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Abstract Practitioners of classical biological con-

trol of invasive weeds are confronted with a dual

expectation: to achieve successful control of plant

invaders and to avoid damage to nontarget plants and

adverse indirect effects. In this paper we discuss key

issues that we consider to be crucial for a safe,

efficient, and successful classical biological control

project, and that have also caused some recent

controversy. These include selection of effective

control agents, host specificity of the biological

control agents, implications of the genetic population

structure of the target populations, and potential

impact on native food webs. With regard to improv-

ing the success rate of biological control of plant

invaders, we first emphasize the importance of a clear

a priori definition of success and a more ecosystem-

based approach to better document both negative

effects of the invasive plant as well as potential

positive and negative effects of introducing biolog-

ical control agents. Secondly, pre-release impact

assessment could be improved by better focusing on

how to reach high densities of the control agents and

by including tolerance to and compensation of

herbivory. Thirdly, we advocate a reinforced effort

to integrate and combine biological control in com-

bination with existing or potential management

options. Finally, we propose various ecological and

evolutionary hypotheses in the framework of our

topic to document that biological control programmes

against plant invaders also offer a great opportunity

to gain new insights into basic processes in ecology

and evolution.
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Introduction

Classical biological control of exotic weeds aims to

mitigate the negative impact of invasive weeds on

biodiversity, human welfare, and economy. It implies

the deliberate release of specialist natural enemies

from the weed’s native range to reduce the abundance

of a weed in its introduced range below an ecological

or economic threshold. Classical biological control

can be a highly effective and cost-efficient approach

to control invasive weeds. Myers and Bazely (2003)

listed some 40 invasive weed species that are

considered to be under control at least at a regional
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level due to the release of biological control agents.

In a recent economic assessment of 29 Australian

weed biological control programmes, the annual

benefit was estimated at 95.3 million Australian

dollars and the annual investment at 4.3 million

Australian dollars—a benefit to cost ratio of 23:1

(Page and Lacey 2006).

The framework of a classical biological control

project generally consists of six stages: target weed

ecology, exploration for potential control agents,

evaluation of biological control potential, host-spec-

ificity testing, agent release and redistribution, and

agent evaluation (Briese 2000; van Klinken and

Raghu 2006) (Fig. 1). A large body of literature has

accumulated over the past 150 year history of

biological weed control on each of these topics and

excellent reviews have reported the developments

reached so far in making biological control a more

predictive science (see, e.g., Sheppard et al. 2005;

van Klinken and Raghu 2006, with regard to host-

specificity testing and agent selection, respectively).

Modern practice of classical biological control of

invasive plants offers an ideal study system to test and

further advance basic ecological and evolutionary

theory (cf. below). This old and widely applied

approach is based on the fact that herbivores and

pathogens have the ability to suppress the population

densities of their host plants, that at least some of them

have a narrow host range, and that exotic plant

invaders are generally introduced into a new range

without their specific natural enemies (McFadyen

1998; Briese 2000, 2004). The observation that

invasive exotic plants do indeed suffer a reduced

overall amount of herbivore damage (Wolfe 2002;

Cappuccino and Carpenter 2005), or are attacked by

fewer herbivorous invertebrates (Keane and Crawley

2002) and fungal and viral pathogens (Mitchell and

Power 2003), as compared with the same species in

their native range also formed the basis of one of the

most prominent explanations for biological invasions,

the enemy release hypothesis (ERH, Elton 1958). The

ERH assumes that plant species, on introduction into a

new range, experience a reduction in top-down

regulation by natural enemies, which allows them to

outcompete the native plants in the introduced range

and to increase in abundance. Hence, the ERH

comprises a bio-geographic comparison (reduced

top-down regulation in the introduced versus native

range) and a community-based comparison (natural

enemies native to the invaded range have a higher

impact on native than on invasive species). It has been

claimed that successful biological control is strong

evidence for the ERH, i.e., that those invasive plants

that were brought under control after the release of

specialist natural enemies had originally become

invasive due to the release from specialist natural

enemies (DeLoach 1995). However, besides escape

from specialist antagonists, a variety of abiotic (e.g.,

climate, nutrient conditions, fire frequency) or biotic

(e.g., mutualists, soil microbes, competition with

plants) factors differ between the native and the

introduced range and may have contributed to the

Impact on food webs

Genetic population
structure of the weed

Target weed ecology

Exploration for potential 
biocontrol agents

Agent release and 
redistribution

Agent evaluation

Selection of efficient
biocontrol agents

Host-specificity testing

Fig. 1 Stages in a modern

biological control

programme (indicated by

boxes arranged in the centre

from top to bottom)

(adapted from Briese 2000;

van Klinken and Raghu

2006), and issues addressed

in this manuscript (in

shaded boxes) with their

connections to the

programme stages
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invasion success of some of the introduced plant

species (Myers and Bazely 2003). Moreover, species

may just possess traits that make them pre-adapted for

invasion. Hence, the fact that a specialist herbivore

can reduce the population density of a weed in the

introduced range does not necessarily mean that the

release from this specialist has caused the invasion

(Keane and Crawley 2002); for example, the chrys-

omelid beetle Aphthona lacertosa, a biological

control agent against leafy spurge (Euphorbia esula),

can reach densities of hundreds of adults per m2 in the

introduced range (Kalischuk et al. 2004). The same

species is usually found only at densities two and

more orders of magnitude lower in the native range,

making a top-down regulation of leafy spurge by this

specialist in the native range unlikely. Thus, classical

biological control does not aim to restore herbivore

pressure to a level found in the native range; the goal

is to alter the community-based imbalance in herbi-

vore pressure in the introduced range through partially

restoring the bio-geographic imbalance in the herbi-

vore species assemblage caused by the introduction.

Hence, classical biological control may be a suitable

strategy to control invasive plants even when the

mechanism underlying the invasion is not the release

from specialist herbivory. Furthermore, even if the

plant populations are limited by the biocontrol agents

both in the native and introduced range, the mecha-

nisms might well be different.

The introduction of classical biological control

agents into a new range entails some level of

uncertainty in terms of potential direct or indirect

negative effects on native species or ecosystem

processes. Hence, practitioners of classical biological

control are confronted with a dual expectation: to

achieve successful control of plant invaders and to

avoid damage to nontarget plants and adverse indirect

effects. In this paper we will first briefly describe the

different methods and strategies of weed biocontrol.

We will then concentrate on classical biological

control to mitigate the negative effects of invasive

plants, and discuss a few key issues that we consider

crucial for a safe, efficient and successful biocontrol

project, and that have also caused some recent

controversy (Louda et al. 2003; Pearson and Call-

away 2003; Thomas and Reid 2007): (i) selection of

efficient control agents, (ii) host specificity of the

biological control agents, (iii) implications of the

genetic population structure of the target populations,

and (iv) potential impact on native food webs

(Fig. 1). We then propose future studies in the field

of plant invasions and biological control that may not

only lead to a more targeted and predictive biocontrol

management, but also offer new insights into basic

ecology and evolution and thus advance both

disciplines.

The following is not intended as a review of the

many complex stages involved in a weed biological

control project. We would rather like to inform

researchers and practitioners who are involved in

managing plant invasions and are interested in biolog-

ical control about some critical issues when applying

this potentially powerful management option. Our

overview might also be of interest to students and

researchers interested in linking ecological and evolu-

tionary theory with practical applications.

Methods and strategies of weed biocontrol

Three principal methods of biological weed control

can be distinguished based on the three factors: target

habitat, origin of the control agent, and the amount of

initial inoculum used (Müller-Schärer 2002, Fig. 2).

(i) The inoculative (or classical) approach aims to

control naturalized weeds by the introduction of

exotic control organisms from the weed’s native

range. They are released over only a small area of the

total weed infestation and control is achieved grad-

ually. Successful control depends on favorable

conditions promoting an increase, spread and impact

of the control agent’s population, thereby causing a

reduction of the target weed population. (ii) The

inundative or bioherbicide method uses periodic

releases of an abundant supply of a native or exotic

control agent over the entire weed population to be

controlled. Such biological agents generally are

manufactured, formulated, standardized, packaged,

and registered like chemical herbicides. Compared to

the other two approaches, this approach is character-

ized by higher application costs and a relatively short

time period to achieve a potential control success,

mainly by reducing the biomass of the target weed.

(iii) More recently, the system management approach

of biological weed control had been described

(Müller-Schärer and Frantzen 1996; Müller-Schärer

and Rieger 1998; Grace and Müller-Schärer 2002). It

is related to the conservation and augmentative
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approaches distinguished by some authors (McFa-

dyen 1998). Its aim is to shift the competitive weed-

crop relationship in favor of the latter, mainly by

stimulating the build up of a disease epidemic or

insect outbreak on the target weed population. The

approach excludes the use of exotic organisms

(classical approach) and the use of mass amounts of

inoculum applied like a herbicide to the whole weed

population (bioherbicide approach).

While both the inundative and the augmentative or

system management approach are primarily aimed at

crop weeds, the classical approach has traditionally

and most successfully been used against plant

invaders (also called environmental weeds) spreading

over large areas of natural and seminatural habitats,

extensively managed agro-ecosystems or aquatic

ecosystems (Müller-Schärer et al. 2000). In the

following, we will thus focus on this latter approach

and mainly consider the predominantly used insect

herbivores as biological control agents.

Selected key issues of classical biological control

against plant invaders

Selection of effective biological control agents

It is well known, especially from the vast literature on

crop pests, that natural enemies affect plant perfor-

mance, such as by reducing biomass or seed

production, or altering flowering phenology. As stated

by Crawley (1989), it is, however, an entirely different

matter to demonstrate that natural enemies affect

plant population dynamics. Population regulation in

the wild is still largely unknown and the few case

studies indicate complex interactions among multiple

factors, both abiotic and biotic (Silvertown and

Charlesworth 2001).

Host-specificity testing (cf. below) is the non-

negotiable and generally the most time-consuming

and expensive part of a biological control project.

The result is that practitioners are pressured to test

only potentially effective agents. The selection of the

most efficient agents from the many species encoun-

tered and studied during field surveys in the area of

origin and, more precisely, the prediction of their

efficacy in a new environment, clearly presents a

great scientific challenge. The strategy referred to as

the lottery model describes the introduction of a

number of agents to increase the probability of

including an effective agent (Myers 1985). This is in

contrast to the cumulative stress model (Harris 1985)

that considers success to arise from different types of

attack associated with different species. Both of these

approaches assume that the scientifically based

prioritization is too complex and therefore suggest

to put the resources into host-range testing and

release of large numbers of agents to maximize the

chance of control success. Presently, they are no

longer debated due to the increasing safety concerns

involved when introducing exotic species (Simberloff

and Stiling 1996).

A range of approaches to agent selection has been

adopted over time, starting from rules of thumb, such

as giving priority to agents abundant in areas of the

native range that are ecoclimatically similar to the

target range or selecting competitively superior

species (see van Klinken and Raghu 2006). The use

of scoring systems (e.g., Harris 1973; Goeden 1983)

was the first attempt to make agent selection more

rigorous (see also McClay and Balciunas 2005, for a

more recent version of such scoring systems). How-

ever, they mainly focus on attributes of the agents and

their ability to damage a plant (fecundity, number of

generations per year, activity period, etc.), largely

ignoring characteristics of the target weed and

population-level effects. An experimental and phyto-

centric approach for agent selection has been put

forward only some 20 years ago (see, e.g., Müller

1988) and has now become an integral part of a

biological control project. Studies that compare the

weed’s population dynamics in its native and
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introduced ranges may indicate both causes of

invasiveness as well as the lifecycle transition most

susceptible to population change, which should

therefore be targeted by biocontrol agents (Sheppard

2003). For example, biological control agents may be

able to reduce the individual growth rate or cause

mortality of young plants, but need not necessarily

cause changes in the population density. Similarly,

seed feeders may greatly impair seed output without

reducing the density of non-seed-limited populations

(Maron and Gardner 2000). Studying the plant

response to simulated or actual herbivory may further

help identifying the type, amount, and timing of

damage required to reduce the weed’s population

density below an economic or ecological threshold

(Raghu et al. 2006).

Studies of the weed’s population dynamics when

prioritizing potential biological control agents have

also made important contributions towards a better

understanding of plant-herbivore interactions. These

include clarifications such as the relative importance

of above- versus below-ground herbivory in affecting

plants differing in lifecycle (annuals versus biennials

and perennials), the type of agents most likely to

affect particular life-history stages of their host plant,

and the role of intra- and interspecific plant compe-

tition (e.g., Müller 1991; Sheppard et al. 1994).

Despite the long history of predator-prey models

based on Lotka–Volterra models and the use of

discrete-time models in host-parasitoid interactions

both in general ecology and in arthropod biological

control, there are only a few studies of coupled plant-

insect herbivore systems in the general ecological

literature (Silvertown and Charlesworth 2001; Buck-

ley et al. 2005). Weed-herbivore models used in

biological control up until 10 years ago concentrated

solely on the plant dynamics, ignoring herbivore

dynamics (Buckley et al. 2005). Recent progress has

been made by developing coupled plant-herbivore

models that allow feedback from plant to herbivore

populations and vice versa. Based on both experi-

mental and field data, such models have now been

extended to include a seed bank, density-dependent

plant fecundity, competition between the control

organisms, plant tolerance to herbivory, and density-

related interactions (Buckley et al. 2005). These

studies constitute a great progress towards identifying

those characteristics of plant and biocontrol agent

populations that not only provide environmentally or

economically acceptable control, but which also lead

to control that is stable and sustainable, thus facili-

tating a better choice of efficient control organisms.

In this context, it is important to remember that

explicitly defining success is crucial not only for agent

selection, but also for deciding whether biological

control is an appropriate management option. Success

may range from reducing the biomass of plant

individuals to altering community patterns, such as

relative species composition, or processes, such as

restoring desirable levels of hydrological flow threa-

tened by aquatic weeds (van Klinken and Raghu

2006). For example, seed feeders have little impact on

established plants, but they might be a major compo-

nent of a management scheme aiming at reducing the

spread of a weed into sensitive areas. This has been

followed in the biological control project against

exotic Acacia species in South Africa that were

originally introduced and are still used for commercial

purposes but have started invading the fynbos (Dennill

and Donnelly 1991). The conflict of interest has been

resolved by introducing only seed-feeding insects that

are now claimed to have stopped further spread of

several Acacia species without affecting commercial

activities or their role as shade trees for grazing cattle

(Hoffmann et al. 2002; Impson et al. 2004).

Host specificity of the biological control agents

Analyzing risks to predict the likelihood of nontarget

effects by a potential biological control agent after its

introduction into the invaded range is one of the

fundamental challenges of pre-release studies. Vari-

ous reviews have dealt with the methodology to

assess the fundamental (the list of plant species on

which a herbivore can complete its full lifecycle or

specific stages during its lifecycle) and ecological

host range (the subset of plant species from the

fundamental host range that are actually used under

field conditions) (e.g., Withers et al. 1999; van

Klinken 2000; Schaffner 2001; Sheppard et al.

2005). Here we would like to address three critical

aspects in terms of pre-release host-specificity testing

in weed biological control projects: (1) the selection

of test plant species which should allow extrapolation

of the test results to all plants native to the area of

introduction, (2) a scientifically based assessment of

which plants within the fundamental host range will

experience significant damage under open-field
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conditions in the new range, including the assess-

ment of intrinsic and extrinsic factors affecting host

fidelity by a biological control candidate, and (3) the

assessment of the likelihood of evolutionary changes

in their preference or performance.

Ehrlich and Raven (1964) were among the first

suggesting that the host ranges of herbivorous insects

are usually restricted to a set of phylogenetically

related plant species, and that the host plants also

tended to share similar secondary chemistry. This

suggested pattern prompted Harris and Zwölfer (1968)

and Wapshere (1974) to propose the centrifugal-

phylogenetic method for selecting test plant species. It

involves selecting and testing plants of increasingly

distant phylogenetic relationship to the target weed.

As a safeguard against disjunct host ranges, i.e., host

ranges that include plant species from only distantly

related taxa, it has been proposed to add plants that are

economically important, have similar phytochemical

or morphological characteristics, or that are attacked

by herbivores closely related to the biological control

candidate (Harris and Zwölfer 1968).

To date, experimental and comparative studies

have accumulated strong evidence that host associ-

ations are indeed very often conserved at higher plant

taxonomic levels, such as tribes or families (Bernays

2000; Futuyma 2000). Briese (2003) therefore sug-

gested to drop the categories of safeguard species

when composing the test plant list, since testing these

species provides no additional information but may

slow down the screening process. On the other hand,

there is still surprisingly little information available

on the conservatism of host use of specialist herbi-

vores at lower taxonomic levels, e.g., among

congeneric species. This may cause concern in those

cases where the target weed belongs to a species-rich

genus and when at least some species of that genus

are native to the area of introduction. As pointed out

by Pemberton (2000), virtually all native plant

species attacked by biological control agents are

closely related to the target weed. Examples of

invasive plants that have been or are targets of

biological control and that belong to species-rich

genera are tansy ragwort, Jacobaea vulgaris (or

Senecio jacobaea), sulfur cinquefoil, Potentilla recta,

and Canada thistle, Cirsium arvense. Recently pub-

lished phylogenies on speciose plant genera, such as

that on the Senecio complex (Pelser et al. 2002), offer

the opportunity to test whether the host range of

specialist herbivores that are not strictly monopha-

gous can also be circumscribed by well-defined

clades within the phylogenetic tree of a genus or a

complex of closely related genera. The measurement

of risk to nontarget species may be further refined by

limiting host-specificity tests to those closely related

nontarget species that show bio-geographical overlap

or ecological similarity (e.g., similar life-history,

Briese 2003; Briese 2005).

The fundamental host range of a biological control

candidate is often relatively easily described, but

predicting which nontarget species within the funda-

mental host range will be utilized in the field, and the

relative level of attack, is more difficult as it depends

on a wide range of intrinsic and extrinsic factors (e.g.,

van Klinken 2000; Sheppard et al. 2005). Unless a

candidate biological control agent is strictly monoph-

agous under no-choice conditions, the results of pre-

release host-range studies may therefore depend on

the experimental test adopted (Blossey 1995). Inter-

pretation of such results is particularly troublesome

when they do not match with the ecological host

range of the biological control candidate in its native

range. Possible intrinsic and extrinsic factors under-

lying such apparently contradicting results include

age, experience or egg load of females, time since the

females had encountered a preferred host, experi-

mental conditions that cause the females to bypass

cues relevant to the early stages of host finding,

temperature or air pressure (see reviews by Withers

and Barton Brown 1998; Roitberg 2000). While a full

assessment of the various factors affecting host-

selection behavior is probably not feasible, we argue

that the results of host-range studies become more

easily interpretable when more types of experiments

are used in pre-release studies. Theoretical frame-

works on host-selection behavior can facilitate the

interpretation of apparently conflicting results from

different experiments and/or from field observations.

For example, the hierarchical threshold model pro-

posed by Courtney et al. (1989) predicts that,

although the degree of acceptability of the host

plants may change depending on the intrinsic and

extrinsic factors a gravid female experiences, their

ranking will not be influenced. Turanli and Schaffner

(2004) investigated the oviposition specificity of the

sesiid moth Tinthia myrmosaeformis under varying

levels of behavioural restrictions and concluded that

the results are largely in agreement with Courtney
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et al.’s (1989) model, and that the different levels of

host specificity exhibited can be explained by differ-

ent motivational thresholds experienced by the

females under the different test designs.

The fact that a living biological control agent is

introduced into a new environment in which it will

encounter a new set of selection pressures raises the

concern of post-introduction host shifts, i.e., genetic

changes in preference or performance (Schaffner

2001). In fact, some of the best examples of rapid

evolution stem from studies on food webs associated

with introduced species (Lee 2002). However, in

those cases where host shifts have been shown to

occur in a relatively short period of time, some initial

level of acceptance of the derived host was already

present at the beginning of the investigations

(Thompson 1998; Schaffner 2001; van Klinken and

Edwards 2002). Hence, more detailed studies on the

likelihood of host shifts in biological control agents,

e.g., by carrying out quantitative genetic studies (e.g.,

Karowe 1990) or selection experiments (e.g., Fry

1990; Agrawal 2000), may focus on those plant

species that are within the fundamental host range but

are currently lower ranked than the target weed.

Several biological control candidates may not be

suitable for testing in such a sophisticated experi-

mental set-up. However, current evidence suggests

that the risk of rapid host shifts in biological control

agents is small (van Klinken and Edwards 2002) and,

in fact, it has never been documented. It is beyond the

scope of pre-release studies to experimentally assess

the likelihood of long-term evolution in preference or

performance of biocontrol agents. A comparative

approach assessing the phylogeny of host association

in the insect clade to which the biocontrol agents

belongs may help to make predictions on such long-

term processes (Briese 1996).

In conclusion, the interpretation of host-specificity

studies and the prediction of the ecological host range

of a biological control agent after its introduction into

a new range entail some level of uncertainties. The

long history of pre-release studies in weed biological

control has significantly contributed to the develop-

ment of environmental risk assessment procedures,

from which other approaches such as classical

biological control against arthropod pests can also

profit. In some countries, regulations have been put in

place that allow simultaneous consideration of both

potential risks and benefits of classical biological

control and other management options, including

doing nothing, in the decision process (Sheppard

et al. 2003). It would be highly desirable if more

national regulations would adopt such an approach.

Genetic structure of the target population

and implications for biological control

Above, we have discussed the importance of detailed

monitoring of changes in numbers of individuals over

time for understanding the interrelated population

dynamics of the weed and its antagonists as a

prerequisite for agent selection and thus biocontrol

success. When birth, death, immigration, and emigra-

tion rates affect genotypes differently, they may

produce evolutionary change in frequencies of alleles

and genetic loci. Cross-continental comparisons based

on experiments under homogeneous environmental

conditions suggest that plant invasions often involve

rapid evolutionary change (Bossdorf et al. 2005).

Founder effects, hybridization, and adaptation to novel

environments cause genetic differentiation between

native and introduced populations and may not only

contribute to the success of invaders, but will also

affect subsequent biological control management

(Müller-Schärer et al. 2004; Müller-Schärer and

Steinger 2004). Formally, the rate of adaptive evolution

is determined by two components: heritable genetic

variation and selection (Falconer and Mackay 1996).

The evolutionary response is expected to increase with

increasing genetic variation and with increasing

selection intensity, i.e., the difference between the

current and the optimal trait values in the new range.

The amount of genetic variation harboured within

invasive populations and on which selection can act is

thus a crucial determinant of the potential of a

population to adapt to novel environments (Table 1).

Because the process of invasion frequently involves

genetic bottlenecks followed by inbreeding, popula-

tions in the exotic range were usually thought to be

genetically depauperate as compared with populations

from the native range (Barrett and Husband 1990).

This has indeed been confirmed by several genetic

marker studies (e.g., Neuffer and Hurka 1999). For

example, in the case of Rubus alceifolius, invading

populations on three Indian Ocean islands comprised

only a single genotype reproducing by apomixis, i.e.,

asexual production of seeds (Amsellem et al. 2000,

Table 1a). Low levels of genetic variation may
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influence plant-antagonist dynamics both in the short

and long term. Data from several agricultural studies

comparing disease dynamics in crop monocultures and

in multiline mixtures have demonstrated that low

levels of genetic variation can accelerate the develop-

ment of epidemics within the field (Finckh and Wolfe

1997; Garrett and Mundt 1999; Zhu et al. 2000).

Similarly, in their review on biological control and the

reproductive mode of weeds, Burdon and Marshall

(1981) found that apomictic and other asexually

reproducing plants were effectively controlled more

often than sexually reproducing plants (but see

Chaboudez and Sheppard 1995). Thus, genetic uni-

formity in introduced plant populations is expected to

increase biocontrol efficacy (Table 1a). However, low

levels of genetic variation (and therefore a limited

potential to adapt) seem not to be a general feature of

invasive plant populations (e.g., Novak and Mack

1993; Schierenbeck et al. 1995; Bossdorf et al. 2005).

This could be due to several processes (Table 1b).

First, it is increasingly being recognized that low

within-population diversity in neutral genetic markers

does not necessarily reflect low additive genetic

variation in quantitative traits relevant for adaptive

evolution (Reed and Frankham 2001). Second, there is

increasing evidence from molecular marker studies

showing that multiple introductions of propagules into

the exotic range are rather common (Neuffer and

Hurka 1999). If source populations in the native range

are genetically highly structured, such multiple intro-

ductions can contribute to increased within-population

diversity in the exotic range. Third, interspecific

hybridization between introduced taxa and either

native or other introduced taxa seems to precede

several contemporary invasions (reviewed in Ellstrand

and Schierenbeck 2000). Gaskin and Schaal (2002)

recently showed that dominant invasive populations of

Tamarix in the USA might originate from a cross

between two Eurasian species, which rarely hybridize

in their native range even where they co-occur. An

important question with regard to biological control is

how plant hybridization affects resistance and toler-

ance to herbivores and pathogens (Table 1b, cf. also

Table 2d). This subject is understudied but available

evidence suggests that hybrids often have lower

resistance than their parents. In their review, Fritz

et al. (1999) reported that, in cases in which parental

taxa differed in resistance, hybrids were in a majority

of cases (56%) equally or more susceptible than the

susceptible parent, whereas intermediate levels of

resistance and resemblance to the resistant parent were

less common (29% and 15% of cases, respectively).

Of course, the importance of genetic variation and its

change over time for biocontrol depends on the agents

under consideration, as some were found to clearly

differentiate among genotypes for both preference and

performance, while others do not (Goolsby et al.

2006).

Table 1 Processes determining genetic diversity in the new range and expected consequences for plant invasion and subsequent

biological control

Processes Consequences for plant invasion Consequences for biocontrol

(a) Reducing genetic variation

Founder effects, genetic drift, inbreeding

and inbreeding depression (e.g., Rubus
alceifolius, Amsellem et al. 2000)

Low genetic variation, low adaptive

potential, low population fitness

High biocontrol efficacy when highly

adapted agents are released, high chance

of rapid spread (Burdon and Marshall

1981)

(b) Increasing genetic variation

Mixing of previously isolated populations

(possibly with significant genetic

variation between populations in the

native range) (e.g., Heracleum
mantegazzianum, Walker et al. 2003)

New genotype assemblages created after

recombination, potential for rapid

adaptive evolution

Biocontrol efficacy may be low when

agents encounter new (combinations of)

plant defence traits (Burdon and

Marshall 1981)

Interspecific hybridization

and polyploidization

New genotypes created with novel trait

combinations or transgressive

phenotypes providing raw material for

rapid evolution, fixed heterosis boosts

fitness

Biocontrol agents may fail to accept hybrid

host or have low performance. However,

empirical evidence also suggests

reduced insect and pathogen resistance

in hybrids (Fritz et al. 1999)

(i) Introduced 9 native (e.g., Spartina
anglica, Ayres and Strong 2001)

(ii) Introduced 9 introduced (e.g.,

Tamarix, Gaskin and Schaal 2002)

866 H. Müller-Schärer, U. Schaffner
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Little is yet known about potential shifts in plant

trait means that are relevant for herbivory under novel

selection in the new range (Müller-Schärer and

Steinger 2004). An influential idea in this context

has been the evolution of increased competitive ability

(EICA) Hypothesis (Blossey and Nötzold 1995). It

states that plants introduced into new areas may evolve

reduced allocation to costly defence, allowing them to

increase allocation to growth and/or reproduction in

the absence of enemies. Some studies examining

EICA have found a loss of defence in plants from

introduced populations but only a few have demon-

strated altered resource allocation patterns that may

favor growth and reproduction and ultimately facili-

tate demographic expansion of populations in the

introduced range (Bossdorf et al. 2005; Handley et al.

2008, and references therein). Recently, Müller-

Schärer et al. (2004) explored potential evolutionary

trajectories of plant traits associated with herbivore

defence in the new range and presented hypotheses

about how these might influence the efficacy of

biological control (cf. Table 2).

Predicting consequences of evolutionary change in

invasive plants for plant-herbivore interactions would

involve unravelling the innumerable processes from

changes in gene frequencies to plant fitness, popula-

tion dynamics, and community interactions. This

opens up a wide range of future studies that not only

address important processes at various levels of plant-

herbivore interactions, but will hopefully also make

the outcome of biological control more predictable.

Potential impact on native food webs

Traditionally, it has been assumed that the only risk

associated with the introduction of weed biological

control agents were damage to native nontarget plant

species. However, recent studies indicate that even

specialist biological control agents can exhibit nega-

tive indirect effects on other species native to the

introduced range (Cory and Myers 2000). Pearson and

Callaway (2003) proposed that the greatest likelihood

for negative indirect effects is when the biological

control agent builds up high densities but has no or only

minimal impact on the population dynamics of the

target weed. For example, two gall flies introduced as

biological control agents against invasive knapweeds

(Centaurea maculosa and C. diffusa) have built up high

population densities but have failed to control the

population densities of their host plants (cf. below and

Table 2c). These abundant flies have become an

integral part of the winter diet of a generalist predator,

the deer mouse Peromyscus maniculatus, and has

elevated the deer mouse population two- to threefold in

knapweed-invaded grasslands. Such an increase of a

generalist predator is likely to disrupt established food

Table 2 Evolutionary hypotheses related to plant invasions and biological control efficacy and success (adapted from Müller-

Schärer et al. 2004)

Hypotheses Explanations

(a) Biological control will be most efficient when invasive

populations are genetically depauperate.

Population build-up of highly adapted biocontrol agents will be

fast. Even low genetic diversity might, however, reduce

biocontrol sustainability in the long term.

(b) Plants that have evolved increased vigor in the exotic range

will experience a particularly fast population build-up of

biocontrol agents.

This is based on the assumption that increased vigor has evolved

at the expense of quantitative defence and that increased levels

of toxins in response to selection by generalist herbivores might

benefit host finding by adapted specialist biocontrol agents.

(c) The impact of biocontrol herbivores on plant performance

will depend on the type of plant defence evolved during

the invasion process in the absence of specialist herbivores.

If trade-offs exist between tolerance and resistance, we might

expect higher per capita and overall impact of biocontrol agents

on plant genotypes that are chemically defended by toxins and

lower impact on the tolerant genotypes.

(d) Hybrids are more susceptible to herbivores because they

inherit defence chemicals from both parents in too low

concentrations to be effective.

Biocontrol agents are expected to show reduced performance on

hybrids but empirical evidence suggests the opposite (cf.

references in Table 1b).

(e) Increased genetic variation through population mixing of

the biological control agent (with each population tested

for host specificity) prior to release will increase both

population build-up and agent impact.

As for plant invasions, new genotype assemblages created after

recombination will increase the potential for rapid adaptive

evolution. Also, fixed heterosis may increase fitness.
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webs (Pearson et al. 2000). In another study, Louda

and Arnett (2000) observed that the number of a native

tephritid fly feeding in flower heads of Platte thistle,

Cirsium canescens, dropped precipitously as the attack

rate by the oligophagous weevil Rhinocyllus conicus, a

biological control agent released in North America

against exotic thistles, increased. It was therefore

argued that the addition of R. conicus to the food web

associated with Platte thistle flower heads caused that

decrease in the density of the native fly. Negative

effects of biological control agents on native food webs

are a critical issue in classical biological control since it

is probably impossible to consider all potential indirect

effects in pre-release studies. Hence, as in assessing the

risk of direct nontarget effects of a biological control

agent (see above), the introduction of classical biolog-

ical control agents also entails some level of

uncertainty in terms of evaluating potential indirect

negative effects on native species or ecosystem

processes.

Biological invasions as well as any attempts to

control invasive species are processes that are embed-

ded in an ecosystem context (Zavaleta et al. 2001). By

occupying a large amount of space in invaded habitats

and usually harboring impoverished invertebrate and

microbial assemblages (cf. Introduction), invasive

plants are expected to impose significant direct

negative effects on the native vegetation with indirect

negative effects (effects mediated through third spe-

cies) on higher trophic levels and energy flow.

Moreover, successful biological control is expected

to alter native species composition and hence exhibit

indirect nontarget effects, be it in a positive, e.g.,

through the recovery of plant species richness and the

associated herbivore assemblages, or in a negative

way, such as by competitive resource depletion or

apparent competition.

The future of classical biological control: bridging

the gap between applied and fundamental

research

Where science meets application

Studies towards success rating and ecosystem impact

The actual success rate of classical biological weed

control is a matter of debate and largely depends on

the definition of success (McFadyen 1998; van

Klinken and Raghu 2006). As outlined above, goals

should be clearly defined at the beginning of biolog-

ical control projects against which success can be

evaluated. Identification of the goals of a biological

control program will help not only agent prioritiza-

tion, but also selection of those parameters that

should be measured before and after the release of the

agents in order to document the effect of the

biological control agent and to assess whether the

overall goal of the project has been achieved or not.

There is still a serious lack of data demonstrating

the negative effects of invasive plants on native

ecosystems (Braithwaite et al. 1989; Pysek and Pysek

1995; Holmes and Cowling 1997). The assessment of

subsequent potential positive effects of successful

classical biological control on biodiversity recovery

or other ecosystem properties is thus impeded

(McEvoy et al. 1993). Evidence is accumulating that

invasive species can seriously impact ecosystem

patterns or processes (Ehrenfeld 2003; Levine et al.

2003; d’Antonio and Hobbie 2005). In most cases,

however, the state of the ecosystem prior to plant

invasion is poorly documented. Comparing long-term

experimental plots that have been recently invaded by

weeds with noninvaded plots or monitoring species

composition and ecosystem properties in areas where

the first specimens of an invasive plant have just

established may provide valuable information on the

actual impact of invasive species on ecosystem

properties. When weed invasions occur in already

heavily disturbed habitats, the goal of a management

scheme is not to restore the species composition or

ecosystem processes to the level prior to invasion, but

to restore the biodiversity and ecosystem properties

that are characteristic for the affected area (Hulme

2006). One way to estimate ecosystem recovery after

successful biological control is to carry out weed

removal experiments. Removing the invasive plant

Impatiens glandulifera from riparian habitats resulted

in an increase in plant species richness, but a

significant number of species recolonizing such sites

were other exotic species (Hulme and Bremner

2006). Comparing invaded with noninvaded sites

provides a less powerful assessment of the relation-

ship between an invasive plant and ecosystem

properties, but can still provide useful information

in cases where invasive plants cannot be removed

without major habitat disturbance. Unravelling the
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nature of the relationship between weed density and

its impact on biodiversity or ecosystem processes will

affect the level of control desired, and will hence help

in selecting the appropriate management scheme

(Thomas and Reid 2007). Clearly, a more ecosystem-

based approach could help to better assess and

quantify the direct and indirect negative effects of

the invasive weed as well as the indirect positive and

negative effects of successful biological control.

Towards an improved pre-release impact

assessment

A critical and presently still rather neglected issue

with regard to improving biological control success is

a better understanding of the mechanisms leading to

high densities of the control agent (Gassmann 1996).

With regard to predicting agent impact on weed

density, great progress has been achieved by consid-

ering the plant’s population dynamics as this can

provide valuable information on the Achilles heel of

the plant’s lifecycle (Raghu et al. 2006). This infor-

mation can then be used in selecting biological

control agents (or other management schemes) that

reduce the transition probability of that specific stage

(cf. above on: Selection of effective biological

control agents). Whether the biological control agent

will be able to reduce the critical transition in a

weed’s lifecycle by the required amount depends on

the combination of the per capita impact, which itself

is a function of the type, timing, and degree of

damage, and the population dynamics of the biolog-

ical control agent. The per capita impact of a

herbivore on a plant can be relatively easily tested

and current regulations for biological control often

ask for some basic information on the potential

impact on the target weed. However, there is little

evidence that the per capita impact of a biological

control agent is correlated with success in biological

control programs. The prerequisite of successful

biological control is that the biological control agent

reaches high population densities in the introduced

range (Gassmann 1996). Hence, predicting the like-

lihood of success of a biological control programme

largely depends on improving our understanding of

the effects of biotic (e.g., host-plant attributes,

mortality due to parasitism or predation) and abiotic

factors (climate) on the survival, development rate

and fecundity of biological control agents (Gassmann

1996; Zalucki and van Kinken 2006). To date, only a

few attempts have been made to model the population

dynamics of biological control agents (e.g., Buckley

et al. 2005; Zalucki and van Kinken 2006).

A further critical issue to better predict agent

impact is to study and include the various mecha-

nisms of tolerance and compensation to herbivory,

both at the level of individual plants and at the level

of the population. Plant responses to herbivore

damage vary enormously. The net effect of a single

or repeated defoliation event on the cumulative

growth of plants can be zero, negative or positive,

depending on the availability of leaf area, meristems,

stored nutrients, soil resources, and the frequency,

timing, and intensity of defoliation (e.g., Hawkes and

Sullivan 2001). Mechanisms leading to plant toler-

ance include a large variety of physiological

processes ranging from increased light intensity for

surviving leaf area, increased photosynthetic rate per

leaf area, improved water and nutrient availability to

surviving leaf tissue and delayed senescence up to

mobilization of stored resources and the activation of

dormant buds (Crawley 1997). Despite considerable

knowledge available on tolerance in plant–herbivore

systems (see, e.g., Strauss and Agrawal 1999, and

references therein), little work has been undertaken to

explore the effects of plant tolerance on the popula-

tion dynamics of plant–herbivore systems. Recently,

for the first time and as part of a weed biocontrol

project, Buckley et al. (2005) explored the dynamic

effects of different herbivore damage functions to

quantify the effect of plant tolerance to herbivory on

the population dynamics of a plant-herbivore system.

The damage function assumes that plants can com-

pensate for low levels of herbivory, which introduces

a time lag into the system when herbivore numbers

are low. At the population level, plants are often well

buffered against catastrophic events, such as seed loss

caused by biological control agents. Compensatory

changes operate in a density-dependent manner, e.g.,

through density-dependent seedling mortality and

density-dependent fecundity, with the net result that a

wide range of starting densities is reduced to a narrow

range of final population size. As with tolerance

operating at the individual plant level, determination

of thresholds is crucial for realistic predictions and

effective management. There may therefore be a

jump from no effect to considerable effect as that

threshold is passed, possibly leading to more unstable
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dynamics rather than a smooth continuous decline in

plant densities with increasing seed loss (Buckley

et al. 2005). Recent advances that combine specific

and well-thought-out experiments with comparative

field studies and sophisticated modeling tools are

most encouraging and have a great potential to

increase our predictive power for the outcome of

plant-herbivore dynamics underlying biological con-

trol programmes against plant invaders.

Studies towards integrative biological control

Weed problems in intensively managed as well as

natural and seminatural ecosystems arise from a

multitude of factors often involving changes in the

disturbance level (Alpert et al. 2000) and are thus

rarely caused by a single weed species. Biological

control, with its inherently narrow spectrum, has to be

considered as an integrated component of a well-

designed pest management strategy, not as a cure by

itself. In most cases, combinations of biological

agents with other weed management tools will be

needed to produce acceptable levels of overall weed

control. Such integration can be viewed as a vertical

integration of various control tactics against a single

weed species or as a horizontal integration across

different weed species in an ecosystem (see Müller-

Schärer 2002, for a short review and examples of

integration). Comparative, experimental, and model-

ing studies on possible synergistic or antagonistic

effects of biocontrol in combination with existing or

potential management options and with land use are

therefore greatly needed (Huwer et al. 2002; Buckley

et al. 2004; Paynter 2005).

Where application meets science

Biological invasions have been recognized as unprec-

edented bio-geographical experiments to study both

ecological and evolutionary processes (Callaway and

Maron 2006). This certainly holds also for classical

biological control. Bio-geographic comparisons of

the mechanisms underlying the two epidemic events

of plant invasion and population increase of the

biological control agent offer important insight into

biotic and abiotic factors regulating the abundance

and distribution of plants and their associated

herbivorous species. The interrelationship between

the invasive plant, the invaded ecosystem, and the

biological control agent can be used to test key

hypotheses in ecology, such as the role of top-down

versus bottom-up regulation of vegetation composi-

tion, or the likelihood and rate of ecosystem recovery

in relation to the ecosystem property affected by plant

invasions. Much has been learned in the past few

decades about the effect of specialist herbivores on

plant population dynamics from biological control

programmes (Briese 2000; Myers and Bazely 2003;

Sheppard et al. 2003; Briese 2004; Raghu et al.

2006). Recently, it is increasingly acknowledged that

plant invasions and classical biological control pro-

grammes are also great models with which to study

evolution (Lee 2002; Müller-Schärer et al. 2004;

Bossdorf et al. 2005). It has been proposed that

populations of an invasive plant are likely to undergo

rapid directional selection more often in the intro-

duced than in the native range because the number of

links between introduced species and the surrounding

community is low during the early stages of intro-

duction (Thompson 1998). A few evolutionary

hypotheses that could be tested using biological

control programmes against plant invaders are listed

in Table 2. If, for instance and as predicted by the

EICA hypothesis, the invasive plant has evolved

increased vigor at the expense of antispecialist

defence, biological control agents are expected to

increase their survival and fecundity, which in turn

could facilitate fast herbivore population build-up

and increase the impact on the target weed

(Table 2b). Alternatively, it was suggested that

effective tolerance mechanisms might be common

in plant invaders (Müller-Schärer et al. 2004). If this

is the case, this can help to explain why many

introductions of insect biocontrol agents exhibit only

weak negative effects on their host (McFadyen 1998;

Myers and Bazely 2003). It might also explain the

resulting superabundance of some of the biocontrol

agents over extended time periods (Pearson and

Callaway 2003, and see above on: Potential impact

on native food webs) because tolerance, unlike

resistance, is generally not expected to regulate the

population dynamics of its consumers. In the con-

text of plant invasion, tolerance has received little

attention (Bossdorf et al. 2005). Clearly, more exper-

imental work is needed to better understand how

altered selection through changes in the intensity of

competition and herbivory in the new range might

influence the evolution of plant tolerance during the
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invasion process (van Kleunen and Schmid 2003;

Bossdorf et al. 2004), as this is expected to influence

the outcome of biological control interventions

(Müller-Schärer et al. 2004, Table 2c). Further, as

discussed above, both intra- and interspecific hybrid-

ization were found to be an important process in

several examples of plant invasions, but little is yet

know about how this might affect plant traits relevant

for interactions with higher trophic organisms includ-

ing biological control agents (Table 2d).

While it is often impossible to exactly trace back

the plant genotypes that have been originally intro-

duced into a new range, this information can be

collected from biological control agents and subse-

quently used to investigate evolutionary processes.

For example, by independently manipulating the

number of individuals and the genetic variation of the

different releases of a biological control agent, one

can test the relative importance of these two factors

on establishment success, subsequent population

growth, and rate of evolution (Table 2e). In this

context, it is important that only individuals from

populations of a biological control agent that have

been shown to have an acceptable host range are

released, as populations may vary in their degree of

host specificity (Sheppard et al. 2005).

We hope to have shown with these few examples

of testable hypotheses that biological control pro-

grammes against plant invaders indeed offer a great

opportunity to gain new insights into basic processes in

ecology and evolution as well as to create a stronger

link between these two still quite independent disci-

plines of biology. This in turn will also benefit

biological control by making it safer and more efficient.
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874 H. Müller-Schärer, U. Schaffner

123


	Classical biological control: exploiting enemy escape �to manage plant invasions
	Abstract
	Introduction
	Methods and strategies of weed biocontrol
	Selected key issues of classical biological control against plant invaders
	Selection of effective biological control agents
	Host specificity of the biological control agents
	Genetic structure of the target population �and implications for biological control
	Potential impact on native food webs

	The future of classical biological control: bridging the gap between applied and fundamental research
	Where science meets application
	Studies towards success rating and ecosystem impact
	Towards an improved pre-release impact �assessment
	Studies towards integrative biological control

	Where application meets science

	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


