was present were compared with similar data taken at eight sites where the agent was 11

absent. The study found that mimosa seed rain, seed banks and seedling establishment were 12

reduced at C. mimosa-infested sites compared to that of the other sites. Such comparative 13

field studies however, are often not appropriate because many agents, in particular Diptera, 14

Lepidoptera, Hymenoptera as well as some Coleoptera insects, and rust pathogens can rapidly 15

disperse over long distances soon after their release (e.g. Cullen et al., 1973; Edwards et al., 16

1999; Cruz et al., 2006).17

18

Comparing before- and after-release data 19

Photo points. The simplest and cheapest approach to evaluate effectiveness of agents is to 20

establish fixed reference points at weed-invaded sites before or soon after the release of 21

agents and take a series of photos from those at regular intervals after release (e.g. Room et 22

al., 1981; Johnston and Lloyd, 1982; Freeman, 1992; Trujillo et al., 2001; Dhileepan, 2003a). 23

This approach is suitable when the effects of the agent(s) are visually conspicuous and a 24

dramatic decline in weed density and cover is observed. For example, comparison of photos 25
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taken at fixed reference points of infestations of the aquatic weed red waterfern (Azolla 1

filiculoides Lamarck) before and after the introduction of the frond-feeding weevil 2

Stenopelmus rufinasus Gyllenhal in South Africa, showed the collapse of the weed mat 270 to 3

312 days after release (McConnachie et al., 2004). Similar photos of infestations of terrestrial 4

weeds can also show recovery of associated plant communities over time, although it is often 5

difficult to tell apart the individual species that have replaced the weed. 6

7

It can be difficult however, to measure modest changes in weed density from such a photo 8

series. Where appropriate, photographs of vertical views of fixed areas (e.g. quadrats) are 9

more suitable for measuring changes in density because they can be analyzed with high-10

precision image analysis software (Hall, 2001). Decrease in weed density may not be easily 11

detected in photographs if other species with similar growth habits colonize the site. In these 12

instances, additional information on types of plants present at photo points has to be collected. 13

Furthermore, photographs do not provide evidence that the decline in weed populations is due 14

to the agent(s), unless it is coupled with assessments of a priori weed abundance, agent 15

damage and density.16

17

Comparing historical and contemporary data. Published and unpublished historical 18

information, such as field ecological data and aerial or satellite photos of specific weed-19

infested sites, collected regardless of the initiation of a biological control program, can 20

provide baseline data to compare with contemporary data taken at the same sites. 21

22

Comparing historical ecological data with more recently acquired data is most useful when 23

they are of equal quality and exist for several sites. Ireson et al. (2007) recently collected data 24

on the seed bank and rosette densities of common ragwort (Senecio jacobaea L.) in fixed 25
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quadrats at four sites in the north of the state of Tasmania, Australia where similar data had 1

been collected from 1979-1981. The data had been gathered as part of a demographic study 2

that was performed independent of the initiation of a biological control program (but 3

coinciding with the release of the ragwort flea beetle, Longitarsus flavicornis (Stephens) in 4

1979) and was never published. Seed bank and rosette densities were found to have 5

considerably declined when the historical and contemporary datasets were compared. 6

Additionally, during the contemporary survey, larval populations of the ragwort flea beetle 7

were found actively feeding on medium to large rosettes of the weed in the vicinity of three of 8

the four samples sites. Change in grazing management or use of herbicides were ruled out as 9

having contributed to the reduction of ragwort populations at these sites. 10

11

Historical maps of a weed distribution before the start of a biological control program can be 12

compared with maps assembled years after the release of agents to determine the effectiveness 13

of the program at a landscape scale (Henderson, 1999). Aerial and satellite imagery can be 14

particularly powerful by providing a long data series prior, during and after release of agents 15

over a large spatial scale (e.g. Everitt et al., 2005; Lass et al., 2005). Colour aerial 16

photography and hyperspectral remote sensing have been used to measure changes in 17

saltcedar (Tamarix spp.) distribution in western United States and to identify areas where 18

agents were most active in defoliating trees (Anderson et al., 2005; Curruthers et al., 2006). 19

The use of remote sensing however, is not necessarily applicable to all situations: it requires a 20

certain level of expertise to analyze the data and is only appropriate for a limited number of 21

weed species that can be visually separated from other background vegetation (Everitt et al., 22

1995; Lass et al., 2005).23

24



22

Stakeholder surveys. Perceptions of land managers on the prevalence of a target weed and 1

the ecological, economic and/or social problems that it causes can be surveyed before the 2

initiation of a biological control program and compared with answers obtained in subsequent 3

surveys performed years after the release of the agent(s). Alternatively, a single survey 4

performed after agents have spread extensively and are believed to be affecting the weed can 5

be used to assemble similar data, providing stakeholders have a good recollection of the 6

extent of the weed problem before the release of agents. Information obtained from more 7

general surveys may also provide some indications of the benefits of a biological control 8

program. For example, Tasmanian land managers were surveyed to list the weeds on their 9

property in order of importance and indicate the economic impact of each weed and whether 10

problems caused by the weeds had changed over the last 10 years (Ireson et al., 2007). 11

Respondents indicated a consistent decrease in the problem status of European blackberry 12

(Rubus fruticosus L. aggregate) and common ragwort over that period, two species on which 13

biological control agents were released in the late 1970’s and mid 1980’s. Such surveys are a 14

relatively inexpensive way to obtain a qualitative assessment of the status of weeds following 15

the release of agents, but may be deceptive because the change in status may have been 16

independent of the biological control program. 17

18

Comparing quantitative ecological data. Quantitative data collected on selected target weed 19

populations, co-existing plant communities and/or other ecosystem parameters for several 20

years before the release of agent(s) can be compared with similar data gathered after their 21

release (McClay, 1995; Blossey, 1999; Carson et al., 2008). Most studies published so far 22

have concentrated on monitoring changes in weed population growth and reproductive 23

parameters along with agent abundance and individual plant damage (e.g. Denoth and Myers, 24

2005; Grevstad, 2006). For example, Paynter (2006) compared litterfall data collected for two 25
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years in the early 1980s at a site infested by mimosa in Northern Territory, Australia1

(Lonsdale, 1988), just prior to the release of agents, with similar data gathered between 2001 2

and 2003 along the original transects at the same site. Results showed that seed rain had 3

declined by approximately 60% at the edge of the weed stand, where the most severe damage 4

caused by the twig and stem-mining moths Neurostrota gunniella Busck and C. mimosa (both 5

released in 1989) was recorded. Nonetheless the recovery of competing vegetation at the edge 6

of the stand, due to the culling of feral Asiatic water buffalos (Bubalis bubalis Lydekker) in 7

the late 1980s - early 1990s, was identified as another possible contributor to the suppression 8

of mimosa recruitment and hence a decline in litterfall over time. 9

10

Changes in plant communities and other ecosystem characteristics, as a result of a decline in 11

weed populations due to biological control, are still seldom quantified (Thomas and Reid, 12

2007; Carson et al., 2008). Barton et al.’s (2007) recent study which documented the recovery 13

of native plants following the rapid decline of mistflower (Ageratina riparia (Regel) R. King 14

and H. Robinson) populations after the introduction of the fungus Entyloma ageratinae15

Barreto and Evans in New Zealand, is a good example of this type of research.16

17

Manipulative experiments18

Exclusion experiments using cages, insecticides and/or fungicides are performed to determine 19

the contribution that agents have in regulating the target weed population (e.g. Burdon et al., 20

2000; Sheppard et al., 2001; Dhileepan, 2003b; Briese et al., 2004; Goolsby et al., 2004; 21

Hunt-Joshi et al., 2004; Tipping et al., 2008). Inclusion experiments, whereby an insect agent 22

is added to cages containing the weed in the field, have also been used to measure agent 23

effectiveness in the native (e.g. Briese et al. 2002) and introduced ranges (e.g. Dhileepan et 24

al., 2000b; Dhileepan, 2003c). Inclusion experiments however, are not frequently used 25
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because they can generate exaggerated results due to the often unrealistically high agent 1

population that develops within the cages. 2

3

Exclusion and inclusion experiments are useful to relate agent densities directly to plant 4

performance, independent of confounding external factors (McClay, 1995), and their design 5

generally allows for rigorous statistical analysis of agent effects (Farrell and Lonsdale, 1997; 6

Carson et al., 2008). They can also be used to differentiate between the effects of multiple 7

agents (James et al., 1992; Paynter et al., 2006) and measure the initial response of the co-8

existing plant community to a reduction in weed competitiveness or density, if plots/cages are 9

sufficiently large (Hunt-Joshi et al., 2004). They are however, time-consuming and expensive 10

and therefore are generally conducted on a small scale for relatively short periods of time. 11

Furthermore, researchers should be cautious in extrapolating the results from small-scale 12

exclusion studies to broader-scale predictions. Nonetheless, we believe that exclusion 13

experiments are worth conducting to obtain comparisons of agent effectiveness within sites 14

over one or several years.15

16

Carefully designed and implemented exclusion experiments are essential to account for any 17

effects the chemical or cage treatments may have on the whole system (Lonsdale and Farrell, 18

1998). These types of experiments have been used on weedy tree saplings (Tipping et al., 19

2008), but are generally not suitable for larger woody weeds and high rainfall areas because it 20

may be difficult to continuously exclude agents with cages or chemical applications (Paynter, 21

2004). They still however, give an indication of the response of the weed to a reduction in 22

agent damage. Physical barriers, such as nylon mesh used in cages, can reduce light levels and 23

evapo-transpiration rates, which in turn may alter plant performance (Hand and Keaster, 24

1967; Kidd and Jervis, 1996). The exclusion treatment can also affect interactions other than 25
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those occurring between the weed and the agent (e.g. with pollinators, predators and 1

parasitoids), and these effects need to be taken into consideration during analysis and 2

interpretation of results (Lonsdale and Farrell, 1998; Hunt-Joshi et al., 2004; Maron et al.,3

2004). The chemical used to exclude the target agent may also have unwanted fertilizing or 4

phytotoxic effects that affect plant performance and vigour (Baudoin et al., 1993; Tipping and 5

Center, 2002; Siemann et al., 2004). Experiments that compare the performance of plants, 6

independent of agents, in caged or chemically-treated plots versus untreated plots are 7

necessary to estimate the effect of applying the exclusion treatment per se, which can be taken 8

into account when interpreting results of exclusion experiments (e.g. Adair and Holtkamp, 9

1999). 10

11

Exclusion and inclusion experiments may involve the transfer of potted plants of the target 12

weed or transplantation of standardized plants to the field to enable detailed examination of 13

responses to agents under natural conditions, while controlling for differences in soil and 14

plant size, age and genotype (e.g. Baudoin et al., 1993; Dhileepan et al., 2000b; Corn et al., 15

2006). One important advantage of such pot or planting methods is the ability to retrieve 16

entire individual plants at the end of the experiment, making it easier to examine the effect of17

the agent on below-ground biomass. The main disadvantage of transferring potted plants to 18

the field is that it makes exclusion experiments even more labour-intensive and generally 19

requires new plants to be transferred each growing season. Furthermore, this approach focuses 20

on single plant and early life-stage responses, which may lead to overestimates of agent 21

effects, if they are extrapolated to mixed-age populations. Nonetheless, differences in the 22

response of different life stages as well as between transplanted, potted and field plants can be 23

investigated experimentally. 24

25



26

7. Demographic modelling1

2

Models of plant population dynamics can assist with the selection of effective agents by 3

identifying the most vulnerable stages of the weed’s lifecycle where damage would cause 4

major adverse effects on populations (e.g. Smith et al., 1997; Buckley et al., 2005a; Raghu et 5

al., 2006b, 2007). For example, Buckley et al. (2001) simulated control strategies for scentless 6

chamomile (Tripleurospermum perforatum (Merat) M. Lainz) at a number of different life 7

history stages and found that control regimes need to integrate rigorous and continuous 8

reductions in fecundity and survival late in the growing season in order to manage this 9

species. Similarly, demographic models on garlic mustard (Alliaria petiolate (Bieb.) Cavara 10

& Grande) demonstrated that biological control agents would need to directly affect fecundity 11

and rosette-to-flowering-plant stage to adversely affect population growth (Davis et al. 2006). 12

As far as we are aware none of the predictions made by the models mentioned above have 13

been explicitly tested in the field yet. Models simulating insect herbivore attack on seeds of 14

nodding thistle (Carduus nutans L.) (Shea and Kelly, 1998) and Scotch broom (Cytisus 15

scoparius (L.) Link) (Parker, 2000) showed that losses of approximately 70% of seeds would 16

be required to decrease populations of these weeds. If the Shea and Kelly (1998) and Parker 17

(2000) models had been developed prior to release, seed feeding agents may have been 18

considered ineffective in decreasing populations and subsequently not introduced. The 19

proportional contribution of fecundity to modelled spread speed in Scotch broom is similarly 20

low (Neubert and Parker 2004). Models can therefore serve as a guide for estimating desirable 21

levels of impacts by agents. 22

23

Collection of data needed to parameterize such detailed species-specific population models 24

can be time-consuming, and the resulting model can be complex. The problem is exacerbated 25
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if data are collected without reference to the needs of the model being used. To overcome the 1

impediment caused by lack of detailed weed demographic data, Ramula et al. (2008) recently 2

used comparative demographic models of invasive and native plants to identify general 3

targets for control, depending on plant life-history characteristics. Their study revealed that 4

growth and fecundity transitions of short-lived weeds should be prioritized as control targets, 5

while for long-lived weeds, targeting more than one demographic process, preferably survival 6

and growth, is required to reduce populations.7

8

Even well-parameterized models may not accurately predict the outcomes of a biological 9

control program as agent effectiveness is only one of many factors influencing the interaction 10

with the target weed. For example, the agents may not establish after their release, they may 11

rapidly acquire pre-adapted natural enemies that severely affect population build-up or they 12

may be unable to tolerate climatic variations in the introduced range (McFadyen and Spafford 13

Jacob 2003). Nevertheless, models constructed in the early stage of a biological control 14

program and parameterized with pre-release agent efficacy data provide crucial baseline 15

information that can be used to make predictions, which can be tested and updated as the 16

program proceeds and more data become available.17

18

Once an agent is released, models are useful in demonstrating a mechanistic connection 19

between the agent and reduced weed densities in order to exclude other explanations of 20

population decline of the weed over time (Kriticos, 2003). Population models can be 21

developed to predict the long-term dynamics of weed populations under pressure from the 22

agent and evaluate if the agent will be sufficiently effective to achieve the performance targets 23

of the program. For example, a model produced by Lonsdale et al. (1995) demonstrated that 24

continued herbivory of spinyhead sida (Sida acuta Burman f.) in the field by the chrysomelid 25
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beetle Calligrapha pantherina Stål. should reduce the weed population to much lower 1

densities; the extent dependent on the search efficiency of the beetle. Similarly, a coupled 2

plant-herbivore model developed for Paterson’s curse (Echium plantagineum L.) predicted 3

stable coexistence of the weed and agent with the seed bank of the weed falling to less than a 4

third of its value when the herbivore was not present (Buckley et al, 2005b). This model 5

successfully predicted reductions in weed density observed in the field. 6

7

Modelling the effects of introduced agents on weed populations may emphasize the need for 8

further agents to be introduced to enhance impact on the same life stage or feeding niche or to 9

target different stages of the plant lifecycle. For example, Stuart et al. (2002) showed that the 10

recorded 23-31% reduction in viable seed production of bitou bush (Chrysanthemoides 11

monilifera ssp. rotundata (DC). T.Norl.) caused by the seed fly Mesoclanis polana Munro is 12

unlikely to affect the persistence and colonisation ability of this weed species. Further 13

modelling exploring interactions between this agent and other management techniques 14

indicated that additional agents which attack bitou bush foliage and open up the canopy are 15

required to significantly reduce the weed’s competitive ability (Kriticos et al., 2004). It is 16

noteworthy that the presence of an introduced biological control agent, even if it does not 17

reduce the weed density sufficiently, may influence the plant in such a way that the pre-18

release model of plant demography and parameters will need to be updated before using it to 19

assess the suitability of other candidate agents. Environmental conditions within the exotic 20

range that vary from those prevailing in the native range, on which the initial model was 21

based, may also influence the most appropriate stage of plant life-history to target with 22

additional biological control agents (Buckley et al., 2005b; Davis et al., 2006). 23

24
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Models that show negligible effects of an agent on weed populations, may also point to the 1

need for integrating biological control with other management methods. Incorporating 2

multiple processes such as weed population dynamics, disturbance and existing or potential 3

biological and non-biological control tactics into models can assist in determining the long-4

term effect of the agent within a broader integrated management strategy for the target weed. 5

For example, a model for Scotch broom suggested that a substantial adverse effect of 6

biological control agents on the weed population would only occur if the disturbance rate was 7

high and fecundity and seedling survival were low; highlighting the need to integrate several 8

control tactics into the management program (Rees and Paynter, 1997). Through the use of 9

models based on two agents released in the late 1980s in Australia, Buckley et al. (2004) 10

predicted that it would take from 12-29 years to reduce the cover of mimosa from 90% to 11

<5% at sites where the biological control agents have established. Explicit modelling of 12

integrated weed management strategies also revealed that other approaches such as burning 13

and mechanical control were needed in conjunction with biological control to reduce the short 14

to medium-term detrimental impacts of mimosa. 15

16

A combination of empirical studies and models is particularly useful for evaluating the effect 17

of a recently introduced agent on target weed populations and provides the necessary data to 18

design a realistic long-term evaluation program to demonstrate whether or not the program 19

has been successful. For example, the data collected by Paynter (2005) on the effects of the 20

stem-mining moth C. mimosa successfully validated the spatial model developed by Buckley 21

et al. (2004). Through such coupled studies, biological control practitioners can be more 22

confident in the decisions they are making and subsequently develop more robust 23

management programs. Modelling based on results from empirical studies, and ideally with 24
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exclusion experiments can also facilitate evaluation of biological control programs for which 1

limited prior data are available, even years after they were initiated.2

3

8. Benefit-cost analyses4

5

Benefit-cost analyses measure the expected or actual return on investment from a biological 6

control program, which is expressed as a benefit-cost ratio or as a net present value. A 7

benefit-cost ratio is derived by dividing the value of the losses avoided by affected industries 8

or other stakeholders (in other words what economic damage would be caused by the weed in 9

the absence of the project, including costs for control), by the research and development costs 10

of the program. A net present value is an indicator of how much cash value a project adds to 11

the value of the industry concerned. Both costs and benefits are discounted at a specified rate 12

to account for differences in the time when they were incurred; costs are up-front while13

benefits increase steadily as agents gradually affect the weed. Unpriced values for benefits 14

such as the preservation of native biodiversity and scenic amenity, improved recreational 15

access to land and water, reduction of fire hazard and decreased exposure of environment to 16

herbicides (Greer, 1995; Page and Lacey, 2006), and costs such as ‘collateral damage’ on 17

non-target plants (if applicable) (Nordblom, 2003; Jetter, 2005), are not included in the 18

analysis unless a definitive dollar value has been estimated (Auld et al., 1987; Eiswerth et al., 19

2005). Nevertheless, describing and quantifying the unpriced (priceless) environmental and 20

social benefits and costs can provide a critical complement to the economic analysis. 21

Anticipatory (ex-ante) benefit-cost studies are useful in showing the expected value of a 22

proposed biological control program. Retrospective (ex-post) benefit-cost studies are used to 23

demonstrate accomplishments of a program (Culliney, 2005).24

25
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Benefit-cost analyses performed before or in the early stages of a biological control program 1

are valuable to predict the extent of expected effects of a candidate agent will translate into an 2

overall economic benefit. An ecological-economic model was used to demonstrate that the 3

benefits of releasing the rust fungus U. tepperianum for the biological control of Port Jackson 4

wattle in lowland fynbos ecosystems of South Africa could potentially outweigh the benefits 5

derived from harvesting the weed by the fuel wood industry (Higgins et al., 1997). Another 6

analysis showed that biological control of Scotch broom in New Zealand would result in a 7

favourable 2.9:1 benefit-cost ratio even after taking into account the potential negative 8

impacts on beekeepers, due to reduced pollen availability, and the non-target effects of the 9

agents on the fodder plant tagasaste (Chamaecytisus palmensis (Christ) Hutch.) (Jarvis et al., 10

2006). Due to the high number of unknown parameters before the start of a biological control 11

program, benefit-cost analyses may include several scenarios of projected cost and benefits 12

over time for different contingencies and uncertainty levels, with and without the program, 13

and different subjective probabilities assigned to each (Nordblom, 2003). It is noteworthy that 14

probabilistic analyses to estimate future benefits of biological control in light of agent 15

effectiveness and possible off-target effects, has only been published for the biological control 16

of Paterson’s curse in Australia (IAC, 1985; Jetter, 2005).17

18

Well-established biological control programs also use benefit-cost analyses to evaluate 19

economic impacts (e.g. Chippendale, 1995; Greer, 1995; Coombs et al., 1996; McConnachie 20

et al., 2003; van Wilgen et al., 2004; Culliney 2005). Page and Lacey (2006) recently carried 21

out a series of benefit-cost analyses to identify the role that weed biological control has 22

played in Australia. Their study revealed an outstanding overall benefit-cost ratio of 23:1, 23

based on increased production, control cost savings and health benefits. Considerable 24

limitations however, were encountered in gathering data on economic, environmental and 25
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social impacts of the target weeds, their rate of spread and distribution, effectiveness of 1

biological control agents and research and development costs of programs. Benefit-cost 2

studies conducted in South Africa, also showed positive returns on investment in biological 3

control programs with benefit-cost ratios ranging from 8:1 for lantana (Lantana camara L.) to 4

as high as 709:1 for jointed cactus (Opuntia aurantiaca Lindl.) (van Wilgen et al., 2004). 5

Benefit-cost ratios typically increase drastically when future estimates of benefits are 6

considered. For example, the benefit-cost ratio of 2.5:1 calculated by McConnachie et al.7

(2003) for the biological control program against red waterfern in South Africa in the year 8

2000, increases to 13:1 in 2005 and 15:1 in 2010.9

10

Benefit-cost analyses are more robust when carried out after there has been ample time for 11

field impact of agents to be realized and sufficient long-term ecological data to be assembled. 12

They are also more convincing when based on accurate data on research and development 13

costs of programs and economic and social costs of the target weed and its rate of spread and 14

distribution before and after releases of agents. Comprehensive ecological data are a 15

prerequisite to support good decision-making in an economic framework (Turpie, 2004), 16

particularly where spatial and temporal differences in the interactions between the target weed 17

and agent(s) are observed or likely. 18

19

Economic analyses may also point to the need for redistribution of the introduced agents to 20

increase effectiveness across the range of the target weed and assist in identifying the 21

geographic locations to target for the highest returns on investment. Nordblom et al. (2002) 22

calculated where and how many additional releases of agents were economically justified to 23

speed up the process of agent spread and effective reduction in Paterson’s curse densities 24

across southern Australia. Expected marginal contributions in increasing the number of new 25
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releases were simulated for 31 districts. The benefits of biological control were expressed in 1

terms of the expected value of recovered pasture productivity (due to weed population 2

suppression), keyed to estimates of loss and to historical district livestock inventories 3

converted to dry sheep equivalent feed availability levels. This conservative analysis showed 4

that 17 of these districts would offer marginal gains in productive value greater than or equal 5

to five times the marginal cost of a release. Under that criterion, some 400 new, targeted 6

releases were justified in those districts. The underlying assumption of the analysis that 7

removal of Paterson’s curse plants would lead to an increase of more beneficial plants in the 8

pasture within the annual cycle of the model was, however, not supported with data. The 9

timeframe over which weed reduction leads to an increase of desirable plants should be 10

explicitly tested and included in future economic impact models (A.W. Sheppard, pers. 11

comm.).12

13

9. Long-term evaluation14

15

Long-term evaluation of biological control agents is primarily performed to check if the 16

agents are performing as expected and to understand the factors that influence their 17

effectiveness. Continued, regular monitoring of the effects of a released agent over many 18

years (in some cases for up to 30 years) using correlative studies or by comparing before and 19

after-release ecological data is recommended: 1) because the agent may be slow to build up20

populations and cause detectable changes in weed populations and associated ecosystems, 2) 21

because short-term responses of weed populations to the agent are not always consistent with 22

long-term trends, 3) to account for possible confounding factors, and 4) to gather strong 23

evidence that the agent is responsible for the observed changes in the weed population across 24

its range (Hoffmann et al., 1998; McFadyen, 1998; Blossey, 1999). Monitoring programs 25
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need to be designed around worst-case scenarios, because released agents may not necessarily 1

live up to efficacy predictions obtained from laboratory and glasshouse experiments and/or 2

field studies in the native range. Scarcity of resources however, often means sites are only re-3

assessed every two to three years (in particular at release sites) and up to 10 year intervals to 4

capture long-term effects (McFadyen, 1998). Streamlined approaches, such as simplification 5

of monitoring protocols and sampling regimes, can be used to minimize costs and boost 6

participation by community groups and state and local government officers, which in turn 7

increase the number of sites monitored at a regional scale (Briese and McLaren, 1997; 8

Swirepik and Smyth, 2003). Nonetheless, in instances where the effects of the agent are not 9

massive, over-simplified protocols may generate poor data, which may not be as informative 10

as fewer but higher quality data. Infrequent monitoring may also neglect to provide sufficient 11

information to disentangle the effects of variability in abiotic influences from the effects of 12

the agent on the weed. 13

14

While the detection of large effect sizes does not need elaborate sampling schemes, unless the 15

agent is only effective episodically, the collection of data with a higher level of resolution is 16

required to identify more subtle agent effects. In these instances, guidance on determining the 17

necessary number of sampling sites and the frequency and duration of sampling can be 18

obtained from long-term ecological data on the weed population dynamics and productivity. 19

Power analysis can be used to estimate the sampling effort necessary to detect a significant 20

effect of the agents (Cohen, 1988; Lenth, 2001; Quinn and Keough, 2002; but see Field et al., 21

2007). Such an analysis requires an estimate of the variance in the study population (usually 22

obtained from the literature or a pilot study) and the level of effect that is biologically 23

important as well as a set significance level (usually α=0.05) (Quinn and Keough, 2002). 24

Variance component analysis (Cox and Solomon, 2003) can be used to reveal the relative 25
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contributions of spatial and temporal variability to the overall variance in such data (Buckley 1

et al., 2003b), so that sampling effort can be weighted towards the greater source of variance. 2

3

Unfortunately, long-term empirical data on the population dynamics of many weeds targeted 4

by biological control are scarce. In such cases, long-term regional temperature and rainfall 5

records may provide useful surrogates for agent population dynamics and plant performance 6

(Andrewartha and Birch, 1954; Birch, 1957; Chippendale, 1995; Grace, 1997). As outlined7

above, variance component analysis can then be conducted to compare the extent to which the 8

climatic parameters vary between years, and between sites within years.9

10

The inclusion of covariates, such as climatic parameters or initial plant size, into statistical 11

models can often reduce the unexplained variance and reveal agent effects that would 12

otherwise have gone undetected (Bowers and Stamp, 1993; Goolsby et al., 2000). 13

Additionally, incorporating information about agent abundance into the statistical model is 14

likely to account for at least some of the variability in weed target performance, and should 15

therefore assist in elucidating agent effects (e.g. Cochran 1957). 16

17

When to stop monitoring18

When evaluating the long-term effectiveness of biological control agents, it may be difficult 19

to know when it is appropriate to stop monitoring; particularly if a statistical analysis reveals 20

that no significant effect from the agents has been detected after years of data collection. This 21

result may be due to ineffectiveness of the agents or it might merely be a consequence of 22

erratic fluctuations in environmental conditions. In circumstances when the latter is suspected, 23

it is often tempting to continue monitoring. Although such a reaction may be understandable, 24

it is not scientifically legitimate because it violates critical assumptions that underpin the logic 25
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of inferential statistical tests (Armitage et al., 1969; Jennison and Turnbull, 1990). Extra data 1

cannot be collected, and a supplanted dataset re-analyzed, without increasing the probability 2

of drawing the wrong conclusion. In particular, this practice may increase the chance of 3

incorrectly detecting an ‘effect’ that is not in fact present (Armitage et al., 1969). In a manner 4

akin to the multiple post hoc comparison problems (see Quinn and Keough, 2002), the chance 5

of this occurring grows rapidly for every occasion that a dataset is supplanted and re-6

analyzed.7

8

Medical scientists have developed procedures called group sequential methods for dealing 9

with similar problems in clinical trials (Jennison and Turnbull, 1990). Although the details of 10

these methods are beyond the scope of this paper, the central concept is straightforward.11

Trials are planned to be sufficiently well-replicated to detect a treatment effect of a pre-12

determined magnitude, which in the context of biological control would be the smallest agent 13

effect size that researchers want to be able to observe (Pocock, 1977; Jennison and Turnbull, 14

1989, 1990). Then one or more 'interim' significance tests are planned to be conducted at15

some point during the course of the trial. These interim significance tests are carried out using 16

a more stringent  level, one that has been set at a level that will maintain the desired overall 17

 level across all of the planned tests to be conducted during the trial. Should one of the 18

interim tests produce a significant result at the more stringent , the study can be terminated 19

as the treatment has been shown to be effective. For example, take the hypothetical case of a 20

biological control program where researchers are seeking 20% or more reduction in the 21

biomass of the target weed. A monitoring program is designed to collect quarterly data over a 22

three-year period, with a sample size across the period sufficient to detect a 20% effect size at 23

 = 0.05. Researchers decide to analyze their accumulated data at the end of each of the three 24

years. Consulting Table 1 in Pocock (1977), they set an interim significance level of  = 25
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0.0221, which permits three analyses of their data while maintaining an overall  = 0.05. The 1

agent is released, and monitoring commences. At the end of the first year, analysis of the data 2

indicates an agent effect with a probability of P = 0.0899. Consequently monitoring continues 3

into the second year. At the end of the second year, analysis of the accumulated data (i.e. data 4

from both year 1 and year 2) indicates an agent effect with a probability of P = 0.0197, which 5

is less than the  of 0.0221. Hence the agent has been shown to reduce the biomass of the 6

target weed, and monitoring can cease: it is not necessary to continue monitoring into the 7

third year as originally planned. Further examination of the data reveals that while variability 8

of the data was similar to that anticipated when the sampling regime was designed, the agent 9

was reducing target biomass by considerably more than the 20% that the monitoring program 10

was designed to detect.11

12

More elaborate adaptive group sequential tests allow researchers to modify their sampling 13

design mid-trial should interim analyses indicate additional sampling would be highly 14

desirable (Bauer and Köhne, 1994; Jennison and Turnbull, 2006). These methods are very 15

complex, and best left to statisticians trained in their use. Nevertheless, they may provide the 16

only feasible approach to evaluate agent effectiveness in circumstances where it is particularly 17

difficult to estimate the appropriate sampling effort during the design stage of the monitoring 18

program.19

20

10. Conclusion21

22

Evaluating the effectiveness of agents should be an integral component of any biological 23

control program; from the early agent selection phase to post-release long-term monitoring 24

activities (Fig. 1). This paper has provided an overview of key issues and methodologies 25
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available to predict efficacy of candidate agents before release and to measure their 1

effectiveness once released and established in the introduced range. We emphasized the need 2

to measure the effectiveness of released agents not only on individual plants, but also on weed 3

populations and to evaluate the response of associated vegetation to a reduction in the weed in 4

order to gather the information necessary to thoroughly assess whether a biological control 5

program has been a success or failure. A successful program may also contribute to the stable 6

recovery of ecosystem processes, but it has so far been generally outside the scope of 7

biological control programs to perform such detailed assessments. 8

9

Evaluating the effectiveness of candidate biological control agents before their release may 10

increase the likelihood of selecting agents that will suppress populations of the target weed in 11

the introduced range. Admittedly, additional time and resources are required to undertake 12

such assessments in the field in the native range or under laboratory or glasshouse conditions 13

and there is no guarantee that predictions of agent efficacy will be correct once it is released 14

in the introduced range. Nonetheless, efficacy assessment is a sound initial investment to 15

make so that candidate agents with the highest chance of adversely affecting the weed 16

undergo host-specificity testing, a costly phase of biological control programs. Furthermore, a 17

reduction in the establishment of ineffective agents will reduce the risk of unpredicted off-18

target effects and help sustain, and potentially increase, the profile of weed biological control 19

as an efficient management tool for troublesome invasive plants. 20

21

Sufficient resources and funding should be negotiated and set aside at the start of biological 22

control programs to support activities to evaluate agent effectiveness soon after their release 23

and establishment in the field. Additional funding should be accessible later to support long-24

term monitoring. This is unfortunately not often achieved, and practitioners have to come up 25
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with creative schemes to obtain support to undertake long-term post-release evaluation. A 1

range of methodologies, from simple and cheap to complex and expensive is available to 2

choose from depending on resources available. While plans for short-term monitoring of 3

agent effectiveness are more likely to obtain financial support because of the lower level of 4

commitment required, it is the longer-term evaluation activities that will deliver reliable data 5

to gauge if a program has been successful at reducing weed populations sufficiently to enable 6

recovery of associated ecosystems. Such ecological data can then be fed into a benefit-cost 7

economic analysis; a powerful means to illustrate return on investment for a biological control 8

program and to make the case for sustained investment in the science and application of 9

biological control. Qualitative data on environmental and social benefits could also be 10

highlighted to stakeholders.11

12

Although excuses (valid or otherwise) will likely continue to be made for the limited 13

investment of time and resources in quantifying effectiveness of biological control agents, 14

practitioners need to understand and widely promote the importance of this component of 15

programs to influence stakeholders and funding bodies. This is vital to reliably demonstrate 16

the utility of biological control as a valuable tool in weed management.17

18
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FIGURE CAPTION1

2

Figure 1. Key steps of a weed biological control program, incorporating activities 3

contributing to the evaluation of agent effectiveness.4

5



Identify candidate agents and prioritise 
(based on known host range, potential 

effectiveness and capacity of agents to escape 
parasites/predators and increase 

once introduced)

Assess ecological, economic and sociological impacts of weed 
and its suitability for biological control

Test efficacy of most promising candidate agent 
(use field studies in native range, 

laboratory/glasshouse experiments 
and/or modelling)

Perform preliminary host-specificity tests and if 
results are promising undertake detailed testing

Identify most susceptible life stage(s) of weed to target with biological control 
(use damage simulation experiments and/or modelling)

Release agent at sites across the weed range 
(including sites where baseline data has been collected. For agents that disperse slowly, 

keep some sites agent-free to serve as control.

Monitor long-term effects of agent on weed populations and 
changes in associated vegetation and if necessary key ecosystem processes 

(using sites where baseline data was collected)

Monitor short-term effects of agent 
on weed populations

(compare sites with and without the agent, 
perform correlative studies or 

exclusion experiments)  

Survey native range for natural enemies

Define performance targets for biological control program 
(e.g. level of control necessary to ameliorate weed impacts, to make the weed more 

amenable to other control measures and/or reduce spread)

Collect baseline ecological data on selected 
populations of weed and associated plant 

communities and if necessary key ecosystem 
processes in the introduced range

Monitor establishment and spread 

Assist spread of agent with redistribution 
if necessary 

Use modelling and benefit-cost analyses to demonstrate whether, and in what ways  the 
program has been successful; quantifying where possible the rate of return on investment, as 

well as social and environmental benefits 

Figure
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