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Abstract

In the first comprehensive review of biological control of weeds in Australia since 1960, 
73 different programs have been reviewed, including 69 on weeds exotic to Australia.  
This account summarizes some findings from this review.  The programs are categorized 
according to the scale of activity, type of problem caused, plant growth form of the weed 
and overall success rate.  Trends in the last 50 years are examined, including the use of 
pathogens, emphasis on risks to native species, and environmental weeds as targets.  
Advances in defining the native range and in host specificity risk analysis are reviewed 
and questions posed on climate matching.  The extent of evaluation and integration 
of biological control with other management options is considered and emphasis 
placed on the enormous economic benefit demonstrated in benefit: cost analyses.  
Biological control of weeds has been an extremely active field in Australia with many 
successes and has yielded considerable economic, environmental and scientific benefits.

Introduction
 

     Biological control of weeds in Australia was 
reviewed by Wilson (1960) who devoted 18 pages to 
work on 12 weed species (or groups of related species).  
Around this time, in the early 1960s, work was fairly 
limited, until support was obtained for a program 
aimed at the possible biological control of skeleton 
weed, Chondrilla juncea L., considered the worst 
weed in Australia at the time.  As a result of studies 
in the native range of this weed, in Mediterranean 
Europe, Wapshere made the revolutionary proposal 
to introduce the rust fungus Puccinia chondrillina 
Bubak & Syd. (Cullen, 2012).  After considerable 
discussion, debate among plant pathologists and 
inspection of testing procedures and protocols, 
introduction into quarantine and subsequent release 
was approved in 1971.  The spectacular success 
of this introduction (Cullen et al., 1973, Cullen, 
1978) reignited interest in the field and there was 
enormous expansion of projects during the 1970s 

and 1980s, with several notable successes.  After 
50 years of intense activity, an updated review was 
necessary and Julien et al. (2012) have coordinated 
an extensive review of work up to late 2010, covering 
73 weed species or species groups, each reviewed 
by researchers involved with the relevant programs.  
This paper summarizes some of the principal trends 
and lessons learned from this review.

Overall Statistics 

Of the 73 programs reviewed, 69 deal with 
exotic species, primarily of European, South African 
or Central and South American origin, which are 
weeds in Australia.  Three programs cover attempts to 
control Australian species weedy in Australia, using 
native natural enemies, while one chapter deals with 
exploration in Australia for biological control agents 
for Australian plants weedy in South Africa and the 
USA.  The 69 “classical” programs can be categorized 
in a number of different ways.  Table 1a shows the 
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number of “full” programs with exploration carried 
out specifically for the target weed in question, 
“serendipitous” programs with exploration often an 
opportunistic “add on” to work being carried out 
primarily on another species, programs capitalizing on 
work carried out by other agencies in other countries 
with the same weed problem (therefore introducing 
agents already established as safe and effective), and 
programs that did not progress beyond a preliminary 
stage, possibly involving some minor exploration 
and testing, but not involving any releases.  Table 1b 
gives a breakdown according to the broad category 
of problems caused by the weed and illustrates the 
preponderance of programs on weeds of agricultural 
importance, reflecting the dominant source of 
funding.  However, a significant number were also of 
environmental concern and five programs were on 
weeds solely of environmental concern.

The overall success rate of the 58 developed 
programs is shown in Table 2a and their classification 
according to plant growth form, with the relevant 
success rate, in Table 2b.  A distinction is made in 
Table 2a between very successful, where control is 
extensive, and where success varies according to the 
region or season.  In Table 2b these categories are 
combined.  While some differences in the success rate 
for different growth forms can be observed, the only 
significant point is that all forms have been targeted 
(two programs on grasses are included in the perennial 
herbs) and that successes have been obtained against 
all forms. Tables 1 and 2 illustrate a number of overall 
characteristics and success rates for programs, but 
it is also valuable to consider how programs have 
been pursued over the last 50 years and the ways in 
which this has changed from the earlier half-century. 

Full 45
Serendipitous   8
Other agency’s agents   5
Preliminary only 11

58 developed programs

Table 1a. Types of programs

Agricultural production 63

Environment 36

Recreation, amenity, health 17
(Five soley of environmental importance)

Table 1b. Importance of the weed

Table 2a. Overall success rate of programs

Very successful 14
Seasonally/regionally successful 11
Too early, still ongoing 22
Unsuccessful 11

Shrubs/trees 17 7
Perennial herbs 21 5
Annual/biennial herbs 21 7
Climbers/creepers 5 2
Aquatics 5 4

Table 2b. Numbers of each plant growth form targeted and number successful.
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Trends 

Use of plant pathogens
 

     Following the success of the introduction of P. 
chondrillina, interest in the use of plant pathogens 
as well as arthropods increased rapidly, though it 
was 20 years before the next legal introduction and 
release, of P. abrupta Diet. & Holw. var. partheniicola 
(Jackson) Parmelee for control of parthenium 
Parthenium hysterophorus L. (Dhileepan and 
Mcfadyen, 2012), due largely to the longer testing 
programs required and lingering concerns over 
the safety of such introductions.  In all, 31 of the 
58 developed programs have considered plant 
pathogens, principally rusts, with another six 
programs recognizing the potential for investigation.  
Significantly, pathogens have been the main agents 
of success in nine programs, those against Ageratina 
adenophora (Spreng.) King & Robinson, Ageratina 
riparia (Regel) K & R, Asparagus asparagoides (L.) 
Druce, C. juncea, Cryptostegia grandiflora (Roxb.) 
R.Br., P. hysterophorus, Rubus fruticosus L. agg. and 
Xanthium occidentale Bertol.  While the emphasis has 
been on rusts, other pathogens have been considered, 
though considerable concern has been expressed 
over the use of powdery mildews.  The use of plant 
pathogens as mycoherbicides was considered in ten 
programs, but with no viable product to date.  Plant 
pathogens have been notable for accidental and/or 
illegal introductions, e.g. on A. adenophorum, the 
first strain of Phragmidioum violacaeum (Schulz) 
Winter on R. fruticosus, Puccinia xanthii Schw. on 
X. occidentale and most recently, the smut Entyloma 
ageratinae sp. nov. Barreto & Evans on A. riparia. 

Risks to native non target species
 

         The interest in the use of plant pathogens also raised 
the importance of risks to the native flora, starting 
with P. chondrillina.  These risks were considered 
from the late 1960s for plant pathogens, but it 
took until the mid to late 1970s for this to become 
an issue for arthropod introductions, Longitarsus 
flavicornis (Stephens) being the first arthropod 
specifically tested against native flora in 1977-78 
prior to consideration for release against ragwort, 
Senecio jacobaea L. (Ireson and McLaren, 2012) 
Environmental weed as targets

 
     The occurrence of weeds of environmental 
concern among the list of programs has already been 
noted (Table 1b), but this only evolved as research 
funds became available for such programs in the 
1980s.  The 1998 declaration of “Weeds of National 
Significance”, which included several species of 
purely environmental concern, has assisted the 
provision of funds for such programs since the 1990s. 

Use of Guiding Principles
 

     Overlapping some of these trends has been 
an increasing interest in applying some general 
ecological and evolutionary principles to the conduct 
of biological control programs against weeds. 

Refining the native range
 

     Determining the native range of a target weed 
has increasingly become a research area in itself, 
with detailed taxonomy necessary to determine 
the origin of a weed in a third of the programs.  
With the advent of modern genetic technologies, 
genetic typing was mentioned in 19 of the 58 
developed programs.  This was considered critical 
when determining the origin of a precise form of 
a variable species has been necessary, particularly 
where potential agents with a closely coevolved 
association have been involved, e.g. plant 
pathogens, eriophyid mites and a few insect species.  
Chrysanthemoides monilifera (L.) T. Norl. (Adair 
et al., 2012) and A. asparagoides (Morin and Scott, 
2012) are good examples of the value of this approach. 

Area of speciation of the target weed
 

     The principle that the locality where a plant 
species evolved should be the best source of specific 
coevolved natural enemies was well illustrated in 
the C. juncea program.  Wapshere (1974) found 
increasing numbers of specific natural enemies 
the further east exploration was carried out, from 
the western Mediterranean to Iran.  However, 
even where geography, politics and sufficient 
taxonomic knowledge permit, this approach 
has not been followed significantly, with only 
one other program mentioning the possibility. 
New associations
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     Hokkanen and Pimentel (1984) in their classic 
paper suggested the value of new host-agent 
associations as well as the long coevolved associations 
usually sought.  This was referred to in only three 
programs, C. monilifera, Cylindropuntia rosea 
(DC.) Backeb. and Prosopis spp., with the authors 
of the account on C. monilifera (Adair et al., 2012) 
suggesting that resources might have been better 
spent determining the precise form and its origin 
rather than investigating possible new associations. 

Climate matching
 

        Where the native range includes different 
climatic zones, trying to match the climate of the 
source of agents with the climate of the weed has 
been common for some time (cited in 29 of the 
58 developed programs).  The failure of agents has 
sometimes been attributed to inappropriate climatic 
adaptation, while the aim of trying to source new 
agents from more appropriate climatic regions is 
cited some programs e.g. Emex spp. (Yeoh et al., 
2012)

However results from some programs suggest 
that the situation is not always straightforward.  
Acacia nilotica subsp. indica (Benth.) Brenan occurs 
in two regions in Australia, the more humid coastal 
Queensland and the drier interior grasslands, but is 
only a serious problem in the drier inland.  Climatic 
matching suggests that the weed is in fact more 
suited to the coastal climate, which in itself not 
necessarily novel, as many species have expanded 
ranges in their country of introduction.  However, 
the two agents considered established at this stage 
were both collected deliberately from drier regions 
of the native range, but have also been shown to be 
better adapted to the more humid coastal region 
(Palmer et al., 2012).

In the only experimental approach to testing 
this principle, Cullen and Sheppard (2012) report 
the introduction of three separate populations of 
Rhinocyllus conicus Froehlich for control of Carduus 
nutans L.: one from southern France, climatically 
adapted to the southern part of the Australian 
distribution of C. nutans; one from northern Italy, 
adapted to the northern part; and a third population 
originally from central Europe, via New Zealand, 
not climatically adapted to any part of the Australian 
C. nutans distribution.  All three populations were 

released in separate sites in the northern, central and 
southern part of the C. nutans distribution.  The third 
population established and flourished at all three 
sites, while the other two, apparently better adapted 
populations, did less well.  The authors speculate 
as to why this might have occurred, but climatic 
adaptation was clearly not the major influence.

Equally, where attempts were made to obtain 
suitable rust strains using trap gardens in the 
region of origin, e.g C. juncea and R. fruticosus, the 
conclusion was that “Compatible host-pathogen 
interactions………….were more critical than 
climate matching…….” (quote from Morin and 
Evans (2012) referring to the R. fruticosus program).
 
Host specificity

 
     Fuelled to some extent by the increased emphasis 
on possible risks to native species, several targets 
having close relatives, the study of what constitutes 
“natural behavior” and the process of risk analysis 
have become more critical over the last 50 years.  Ten 
programs mention specific cases of more intensive 
examination of host specificity issues.  The use of 
open field testing is reported in the accounts of the 
programs on Heliotropium europaeum L. (Sheppard 
et al., 2012), Heliotropium amplexicaule Vahl (Briese, 
2012) and C. monilifera (Adair et al., 2012).  The first 
of these required critical Australian species to be 
grown under quarantine in Greece and placed in the 
field under natural, but strictly controlled, conditions 
to assess the behavior of the weevil Pachycerus segnis 
Germar (Sheppard et al., 2012).

A number of programs describe examples where 
risks have been carefully weighed before release 
was authorized.  Possible damage to non targets 
by the moth Platphalonidia mystica (Razowski & 
Becker) was eventually discounted as unlikely and 
unimportant in the program against P. hysterophorus 
(Dhileepan and McFadyen, 2012), and the possible 
damage to native species from the moth Euclasta 
whalleyi Popescu-Gorj & Constantinescu was 
weighed carefully against the risk to native species 
posed by the target weed C. grandiflora (Palmer 
and Vogler, 2012).  In the case of Longitarsus 
flavicornis (Stephens), the very low number of adults 
developing indicated an extremely low probability of 
populations persisting on native species of Senecio, 
while for Maravalia cryptostegiae (Cummins) on 
C. grandiflora and Uromyces heliotropii Sred. on H. 
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europaeum, geographic and climatic separation from 
native species showing some slight susceptibility was 
considered sufficient for the risk to be discounted 
(Palmer and Vogler, 2012, Sheppard et al., 2012). 

Choice of Agents
 

While the default position for choosing which 
agents to introduce has always been the observation 
of obvious damage to the weed in its native range, 
a number of programs attempted to assess the 
options more critically.  In particular, attempts 
have been made to examine agent interactions 
and to compare impacts on the weed’s population 
dynamics in the region of origin in order to 
determine the most effective agents and the best 
order for introduction, to avoid negative interspecific 
competition and to predict overall impact. 
 
Order of introduction

 
      In the more recent phases of the program against 
Hypericum perforatum L., careful examination of 
impacts suggested that control might have been 
more stable and effective if the buprestid beetle 
Agrilus hyperici (Creutzer) and the eriophyid 
mite Aculus hyperici (Liro) had been introduced 
before the two Chrysolina spp. C. hyperici (Forst.) 
and C. quadrigemina (Suffr.), introduced in the 
1930s.  In the native range, the buprestid and 
the eriophyid are the most important mortality 
factors, but attempts to establish them have been 
continually hampered by the unstable populations 
of the Chrysolina spp. (Briese and Cullen, 2012). 
 
Interspecific competition

 
       The common practice of choosing agents attacking 
different parts of a weed’s biology or phenology has 
aimed to try to avoid interspecific competition, 
but few attempts to assess this probability, even for 
agents attacking the same part of the plant, have 
been made prior to introduction.  In the program 
against C. nutans, reducing the production of seed 
was the main aim and, given two apparently effective 
seed destroying agents, R.conicus and the seed 
fly Urophora solstitialis (L.), studies were made to 
assess the likely impact of interspecific competition 
between them.  This seemed to be avoided in the 

country of origin, but did occur when introduced 
into Australia, the authors noting the different 
weed population levels, different phenology and 
lack of parasites as being important (Cullen and 
Sheppard, 2012).  This demonstrated the difficulty 
of extrapolating from one environment to another 
without a high level of detail and sufficient 
knowledge to judge the most important factors. 

Impact on weed population dynamics

While studies of agents’ impacts in the country 
of origin were too late to determine the best order 
of agent introduction for H. perforatum and failed 
to predict the extent of interspecific competition 
between R. conicus and U. solstitialis in Australia, 
they were instructive in determining the agents most 
likely to be effective and in subsequent follow up and 
choice of further agents.  In the case of the C. nutans 
program, it became clearer which subtle differences in 
the environment of the weed were important, and the 
studies allowed projections of impact and (different) 
orders of introduction of agents for Australia and 
New Zealand (Cullen and Sheppard, 2012).  It is 
also important to remember that it was Wapshere’s 
demonstration of the impact of P. chondrillina 
in the field in Europe that led to, and supported, 
this critical introduction (Wapshere et al., 1974). 

Evaluation
 

   Twenty eight of the 58 developed programs 
included some degree of detailed follow up and, 
in 20 cases, the follow up involved significant 
ecological analysis.  While evaluation of programs 
has seldom been adequately funded, its value 
has been widely accepted though not always by 
funding agencies.  Objective evidence of decline 
is immensely valuable and can also be vital for 
subsequent benefit/cost analysis, itself a powerful 
accounting and reporting tool.  Knowledge of 
the weed - agent system, combined with accurate 
followup work, can provide pointers for improving 
control, either by the introduction of further agents 
or by developing programs of integrated control. 
Weed decline

 
      Evaluation received considerable emphasis in 
the C. juncea program and the detailed record of 
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decline, coupled with experimental evidence, helped 
establish not only the value of the program, but 
the success of the controversial introduction of P. 
chondrillina and the potential benefits of biological 
control of weeds in Australia generally (Cullen, 
2012).  Similar studies were invaluable in charting 
progress in the A. asparagoides program (Morin 
and Scott, 2012), in ensuring the success against 
Salvinia molesta D.S.Mitchell (Julien, 2012) and in 
disentangling different agent impacts in the Echium 
plantagineum L. program (Sheppard and Smyth, 
2012).
 
Benefit-cost analysis

 
    The detailed data on C. juncea allowed a 
comprehensive benefit-cost analysis to be 
undertaken in 1976, demonstrating the enormous 
benefits to Australian cereal growing.  This analysis 
was updated in 2006, when benefit-cost analyses were 
carried out on 35 other programs (Page and Lacey, 
2006).  This allowed an invaluable assessment to be 
made of the economic benefits of many Australian 
programs.  Only nine programs yielded few or no 
economic benefits and the overall benefit-cost ratio 
for the 28 programs for which there was reasonable 
data was 23:1 (McFadyen, 2011).  Even programs not 
considered successful at the time of the analysis in 
fact showed significant benefits due to the measure 
of control obtained so far, e.g. benefit-cost of 6:1 for 
Lantana camara L. and 2.5:1 for R. fruticosus.  Table 
3 shows the five highest benefit-cost ratios, with the 
prickly pear program still leading the way.  It is worth 
noting that the Ambrosia artemesiifolia L. program 
was a very small and therefore very cheap program, 
hence the high ratio, and that the benefits were in 

human health.  Otherwise, the benefits were mainly 
in increased agricultural production and decreased 
control costs.  Environmental and amenity benefits 
could not be costed and were not included.
 
Integration

Integrated management was considered a viable 
option in 13 of the 58 programs, and requires sufficient 
knowledge of the weed-agent system to allow its 
manipulation.  The classic example has been salvinia 
S. molesta where control has been spectacularly 
successful in many tropical and subtropical systems 
in Australia and around the world.  However, in the 
billabongs of Kakadu National Park in northern 
Australia control is intermittent, depending 
on rainfall and flushing of the system with its 
differential effect on weed and weevil populations.  
However, with a good knowledge of plant growth 
and weevil growth and their relationships with 
temperature and nutrients, it has been possible to 
develop a management program using carefully 
timed herbicide applications to allow the system to 
switch back into balance (Storrs and Julien, 1996). 

Conclusion 

Biological control of weeds has had a high profile 
in Australia ever since the prickly pear program, but 
activity declined towards the end of the first 50 years.  
The revamping of activity during the 1970s and 1980s 
has resulted in many successes.  The investment in this 
field has been enormously beneficial; economically, 
environmentally and scientifically.  The contributions 
in the review by Julien et al. (2012) help demonstrate 
why and how.

Weed Benefit:cost ratio
     Opuntia spp. 312:1
     C. juncea 112:1
     C. grandiflora 109:1
     A. artemesiifolia 104:1
     S. molesta   53:1*

Table 3. Benefit:cost ratios for top five biological control programs.

* Figure for Sri Lanka project. Australian analysis combined it with other aquatic weeds.
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