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Abstract Classical biological control using insects
has led to the partial or complete control of at least 226
invasive insect and 57 invasive weed species world-
wide since 1888. However, at least ten introductions of
biological control agents have led to unintended
negative consequences and these cases have led to a
focus on risk that came to dominate the science and
practice of classical biological control by the 1990s.
Based upon historical developments in the field we
consider that the era of focus on benefits began in 1888
and that it was supplanted by an era in which the focus
was on risks during the 1990s. This paradigm shift
greatly improved the safety of biological control
releases but also led to a decline in the number of
introductions, probably resulting in opportunity costs.
We note here the development of a third paradigm:
one in which the benefits and risks of biological
control are clearly and explicitly balanced so that
decisions can be made that maximize benefits while
minimizing risks.
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Introduction

The first widely acknowledged successful case of
classical (also known as ‘importation’) biological
control involved the iconic case of importation of the
predatory beetle Rodolia cardinalis (Mulsant) and the
parasitic fly Chryptochaetum iceryae (Williston) to
control the cottony cushion scale, Icerya purchasi
Maskall in California in 1888 (Caltagirone and Doutt
1989). Since then, classical biological control has
grown with hundreds of invasive arthropods and
weeds targeted, and this has resulted in the long-term
suppression of numerous species of important pests
and weeds (Winston et al. 2014; Cock et al. 2016).
However, a small proportion of introductions have
been ecologically damaging, resulting in significant
non-target effects (Louda et al. 2003). Thus classical
biological control has produced important environ-
mental benefits but has also introduced ecological
risks. In the last two decades biological control
scientists have studied these risks intensively and
have developed risk assessment protocols in an effort
to make introductions ecologically safer (e.g. Follett
and Duan 2000; Wajnberg et al. 2001; van Driesche
and Reardon 2004; van Lenteren et al. 2003, 2006;
Bigler et al. 2006; Heimpel and Mills 2017). However,
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a framework for balancing risks and benefits has not
yet fully emerged (Sheppard et al. 2003; van Wilgen
et al. 2013; Hinz et al. 2014). Such a framework
includes understanding the relationship between risks
and benefits in biological control and creating con-
ceptual models that allow the comparison of antici-
pated benefits and risks and a means to maximize the
former while minimizing the latter.

In this paper we provide a brief historical review of
cases of classical biological control that either led to
successful suppression of target populations or to
ecological disruption or harm. We also discuss
attitudes about biological control from the beginning
of the practice until the present time and argue that a
paradigm shift has occurred in which a focus on
benefits shifted to a focus on risks in the 1990s. We
end with an appeal for expanded uptake of a devel-
oping third paradigm—one in which risks and benefits
are properly balanced—and discuss some ways to do
this.

The historical record of classical biological control:
Successes and adverse effects

We collated cases of successful classical biological
control of arthropod and weed targets from the
inception of the practice to the current time. For
insect pests and natural enemies we used the
BIOCAT2010 database (Cock et al. 2016) and for
weeds we used Winston et al. (2014). Both of these
databases were supplemented with some cases cov-
ered by van Driesche et al. (2010). We did not include
biological control of invertebrates other than insects,
or the use of biological control of insects using agents
other than insects for this analysis, but some trends
involving these and other categories are discussed by
Hajek et al. (2005, 2007) and Heimpel and Mills
(2017). Classification of cases is slightly different for
the two datasets and we tabulated successes as follows.
For insects, impacts on targets that were classified as
‘partial’ successes or better in at least one country
were tabulated and for weeds, impact on targets by at
least one agent that were classified as ‘heavy’ either
‘regionally’ or ‘widespread’ were tabulated. This
process revealed 226 successes against insect targets
and 57 successes against weed targets. The top half of
Fig. 1 shows the year of first release of all of these
cases to illustrate the chronological pattern of
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biological control successes. The first success
occurred in 1888 (biological control of cottony
cushion scale as noted above) and the most recent
one in 2011 (biological control of boxing glove cactus,
Cylindropuntia fulgida Engelm., in South Africa by
the cochineal insect Dactylopius tomentosus
(Lamarck)).

The bottom half of Fig. 1 shows the cases of
classical biological control that have had reportedly
harmful ecological impacts, divided into direct effects
on non-target organisms (seven agents) and indirect
effects where populations of specialized agents
became abundant and led to enrichment of native
species leading to ecological alteration or disruption
(three agents involving two weed species). Only cases
of well-documented population-level non-target
effects on native species are included in the figure.
These are mainly cases for which manipulative field
experiments were done that demonstrated such effects.
We do not include some relatively well-known cases
from this list for various reasons. For example,
negative effects of the cactus moth Cactoblastis
cactorum (Berg) on native Opuntia cacti in the
Southeastern USA (Stiling et al. 2004) are not
included because this species was not deliberately
introduced in the United States and thus is more
appropriately viewed as an invasive species (Andraca-
Gomez et al. 2015). Also, the possible displacement of
native coccinellids by introduced species such as
Harmonia axyridis (Pallas) and Coccinella septem-
punctata Linnaeus within agricultural fields in the
United States is not included because it is not clear
whether these non-target effects extend into natural
areas (Evans 2004; Harmon et al. 2007). While H.
axyridis does seem to be causing negative effects in
natural areas of Europe (Roy et al. 2012), it was
introduced there as an augmentative biological con-
trol agent, and so this case is not included either. We
also do not include negative effects of accidentally
introduced biological control agents (e.g. Louda and
O’Brien 2002).

Figure 1 shows two trends very clearly with respect
to benefits and risks. Firstly, that successful cases of
classical biological control greatly outnumber cases
that produced ecological harm: the proportion of
harmful cases is far less than 1%. And secondly, that
introductions leading to direct negative effects appear
to have ceased after the 1960s, but some cases of
negative indirect effects have persisted into the 1990s.
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Fig. 1 A timeline of biological control introductions of insect
agents against invasive insect pests and invasive weeds based
upon the year of the first introduction of agents that provided
partial or complete control of their intended targets (positive
values) divided into targets that were considered primarily
detrimental to economic interests or natural ecosystems.
Negative values denote introduction of agents that led to
unindended negative consequences as follows: 'Indian mon-
goose, Herpestes javanicus (E. Geoffroy Saint-Hilaire) (Seaman
and Randall 1962); The parasitoid Cotesia glomerata

This latter pattern suggests that the biological control
community has made progress in reducing risks of
direct non-target impacts but that there is scope for
improvement in minimizing risks of indirect non-
target impacts (Wajnberg et al. 2001; Pearson and
Callaway 2003; Kaser and Heimpel 2015; Kaser and
Ode 2016).

Figure 1 only reflects the number of first examples
of each success or harm and thus under-represents
benefits. Successful classical biological control has
produced enormous returns in terms of reduced crop
losses, and in some cases the impacts of this on
livelihoods and poverty have also been documented
(Gurr and Wratten 2000; Cock et al. 2015; Naranjo
et al. 2015). Environmental harm has been docu-
mented as discussed above and shown in Fig. 1, but it
has not been measured in such a way that benefits and
harm can be directly compared as we discuss further
below.

(Linnaeus) (Benson et al. 2003); *The parasitoid Compsilura
concinnata (Meigen) (Boettner et al. 2000); 4Mosquitoﬁsh,
Gambusia spp. (Minckley and Deacon 1968); “The cane toad,
Bufo marinus (Linnaeus) (Urban et al. 2007); 5The predatory
snail Euglandina rosea (Férussac) (Civeyrel and Simberloff
1996); "The weevil Rhinocyllus conicus (Frolich) (Rose et al.
2005); 8The seed-fly Urophora affinis (Frauenfeld) (Pearson and
Callaway 2006); “The seed-fly U. quadrafasciata (Meigen)
(Pearson and Callaway 2006); '"The seed-fly Mesoclanis
polana (Munro) (Carvalheiro et al. 2008)

We have divided the successful cases shown in
Fig. 1 into four categories: for insect and weed targets
we differentiated between introductions that were
conducted for primarily economic reasons and for
primarily conservation reasons. Economic targets
include pests and weeds in agricultural settings as
well as in natural habitats that damage commercial
resources such as lumber and rangeland used for
grazing livestock. Conservation targets include inva-
sive species threatening native biodiversity. This
distinction can be imperfect since biological control
in agricultural settings can protect native biodiversity
and biological control in natural settings can result in
economic benefits (van Driesche et al. 2010). Further-
more, introduced insects or plants may be primarily
agricultural pests in some countries and primarily
damage ecosystems in others. For example the cottony
cushion scale has primarily been targeted as a pest of
fruit trees and ornamentals, but in the Galapagos
Islands classical biological control was carried out to

@ Springer



30

G. E. Heimpel, M. J. W. Cock

protect native plants (Hoddle et al. 2013). In this
scenario, we counted the first success/harm in each
system separately. In ambiguous cases, such as the
release of biological control agents of aquatic weeds
that can open waterways for transportation as well as
protect biodiversity we classified releases as support-
ing conservation if benefits to particular native species
were documented. Figure 1 shows clearly that classi-
cal biological control in support of conservation is a
relatively recent practice. The first such introduction
dates to 1962 with releases of two seed-feeding insects
against the invasive shrubby weed, Hakea sericea
Schrad & J.C.Wendl (Proteaceae), in South Africa,
resulting in protection of plant species in the unique
fynbos vegetation zone (Esler et al. 2010). However,
despite this and some other early cases most intro-
ductions against targets of conservation concern
occurred since the 1980s. These cases have been
comprehensively reviewed by van Driesche et al.
(2010).

A paradigm shift

Prior to the 1980s, the risks of biological control
introductions to native biodiversity were seldom
considered—particularly for biological control of
insect targets. Theoretical and comparative studies
focused almost entirely on benefits, posing questions
such as: what is the rate of success of biological
control introductions? What are the conditions under
which biological control is most successful? Which
traits of biological control agents determine success in
biological control? (e.g. Beddington et al. 1978; Hall
and Ehler 1979; Hall et al. 1980; Murdoch et al. 1985;
Luck 1990; Stiling 1990, 1993; Greathead and Great-
head 1992; Crawley 1989; Lane et al. 1999; Denoth
et al. 2002; Kimberling 2004; Mills 2006; Stephens
et al. 2013; Heimpel and Mills 2017). We call the
period between 1888 and 1990 the ‘benefits era” since
the emphasis of biological control scientists was on
understanding how the benefits of biological control
could be maximized.

Risks of biological control came to dominate the
discussion of classical biological control beginning in
the 1990s and from then until the present time risks of
classical biological control have been extensively
studied and reviewed. Unintended effects of biological
control releases done before the 1950s in Hawaii
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caused concern (Howarth 1991; Hennemann and
Memmott 2001; Messing and Wright 2006) as did
effects of the released weevil Rhinocyllus conicus
(Frolich) on native thistles in North America (Louda
et al. 1997). These and some other cases led to a re-
evaluation of classical biological control as a risk-free
strategy to control invasive pests and weeds (Howarth
1991; Simberloff and Stiling 1996; Follett and Duan
2000; Wajnberg et al. 2001; Louda et al. 2003). This
emphasis represented a major shift in the focus of
biological control scientists from benefits to risks. We
therefore consider the period from the 1990s to the
present time the ‘risk era’. Although it is somewhat
artificial, we denote 1991 as the first year of the risk era
because of the influential review paper by Howarth
(1991) titled ‘Environmental impacts of classical
biological control’. Another important review paper
from the 1990s was authored by Simberloff and Stiling
(1996) titled ‘How risky is biological control?’. This
was a particularly provocative paper in that it openly
questioned the ecological safety of biological control
introductions in general, stating that agents should be
considered ‘guilty until proven innocent’ (pg. 1970), a
sentiment that was echoed by McEvoy and Coombs
(2000). Simberloff and Stiling (1996) also suggested
that a ‘shift in modus operandi is needed [...] in
biological control’ (page 1970). We suggest that this
has indeed happened and that a paradigm shift
occurred around the year 1991 from an emphasis on
benefits to an emphasis on risks. For instance, as a
reflection of this, biological control decisions in the
European Union are based on the precautionary
principle, such that if an action or policy has a
suspected risk of causing harm to the public or to the
environment, the burden of proof that it is not harmful
falls on those taking that action (Ehlers 2011).

This paradigm shift had two interrelated effects: a
decline in biological control introductions and the
development of novel risk-assessment protocols for
biological control agents. The decline in introductions
was very steep in Hawaii (Messing and Wright 2006)
but occurred worldwide as well (Cock et al. 2016)
although it should be noted that the decline in the last
decade reported by Cock et al. (2016) is in part due to
partial reporting at the time information was compiled,
and also that such a decline was not seen in New
Zealand (see below and Hill et al. 2013). The decline
can be seen in Fig. 1 as well, where the number of
successful first introductions dropped to 1.2 per year
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between 1998 through 2012 from 4.0 in the previous
20 years. However, despite a general decline in
introductions, there was an increase in successful
introductions for conservation purposes over this time
period as noted above (Fig. 1). This can likely be
attributed to the fact that the invasive targets in these
cases were causing significant harm to populations of
native species and management strategies other than
biological control had either been tried and failed or
were deemed to pose greater risks than biological
control (or both). This illustrates the fact that biolog-
ical control of species of conservation interest presents
a relatively straightforward comparison of risks and
benefits because the risks of doing and not doing
biological control can be assessed in the same
‘currency’: declines in populations of native species
(see below).

As noted above, the new emphasis on risk also led
to the development of novel risk assessment protocols
for biological control (e.g. van Lenteren et al.
2003, 2006; van Driesche and Reardon 2004; Wright
et al. 2005; Bigler et al. 2006; Heimpel and Mills
2017). Risk assessment protocols for weed biological
control were formalized in the 1970s (Wapshere 1974)
and have been largely successful (Pemberton 2000;
van Klinken and Edwards 2002; Paynter et al. 2004;
Hinz et al. 2014; Suckling and Sforza 2014) but they
had been notably absent from arthropod biological
control programs (van Driesche and Hoddle 1997).
Even for weed biological control programs, however,
much of the emphasis of risk assessment was directed
at protecting crop plants from weed biological control
agents and the new risk paradigm increased the extent
to which effects of such agents on native species was
considered (Hinz et al. 2014). For both insect and
weed biological control programs, new risk assess-
ment protocols, along with more stringent regulations
governing biological control releases have presumably
contributed to fewer and safer biological control
introductions, and have likely led to a steep decline
in documented unintended negative side effects of
biological control introductions (Fig. 1).

Lastly, we note the emergence of a new paradigm,
in which the emphasis is on a balance between risks
and benefits and a comparison with alternative man-
agement options, including doing nothing. We call this
the ‘era of balanced benefits and risks’.

A framework that includes benefits and risks

In this section we discuss frameworks for analyzing
classical biological control that include both benefits
and risks. We first consider the relationship between
risks and benefits and then ways that decision models
can incorporate both of these aspects.

The relationship between risks and benefits
in biological control

Murdoch et al. (1985) described two suites of idealized
life-history traits that can lead to produce effective
biological control agents. ‘Search-and-destroy’ agents
are specialists that are well-adapted to locating,
attacking and consuming their host (or prey) species
and are able to drive their populations to low levels.
Their own populations are intimately linked to that of
their hosts and decline when hosts are suppressed.
‘Lying-in-wait’ agents, on the other hand, are gener-
alists that can build up high population levels in the
absence of pests and are able to suppress them when
they arrive or begin to build their populations. Search-
and-destroy agents illustrate how safety and efficacy
can be positively correlated in specialized biological
control agents (Kimberling 2004). Indeed, it is
precisely the efficacy of these agents that reduces the
risk that they pose since their abundance declines with
that of their host. Lying-in-wait agents, on the other
hand, illustrate how efficacy can trade off with safety
since it is precisely the broad diet breadth (including
omnivory) that increases the efficacy of these agents
(Coll and Guershon 2002; Symondson et al. 2002;
Lundgren 2009). Murdoch et al. (1985) did not broach
the topic of safety in classical biological control or
what class of biological control these idealized natural
enemies would be appropriate for, but it seems clear
now that search-and-destroy agents are appropriate for
classical biological control while lying-in-wait agents
are appropriate for conservation or natural biological
control. Thus, for classical biological control, safety
and efficacy will usually be positively associated. The
relationship between specificity (which is linked to
safety) and efficacy for idealized search-and-destroy
and lying-in-wait biological control agents is provided
in Fig. 2.

Of course this view is oversimplified. In particular,
specificity and efficacy can be uncoupled in ways that
increase risk through indirect interactions. This was
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Efficacy

Specificity

Fig. 2 Hypothesized relationships between specificity and
efficacy for biological control agents that follow Murdoch
et al.’s (1985) “search-and-destroy” and “lying-in-wait”
idealized life histories

noted by Holt and Hochberg (2001) who used a
theoretical approach to show that agents that establish
at high levels without suppressing target populations
can pose risks through enrichment effects. This
enrichment can lead to indirect effects such as
apparent competition which can be beneficial or
harmful depending on whether other pest species or
non-target species are affected (Kaser and Heimpel
2015; Kaser and Ode 2016). Ecological risks that flow
from this kind of enrichment are exemplified by
seedhead-galling tephritids introduced against spotted
knapweed, Centaurea stoebe Lam. and bitou bush,
Chrysanthemoides monilifera (L.) Norlindh, in the
United States and Australia, respectively (Pearson and
Callaway 2006; Carvalheiro et al. 2008). In both of
these cases highly specialized agents established and
reached high abundances themselves without substan-
tially decreasing weed abundance. This allowed
enrichment of consumers of the agents which in turn
led to unintended ecological disruption through
mechanisms such as apparent competition. A caveat
to the spotted knapweed case is that weed suppression
(efficacy) may have improved substantially after the
seed bank was depleted—30 years following estab-
lishment (Story et al. 2008). The negative effects noted
above will presumably diminish greatly with effective
spotted knapweed suppression. Regardless, these case
studies and the models of Holt and Hochberg (2001)
and Kaser and Heimpel (2015) show how important it
is to introduce biological control agents that are
predicted to both exhibit specificity in field settings
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and that are expected to suppress pest or weed
populations. The latter is desirable as a matter of
course but it is important to recognize that efficacy can
also confer safety to imported agents.

Decision models incorporating risks and benefits

Release petitions for classical biological control
agents typically include a section that outlines the
potential benefits to be gained by performing the
release (Sheppard et al. 2003). However, only New
Zealand and Australia incorporate a formal compar-
ison between risk and benefits into their decision-
making process as far as we are aware (Hunt et al.
2008; Hinz et al. 2014) although the Australian system
was reportedly still primarily risk-based in the early
2000s (Sheppard et al. 2003; Harrison et al. 2005).
Decisions made through New Zealand’s 1998 Hazar-
dous Substances and New Organisms Order are based
upon the core principle that biological control intro-
ductions are justified if the expected environmental
benefits outweigh the expected adverse effects, and the
regulatory processes provide guidance on how to make
such a determination (Hill et al. 2013). This process,
which includes a healthy dialogue between regulators
and scientists, appears to have resulted in a balanced
climate for conducting biological control which has
led to approval of releases of biological control agents
against 11 weed and four insect species since 1998
(Hill et al. 2013; see also Barratt and Moeed 2005;
Suckling 2013). This is a higher rate of approval than
seen in other countries and there is no indication of any
environmental harm to date.

The implicit message of decision models that
include both risks and benefits is that a goal of zero
risk is unrealistic and that a more realistic goal is a net
benefit in which the benefits exceed the risks of harm.
This is the general approach taken in other applied
sciences such as conservation biology (Wiggering
et al. 2006; Maron and Cockfield 2008; McBride et al.
2010) and medicine (Blower et al. 2001; Lazo-Langer
et al. 2012) where the benefits of interventions must
often be weighed against possible or certain negative
side effects. Also, biological control interventions
should not only be compared against the options of
doing nothing but against other management tactics.
This approach was taken by Bigler and Kolliker-Ott
(2006) who found that the environmental and health
risks of using the insecticide deltamethrin to control
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the European corn borer, Ostrinia nubilalis (Hiibner)
(Lepidoptera: Crambidae), were much higher than
using the parasitoid Trichogramma brassicae Bez-
denko (Hymenoptera: Trichogrammatidae) in aug-
mentative releases. Frameworks for simultaneously
assessing benefits and risks of biological control
introductions have been proposed by Bigler and
Kolliker-Ott (2006) and Moeed et al. (2006) and were
reviewed by De Clercq et al. (2011). These approaches
involve qualitatively estimating the likelihood and the
magnitude of both the risk and the benefits of the
potential introduction. The resulting information can
be used to compare risks and benefits within a decision
framework. Since this process ideally includes infor-
mation on the likelihood of success and the magnitude
of the benefits, it should be possible to link these to the
amount of risk that can be accepted. In essence, we
should be more willing to accept a higher level of risk
when confronted with pests or weeds with devastating
rather than mild consequences and when the likeli-
hood of successful biological control is higher rather
than low. These considerations are illustrated in
Fig. 3, where the magnitude of the benefit of biolog-
ical control is on the x-axis and the likelihood of
success on the y-axis. A line with a negative slope
divides this parameter space into regions where less
and more risk should be accepted below and above the

Accept more risk

Accept less risk

Probability of biological control success

Magnitude of biological control benefit

Fig. 3 A conceptual model illustrating how the level of
acceptable risk can be related to the magnitude of the potential
benefit of biological control (proportional to the severity of
damage caused by the invasive target of biological control) and
the probability of success in biological control. The model
suggests that little (if any) risk should be accepted for projects
against relatively inconsequential pests for which the probabil-
ity of success is low but that higher levels of risk should be
accepted for projects targeting devastating pests for which the
probability of successful biological control is high

line, respectively. Thus, more risk should be accepted
for projects targeting potentially devastating pests that
have a high probability of success than projects
targeting minor pests that have a low probability of
success. While the probability of success for classical
biological control remains difficult to predict, a
number of comparative analyses have provided useful
guidance (Hawkins and Cornell 1994; Kimberling
2004; Heimpel and Mills 2017).

One of the difficulties in performing a meaningful
benefit/risk analysis in biological control is that the
‘currencies’ of risks and benefits are often different.
While risks are typically expressed as declines in
populations of native species, benefits are often
expressed in monetary terms that apply to the com-
modity being protected. Thus, while biological control
introductions can produce very favorable cost/benefit
ratios (Gutierrez et al. 1999; Culliney 2005), this may
not be directly relevant to environmental risks. There
are ways around these difficulties however. For
instance, valuation methods have been developed that
can quantify externalities affected by biological
control such as biodiversity protection, improved
environmental quality or improved human health
(Naranjo et al. 2015). Some of these analyses quantify
the ecosystem services attributable to naturally occur-
ring biological control (Costanza et al. 1997; Losey
and Vaughan 2006). An extension of these analyses to
classical biological control would likely reveal previ-
ously unrecognized environmental benefits of
releases. Analyses such as these would surely include
environmental benefits of reduced pesticide use. This
approach was taken in the study done by Bigler and
Kolliker-Ott (2006) described above where the risks of
an insecticide to biodiversity were explicitly com-
pared with those associated with parasitoid releases.
Environmental costs associated with pesticide use can
also be expressed in terms of the greenhouse gasses
that are emitted during the processes of manufactur-
ing, transporting and applying these compounds
(Heimpel et al. 2013). To the extent that biological
control reduces pesticide use, benefits in reduced
greenhouse gas emissions can then be calculated.
These and other methods could be used to capture a
broader set of benefits that are produced by biological
control.

Lastly, it should be noted that targeting invasive
species in natural areas leads to a more straight-
forward comparison between the benefits and risks of
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biological control introductions since in this case both
are in the same currency: biodiversity. In these cases,
benefits are measured in the protection of a particular
set of native species from invasive species and the
risks are to a different set of native species that may
suffer direct or indirect non-target effects from the
introduced agent. Comparisons between the number of
native species protected versus endangered by biolog-
ical control introductions must include an ecological
valuation of these species among other factors in order
to be relevant for biological control decision-making
(van Driesche et al. 2016).

Conclusions

Classical biological control has protected our society
and the environment from over 200 invasive insect and
50 invasive weed species over the past 130 years.
Among these can be included devastating agricultural
pests such as the cassava mealybug (Phenacoccus
manihoti Matile-Ferrero) (Pseudococcidae) in Africa
which threatened widespread food shortages (Neuen-
schwander 2001), and equally devastating invaders in
natural areas such as the melaleuca tree in the
Everglades National Park in the USA which threatens
an entire ecosystem (Tipping et al. 2009). Against
these successes must be weighed a much smaller
number of introductions—representing less than 1%
of cases—that have had negative unintended conse-
quences. These risks began to be highlighted and taken
seriously in the 1980s and during the 1990s a paradigm
shift occurred in the biological control community in
which risks began to be carefully monitored and
models of risk assessment developed. This focus on
risks was critically important for the growth and
maturity of the science of biological control and the
practice of classical biological control is much safer as
a result. However, the pace of introductions has
declined during the same time in some countries
leading to likely opportunity costs. We are encouraged
by the development of a second maturation step into a
paradigm in which potential benefits and risks of
biological control introductions are carefully balanced
to arrive at solutions that maximize net social and
environmental benefits. If this can be combined with
other improvements such as effective dialogue and
consultation between regulators, scientists and other
stakeholders, and effective time-limits for key steps in
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the process, then the future of safe and effective
classical biological control for the benefit of society
will be more secure. This general approach is already
being adopted in biological control regulations in
some countries (notably New Zealand) but there is still
a need for formal risk/benefit conceptual models that
can guide decision making, and revised guidelines that
take this into account to assist countries less experi-
enced in classical biological control in their decision
making. We hope this paper will contribute to this
process.
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