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A B S T R A C T

Invasive species cause significant damage to economies, human health, biodiversity and society in general. Social
insects are among the most successful invaders, often becoming major pests when they establish outside their
native range. Once established they can be difficult to eradicate or contain, and classical biological control is
usually the only feasible management option.
Successful classical biological control programs must be both technically and economically feasible. A tech-

nically feasible program — where a biological control agent establishes, spreads and suppresses the growth and
spread of the pest — is a necessary pre-requisite for economic feasibility, where benefits and costs of a biological
control program are subsequently assessed. We investigate whether the highly invasive eusocial wasp Vespula
germanica (Fabricius) (Hymenoptera: Vespidae) could be a candidate for a renewed biological control manage-
ment program in Australia, where it established almost 60 years ago.
The potential impacts of V. germanica on horticulture, apiculture, tourism, outdoor social activities, and

biodiversity are estimated to be AUD 2.6 billion over 50 years, should V. germanica continue to spread unhin-
dered. We found median benefits of AUD145 million to AUD385 million, depending on effectiveness and growth
rates of the biocontrol, with non-market benefits exceeding market benefits by 50%.

1. Introduction

Invasive species cause significant damage to economies, human
health, and society in general (Marbuah et al., 2014; Pyšek et al., 2020;
Diagne et al., 2021), and they also are a leading cause of biodiversity loss
globally (Bellard et al., 2016; Mollot et al., 2017; IPBES, 2023). Social
insects – wasps, termites, bees and ants – are among the most successful
invaders (Lowe et al., 2004), becoming major pests when they establish
outside their native ranges (Moller, 1996; Eyer and Vargo, 2021).
Among this group, Vespula germanica (Fabricius) (Hymenoptera: Ves-
pidae), also known as the European wasp, is a particularly damaging
insect pest. V. germanica is native to Europe, Northern Africa, and
temperate Asia, and introduced in North America, Chile, Argentina,
Iceland, Ascension Island, South Africa, Australia and New Zealand

(Lester and Beggs, 2019). It can tolerate or adapt to a wide range of
habitats and climates (de Villiers et al., 2017) and has significant
negative impacts on communities, industry and the environment in re-
gions where it has been introduced.

Vespula germanica established almost 60 years ago in Australia. Local
extirpation programs were typically initiated upon first discovery of the
pest in a region, but were subsequently abandoned as the pest became
widespread (Crosland, 1991). Presently, in the eastern states of
Australia, control of V. germanica is a private pest management issue.

The damage caused by V. germanica in the south-eastern part of
Australia has not been calculated, although is likely to be substantial
given the lack of any sustained and widespread control strategies during
this time. An ongoing eradication program in Western Australia costs
$250,000 per year and is estimated to be preventing annual damages to
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pollination, apiculture, viticulture and households of at least $3.9
million for the period 2010–2040 (Cook, 2019). In Victoria, by 1997, the
annual economic and health impacts of V. germanica were conserva-
tively estimated at more than AUD$2million at that time (Honan 1997
cited in Canyon et al., 2011). In New Zealand, the total quantifiable
annual impact of Vespula wasps on primary industries, human health,
traffic accidents, and local governments was estimated at NZD133
million, including an option value for apiculture development of NZD58
million (MacIntyre and Hellstrom, 2015).

Established pests such as V. germanica are often overlooked as can-
didates for coordinated management programs (eradication and/or
containment) because the use of traditional control techniques over very
large areas becomes uneconomic. Classical biological control (Hajek,
2004; Van Driesche et al., 2008; Stenberg et al., 2021), where the goal is
permanent establishment of one or more introduced specialised natural
enemies (biological control agents) to control the pest rather than
eradicate it, is usually the only economically feasible option for man-
aging established, widespread exotic pests.

In New Zealand, biological control of V. germanica was attempted in
1980 when a biological control natural enemy, the parasitoid Spheco-
phaga vesparum vesparum (Curtis) (Hymenoptera: Ichneumonidae) was
collected from Europe and imported for host range testing and subse-
quent mass rearing (Donovan and Read, 1987). Field releases of S. v.
vesparum began in 1987 (via parasitoid cocoons placed next to known
wasp nests) and continued for at least four years (Read et al., 1990;
Moller et al., 1991). Adults emerge from the cocoons, enter the wasp
nest, and parasitise the developing larvae. Monitoring at release sites,
however, indicated there were difficulties establishing the agent (Moller
et al., 1991). In conjunction with the New Zealand biological control
program, S. v. vesparum was imported into Australia, approved for
release following mandatory host-specificity testing (Field and Darby,
1991), mass reared and subsequently released (Darby and McLaren,
1993; Lefoe et al., 2001). However, post release monitoring was not
well-funded, and as a result no evidence of S. v. vesparum establishment
has been documented (Ede et al., 2014).

The poor performance of the biological control agent S. v. vesparum
in controlling V. germanica in New Zealand is thought to be possibly due
to a genetic bottleneck because all releases were derived from a single
parthenogenic female parasitoid (Beggs et al., 2008; Ward, 2014). It is
possible that sourcing different genetic strains of parasitoids would see
an improvement in agent performance, but the potential range for
improvement is unknown. The availability of a biological control agent
that has already undergone risk assessment and been approved for
introduction (Field and Darby, 1991), means that new introductions
could be conducted at relatively low cost, assuming the agent has been
screened appropriately to avoid negative impacts of agent introduction
(Barratt et al., 2010). However, as Australia has no native Vespinae, the
likelihood of S. v. vesparum posing a threat to native wasp species is
considered low (Field and Darby, 1991). The question then is whether
the potential improvement in the performance of the biological control
agent in reducing in V. germanica abundance is likely to be large enough
to produce positive net benefits to industry, community and the
environment.

We turn the question on its head and explore the conditions that
would make this biological control program successful. We use a simu-
lation model based on the population dynamics of the wasp and the
biological control agent (Cacho and Hester, 2022, 2023), combined with
spatial data on industry, environment, human populations and pest
detections. The combined model provides flexibility in the analysis of
management scenarios under uncertainty, allowing us to determine the
conditions under which biological control is technically and economi-
cally feasible with high probability. The benefits of biological control are
the reduced nuisance value to households and recreation, and reduced
impacts of V. germanica on pollination services, apiculture, viticulture
(Cook, 2019), and threats to native biodiversity in natural environments
(Potter-Craven et al., 2018) that occur when V. germanica populations

are suppressed.
The approach and findings of this study are applicable beyond the

specific case study presented. In fact, determining the conditions that
make a biological control agent successful, is a useful first step in
planning any biological control program.

2. Material and methods

The conceptual diagram in Fig. 1 represents the decision analysis
model designed to analyse the costs and benefits of V. germanica control
in south-eastern Australia. Central to the model is the population dy-
namics of the pest and the biological control agent. The population
dynamics model accounts for growth and spread of the insect pest and
the biological control agent as well as their interaction. This interaction
will ultimately determine the likelihood that management of the pest
through biological control will succeed (see Cacho and Hester, 2022 and
2023, for details). For generality, we abstract away from details of the
particular biological control species and focus on the modes of action,
through which the biological control agent suppresses reproduction and
spread of European wasp nests (see below).

On the output side of the model (top of Fig. 1) are the damages,
divided into impacts that are readily monetised (market damages) and
those that are not (non-market damages). Market damages of
V. germanica include impacts on pollination, honey production and
horticulture, whereas non-market damages include impacts on nature
conservation, use of public places for recreation and sporting activities,
and damages to households that go beyond market costs. To estimate
these damages, and to calibrate the population dynamics model, spatial
information was required on the value of agricultural production; land
use patterns; V. germanica habitat suitability; V. germanica detections
over time; and human population density (left section of Fig. 1). The
required data were obtained from different sources and they were
aggregated and converted as needed to obtain a spatial grid covering the
area of interest in south-east Australia. Damages were converted to
dollar values throughmarket and non-market valuation. Benefit-transfer
was used to calculate non-market impacts. No benefits of V. germanica
for Australia have been reported in the literature.

The situation where no management occurs is the worst-case-
scenario for V. germanica impacts over time. This is the baseline sce-
nario and shows the dollar value of damages against which all other
management outcomes are compared. The benefits of biological control
are the damages that are avoided when V. germanica abundance is
reduced. Agent selection, testing, importation, rearing and releasing are
the main component of program costs (bottom right, Fig. 1).

The marginal benefits of introducing the biological control agent (in
present value terms) are estimated as the difference between the base-
line ‘no control’ simulation and various technically feasible ‘control’
scenarios (right section of Fig. 1). The scenarios selected reflect different
sets of biological control parameter values and biological control release
strategy options. All biological control parameter sets tested were
technically feasible in the sense that they would become established and
reduce V. germanica populations through nest mortality and reduced
V. germanica reproductive output.

2.1. Lifecycles of pest and biological control

Vespula germanica colonies are highly eusocial, consisting of repro-
ductive females (gynes and queens), reproductive males (drones) and
sterile females (workers). The normal colony lifecycle is annual, pro-
ceeding as follows: (1) new queens and males are produced within nests
each autumn; (2) the new queens disperse to mate and subsequently
hibernate in sheltered areas during winter; (3) reproductive queens
emerge in spring to found new colonies; (4) colonies (or nests) grow
rapidly over summer, often consisting of several thousand workers at
their peak (Ward et al., 2002; Kasper et al., 2008; Lester and Beggs,
2019). As new queens disperse in early autumn, the old queen and
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colony typically die off, but nest construction can continue throughout
the year in locations experiencing mild winters (Spradbery and May-
wald, 1992; Widmer et al., 1995; Kasper, 2004).

As mentioned earlier, we try to abstract away from any given bio-
logical control species details, and focus on modes of action. However,
the case of the parasitoid S. v. vesparum provides a good base fromwhich
to start the search for feasible sets of parameters for growth and spread
of the putative biological control agent. Adults of the parasitoid lay eggs
in V. germanica nests and emerging larvae feed on wasp pupae, this re-
duces V. germanica population growth, sometimes killing the full nest
depending on biological control effectiveness parameters. Chemical
deception, repellency, partial chemical mimicry, and behavioural ad-
aptations have been proposed as strategies used by Sphecophaga spp. to
evade detection within nests (Donovan, 1991; Dubiner et al., 2020; Oi
et al., 2020). The biological control agent can also reduce reproductive
output of V. germanica by parasitising and killing immature queens
before they disperse to establish new colonies in spring (Donovan and
Read, 1987).

2.2. Estimating impacts

In regions where it has invaded, V germanica can have significant
negative impacts on human activity, the environment and the economy.
This analysis considers the damage caused by V. germanica via six spe-
cific types of damage: to public areas; households; nature conservation;
honey production; pollination; and fruit (Table 1).

Impacts of V. germanica on human activity occur in public areas
where they disrupt outdoor activities, as well as in individual house-
holds where they attack humans and pets, sometimes threatening life.
Environmental impacts occur through competition with native species
for space and food sources, as well as through direct attack and preda-
tion. Impacts on primary industries include losses to beekeeping, and to
horticultural industries through their impact on pollination, honey
production and damage to ripened soft fruits, all of which were
considered in this study. Other impacts on workers and livestock
through stinging were not considered due to difficulty obtaining data.

2.2.1. Spatial datasets used
Five spatial datasets were used to calibrate the model and run

simulations:

1. Map of V. germanica habitat suitability (HS) in Australia based on
CLIMEX (Sutherst and Maywald, 1985; Kriticos et al., 2015) simu-
lations from de Villiers et al. (2017) at a resolution of 0.5 degrees.
The Habitat Suitability map (HS) consists of 522 cells where the
modelled Ecoclimatic Index (EI) contained a positive value ≥1 (all
cells with EI = 0 were excluded).

2. National map of land uses and agricultural commodities from the
Australian Bureau of Agricultural and Resource Economics and Sci-
ences (ABARES).1 The number of agricultural commodities in this
dataset is 27.

3. Maps of agricultural commodities (2017–18) at SA4 level from the
Australian Bureau of Statistics (ABS) for value of production, area
planted and yields2.3

4. Number of households and income at SA1 level from the ABS 2016
Census Community Package.4

5. Atlas of Living Australia (ALA) occurrence download at https://bioc
ache.ala.org.au/occurrences/search?q=qid:1590909475236
accessed on Sun May 31 17:18:47 AEST 2020.

The unit of analysis is determined by the CLIMEX HS map and a
series of matrix manipulations were used to convert the original source

Fig. 1. Conceptual diagram of the decision analysis approach showing the data sources and the main components of the model.

1 ABARES (2016). Land use of Australia 2010–11, Available from https://
www.agriculture.gov.au/abares/aclump/land-use/land-use-of-australia
-2010-11
2 ABS (2019). 7503.0 - Value of Agricultural Commodities Produced,

Australia, 2017–18. Available from https://www.abs.gov.au/AUSSTATS/abs@.
nsf/DetailsPage/7503.02017-18?OpenDocument
3 ABS (2019). 7121.0 - Agricultural Commodities, Australia, 2017–18;

Available from https://www.abs.gov.au/AUSSTATS/abs@.nsf/DetailsPage
/7121.02017-18?OpenDocument
4 ABS (2017) 2016 Census Community Profiles. Available from https://quicks

tats.censusdata.abs.gov.au/census_services/getproduct/census/2016/communi
typrofile/036?opendocument
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data to a final dataset where each row represents a cell on the map and
columns represent the different variables listed above (see Supplemen-
tary Material).

2.2.2. Damages
The impacts of V. germanica considered in this study are detailed in

Table 1. The market damages considered—to pollination, apiculture and
horticulture— are all related to agriculture. Market damages were
estimated spatially based on data from ABARES and ABS (maps 2 and 3
in Section 2.2.1). More details are available in the Supplementary
Material.

Non-market damages—to nature conservation, public land and
households—were estimated using benefit transfer (BT), based on a
study by Rolfe and Windle (2014). Benefit transfer incorporates a set of
methods for applying previously estimated values from a ‘study site’ to a
‘policy site’ of interest. The ‘policy site’ refers to the area and environ-
ment affected by the incursion where no values are currently available
(Tait and Rutherford, 2018). Values from the study site are adjusted for
differences in income, prices, demographic variables, and scale. The
data used in the benefit transfer come from ABS Census maps as illus-
trated in Fig. 1. The application of economic non-market valuation
methods to value public preferences for infestation control benefits, such
as environmental outcomes, is likely to be incomplete because these
methods do not typically capture the full range of ecological, social, and
cultural impacts. Moreover, valuation exercises can overlook non-
quantifiable benefits and intrinsic values that people place on the
environment, leading to an underestimation of value generated by
infestation control efforts. While the Benefit Transfer valuation exercise
here does not attempt to be exhaustive, our intent is to identify whether
the extent of impacts that we do value exceeds the cost of control efforts,
which results indicate is the case.

Rolfe and Windle (2014) conducted a choice experiment (CE) survey
estimating willingness to pay (WTP) for reductions in impacts of Sol-
enopsis invicta Buren (Hymenoptera: Formicidae; red imported fire ant).
This is an ideal study site, because both V. germanica and S. invicta are
social insects that build nests and disperse through queens. In addition,
both species are highly aggressive and from an anthropocentric
perspective, we argue that similar values are associated with broad

categories of environmental and social impact. For example, the first
type of non-market value to be estimated concerns preferences for
avoided sting threat and/or nuisance impact in homes, recreation areas,
gardens and picnic areas, where due to their scavenging habits and
choice of nesting sites V. germanica may pose a threat (McGain et al.,
2000; Pérez-Pimiento et al., 2007; Welton et al., 2017). The second
value to be estimated concerns preferences for avoided biodiversity
impacts of wasps. In common with other social wasps, the V. germanica
workers catch various insects and spiders which are malaxated and fed
to the larvae, including Diptera, Araneae and Lepidoptera (Madden,
1981; Kasper, 2004; Potter-Craven et al., 2018). There is also the pos-
sibility of ecological and further biodiversity impacts on species that
compete with wasps for these insect food sources. This impact has been
ecologically established in the New Zealand beech forest context (Beggs
and Wilson, 1991; Beggs, 2001), but not in the Australian context.

In the current context, the selected study site (Rolfe and Windle,
2014) is consistent with the policy-site context—a similar focus on
public values for increased infestation control in Australia, where the
control reduces the threat of sting and nuisance in houses, parks and
recreation areas; and where impacts are reduced on biodiversity in
native land including on insects, spiders and birds. Overall, we consider
that the degree of similarity between study and policy site attributes is
acceptable to support a valid Benefit Transfer exercise.

Rolfe and Windle (2014) conducted their study in the city of Bris-
bane, Australia, whereas the policy site is a large area in south-eastern
Australia, so their values need to be adjusted to the full area of inter-
est. The benefits of controlling fire ants included avoiding health im-
pacts, maintaining lifestyle and amenity values, and avoiding
environmental damage. The benefits they estimated (Table 2) were re-
ductions in:

• the number of homes affected by stinging events;
• recreation, sporting and school areas affected; and
• protected natural bushland areas affected.

The description of the valuation context presented to survey re-
spondents reveals a high level of commodity consistency with the ben-
efits of V. germanica control considered for the benefit transfer in the

Table 1
Impacts of V germanica considered in this study.

Impact Description

Impacts on primary industries

Honey production
European wasps cause significant losses to apiculture by attacking bees and bee hives – the wasps kill honey bees and their larvae for protein, rob hives of
honey and spread bee diseases (Clapperton et al., 1989; Widmer et al., 1995). While strong bee colonies are able to repel attacks, significant losses may
still occur from sustained attack (Goodman, 2014). Defending hives against wasps reduces bee foraging time.

Pollination damage
European wasps affect pollinators through competition for resources and predation. In depleting honey-bee colonies, wasps impact on pollinator-reliant
crops. Crops experiencing reduced yield because of reduced pollination, and their level of pollinator reliance are given in Table 2 (Supplementary
Material).

Fruit damage

Social wasps opportunistically exploit any available source of concentrated sugar, including the sweet liquids from fruits, and use these as an energy
source for adult wasps and developing young (Evans and Eberhard, 1970 cited in Richter, 2000). European wasps are known to cause yield losses by
hollowing out fruit (Goodall & Smith as cited in Cook, 2019) and damage wine grapes by introducing diseases (Lester and Beggs, 2019). In Australia,
wine grapes and strawberries have reportedly been damaged by European wasps, with yield losses of 10–25% being reported.

Impacts on human activity

Public area damage
European wasps are a major nuisance because of their synanthropic behaviour – they aggressively forage for human food (sugar and protein), disrupting
outdoor dining and recreational activities, sporting activities and use of public places in general.

Household damage

European wasps are more aggressive than bees and will attack when their nests are disturbed and they are capable of inflicting multiple painful stings on
humans and pets. Unlike bees, European wasps do not die after stinging. Wasp stings may cause allergic reactions, and a sustained attack from a large
swarm can result in life-threatening envenomation (McGain et al., 2000). While relatively rare, deaths have occurred as a result of European wasp stings,
and there are many records of stings requiring medical attention and even hospitalisation (Widmer et al., 1995; Levick et al., 1997). People have to avoid
outdoor areas where wasps might live.

Environmental Impacts

Nature conservation
damage

European wasps have a broad, omnivorous and opportunistic diet that includes honeydew, nectar, insect prey, vertebrates and carrion (Lester and Beggs,
2019; Spencer et al., 2020). As a result, they may have disruptive impacts on a range of ecosystem process, including reducing the numbers of some
arthropods (Sackmann et al., 2000; Kasper, 2004). In New Zealand the pest is known to reduce faunal diversity as a result of direct competition for food,
particularly honeydew (Elliott et al., 2010), predation on other insects (Harris, 1991) and even nestling birds (Moller, 1990). There may also be adverse
impacts on local flora due to wasp predation on insects responsible for pollination and other forms of nutrient transfer (Fordham, 1991). There is little
information about environmental impacts of European wasps in Australia, although local reductions in arthropods have been reported in Tasmania
(Bashford, 2001; Potter-Craven et al., 2018).

S.M. Hester et al.
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current project. In fact, Rolfe and Windle (2014) explicitly consider how
their WTP estimates could be used in BT applications for similar incur-
sion contexts. Respondents to the survey were willing to pay AUD 0.13
to reduce the impact of S. invicta per 1000 homes, AUD172 per 100 ha to
protect public areas such as recreational, sporting and school areas, and
AUD0.08 per 100 ha to protect natural bushland. These amounts
represent annual WTP for a ten-year period to 2020. Apart from
adjusting the original (2009) values in Table 2 for the effects of inflation,
values needed to be scaled to suit the current context. The full process of
benefit transfer is summarised in the Supplementary Material.

The economic impact model generates an estimate of wasp nest
density at a spatial scale of a habitat suitability (HS) cell as explained
above, and for each year over a planning horizon. Vespula germanica
density increases are linked to negative outcomes on health, amenity
and biodiversity. Control options modelled cause reductions in V. ger-
manica nest density. It is the impact of this change in nest density that is
valued in the benefit transfer exercise.

Damages were estimated for a planning horizon of 50 years and
measured in present-value terms. Multiple simulations were conducted
and results for each run were saved as matrices for each variable, where
rows represent cells on the map and columns are time periods.

2.3. Biological control assumptions

Biological control programs typically involve significant periods of
time and resources to select, test, import, rear and release biological
control agents. Many of these costs are context-specific (Nordblom,
2003; Paine et al., 2015; Naranjo et al., 2019). In this case we assume a
once-off release of agents that extends over a period of four years, which
would then become a self-sustaining population under the right condi-
tions. We tested only technically feasible combinations of parameter
values, consisting of growth and mortality rates which result in a self-
sustaining population of the biocontrol.

The population dynamics of the wasp and the parasitoid are
modelled using Ricker equations, which consider density dependence as
the population grows. The model is described in Cacho and Hester
(2022, 2023) and the equations are not replicated here. The variables
and parameters of the model are listed in Table 3.

2.3.1. Biological control scenarios
Four technically feasible biological control scenarios were tested

based on parameter values for growth, mortality and effectiveness of the
agent, as detailed in Table 3:

1. LL: Low growth and mortality with low effectiveness (αB = 2; μB =

0.4; ρB = φB = 0.02)
2. LH: Low growth and mortality with high effectiveness (αB = 2; μB =

0.4; ρB = φB = 0.04)
3. HL: High growth and mortality with low effectiveness (αB = 3; μB =

0.5; ρB = φB = 0.02)
4. HH: High growth and mortality with high effectiveness (αB = 3; μB =

0.5; ρB = φB = 0.04)

In these scenarios, the biological control agents are initially released

as cocoons, close to existing wasp nests. The adults that emerge enter the
wasp nest and lay their eggs on the developing larvae. For each of the
above scenarios, the base assumption was that over the 4-year release
period, ~330,000 cocoons of the biological control agent were intro-
duced to infested sites. The final year of the release was year 1 of the
simulation. All costs of the biological control program (Table 4) were
scaled to year 1 in the simulation (i.e. the cost assigned to the program in
year 1 is the compounded total cost of 4 years of rearing and releasing
cocoons).

In further analysis beyond the base case, we consider combinations

Table 2
WTP estimates from Rolfe and Windle (2014) in 2009 and adjusted for inflation.
Values are in AUD.

Attribute WTP/household

2009 2020

Reduce number of homes affected $0.13/1000
homes

$0.16

Reduce recreational, sporting and school areas
affected

$172/100 ha $215

Reduce protected areas affected $0.08/100 ha $0.10

Table 3
Variables and parameters of the population growth model.

Name Value Description (source)

Variables
Ws,t * Number of wasp nests per ha in spring of year t
Wa,t * Number of wasp nests per ha in autumn of year t
Bs,t * Number of adult biological control agents per ha in spring

of year t
Ba,t * Number of adult biological control agents per ha in

autumn of year t
Parameters for
V. germanica

αW 3.237 Wasp growth parameter in Ricker equation (a)
βW lnαW

κWθW
Wasp growth exponent in Ricker equation (c)

κW 0.912 Carrying capacity of wasps (nests/ha) when θ = 1 (a)
θW (0,1)_ Wasp habitat suitability of site (d)
γW 4.925 Dispersal parameter for wasps (a)
δW 0.341 Wasp detection probability parameter (a)

Parameters for the
biological control
agent

αB 0.2, 0.3 Agent growth parameter in Ricker equation (e)
βB lnαB

κBWs,t

Agent growth exponent in Ricker equation

κB 235 Carrying capacity of agent (cocoons per wasp nest) (b)
μB 0.4, 0.5 Agent winter mortality (e)
ρB 0.02, 0.04 Reduction in wasp growth rate per adult biological

control agent (e)
φB 0.02,0.04 Winter mortality of wasp nests per adult biological

control agent (e)
γB 2, 3 Dispersal parameter for agent (e)

Notes: (a) Estimated through simulation based on ALA data; (b) Barlow et al.
(1996); (c) algebraic estimation; (d) based on CLIMEX map (θ = 1 when Eco-
climatic Index =100); (e) used in sensitivity analysis; * state variable time tra-
jectories are solved within the model for a given initial condition in each cell of
the map.

Table 4
Costs and length of time associated with the biological control program.

Host Specificity Testing No Testing

Cost
($‘000)

Time (Y) Cost
($‘000)

Time (Y)

Research costs (fixed)
Submission seeking
decision on
requirement for host
testing

50 0.5 50 0.5

Import agent; establish
rearing colony

646 1 646 1

Host specificity testing 646 1 0 0
Total 1342 2.5 696 1.5
Implementation costs per 250,000 cocoons
Mass rearing, release 2619 4 2619 4
Long-term monitoring
and impact assessment

1220 >3 y after
release; x 5 y

1220 >3 y after
release; x 5 y

Total 3839 3839
Total costs per cocoon
($)

20.72 18.10

Values are in AUD.
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of two decision variables for release of the biological control agent:

• xp: the proportion of V. germanica nests that are inoculated with
biological control agent cocoons on a given site.

• xc: the spatial coverage of the biological control release, expressed as
the top percentile value of infested sites selected for inoculation. For
example, a percentile of 10 indicates that only the top 10% of sites in
terms of V. germanica-nest density are selected for release of the
biological control.

The analysis was limited to cells in the map that were modelled as
being climatically suitable for V. germanica establishment in the Eastern
states of Australia. A probability of presence map was generated for the
relevant region based on ALA reports of V. germanica presence (Fig. 2).
The starting point for all simulations reflects 60 years of past
V. germanica spread throughout south-eastern Australia, with only ad
hoc control undertaken by households and local councils as nests are
detected. Each scenario is run for 1000 iterations over a planning ho-
rizon of 50 years.

2.3.2. Costs of biological control
In the current context, where we focus on releasing a new accession

of a biological control agent previously used to control V. germanica,
costs required for agent selection do not apply. We present the costs of
biological control in an Australian context, for ‘with’ and ‘without’ host
specificity testing under the broad categories of research and imple-
mentation (Table 4).

The research stage incorporates fixed costs associated with clarifying
the need for importing the agent, and host-specificity testing if required.
Testing adds an additional year to the research stage and an additional
~AUD650,000. The implementation stage involves mass rearing and
release of agents via the production of cocoons (one agent per cocoon),
and long-term monitoring. We calculated the unit cost of cocoons based
on the costs incurred during a previous program involving mass rearing
and release over 4 years of the biological control agent to control
V. germanica. In that program, 250,000 cocoons were produced (R.
Kwong, personal communication, July 14, 2020). This included costs of
distribution and program evaluation. With an additional five years for
monitoring, the total costs of the biological program amount to
approximately AUD20.70 per cocoon with testing, or AUD18.10 without

testing. The cost of scaling up the biocontrol release in the simulations
was calculated as the number of additional cocoons released times the
AUD20.70 cost per cocoon. We abstracted away from details of how this
would be achieved (eg. additional number of years in the release pro-
gram vs more cocoons produced per year).

3. Results

Testing for technical feasibility is the first step in selecting scenarios
for analysis. Any combination of parameter values that did not result in
establishment of the biological control agent and reduction in the
abundance of wasp nests were discarded, as there is no point testing
them for economic feasibility. The process of testing for technical
feasibility of the biological control agent using the population dynamics
model is illustrated in Cacho and Hester (2022).

3.1. The impact of biological control

Due to model uncertainty, results are presented as pseudo-
probability distributions (the uncertainty is not calibrated with obser-
vation data). When biological control is effective, damage caused by
V. germanica is reduced. The level of reduction depends on the values of
parameters in the model and the model structure. Fig. 3 illustrates the
typical pattern of the modelled reduction in damages that takes place for
one set of biological control parameter values (blue line), compared to a
‘no control’ scenario (red line). Damages in Fig. 3 are shown as cumu-
lative distribution functions (CDFs), indicating the range of values for
damage (x axis) and the cumulative probability that each value will
occur (y axis). When biological control is applied, CDFs shift to the left,
showing that damages will be lower for any given probability band.

The reduction in damages under the four selected biological control
scenarios are shown in Table 5. The mean value of damages from 50
years of V. germanica spread without control is AUD2,659 million.
Almost half this value is attributed to the damage caused by V. germanica
to outdoor and sporting activities (use of public areas), followed by
damage to pollination and ripened soft fruit.

Of the four biological control scenarios, the largest reduction in
damages (AUD95 million) is from scenario HH – high growth and
mortality rates of the biological control with high effectiveness. The
lowest reduction in damages (AUD 14.1 million) is from scenario LL –
low growth and mortality with low effectiveness. Biological control also
reduces the number of nests that private citizens and public agencies will
need to destroy, at an assumed cost of AUD250 per nest.5 The value of
this reduction (killing costs) is given at the bottom of Table 5.

3.2. Decision analysis for biological control management

In the analysis above, the benefit of biological control for each sce-
nario was estimated by comparing damages relative to the do-nothing
case — four scenarios were selected for comparison based on the
assumed population parameters of the biological control agent. The
decision variables were fixed at xp = 20 and xc = 5, indicating that 20%
of wasp nests were targeted for biological control release in the top 5
percentile of sites based on wasp abundance. Spatially, this is only 5
percent coverage of cells on the map and the program relies on natural
dispersal of biological control agents to increase coverage over time.

In this section we work with Scenario LH (low growth and mortality
and high effectiveness) and vary the decision variables to study their
effects on the benefits and costs of the program.

Fig. 4 shows the results of a 5 × 5 factorial experiment to test the
effects of the decision variables within the ranges xp = (10,.., 30) and xc
= (1,..,5). Based on benefits, the best outcome is achieved with xp = 30
and xc = 4, indicated as point A (Fig. 5 (a)). This solution requires an

Fig. 2. Probability map of V. germanica presence generated by the model
(coloured cells) and Atlas of Living Australia reports of V. germanica presence
(black dots) overlaid on the relevant SA4 regions from ABS. 5 Jim Bariesheff, personal communication, June 29, 2020.
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initial release of ~423,000 cocoons (Fig. 5 (b)). The option to reduce xp
from 30 to 10 is indicated by point B. This solution requires an initial
release of only ~141,000 cocoons. Moving from A to Bwould reduce the
number of cocoons required (and hence the cost of the biological control
program) but would also reduce benefit from AUD110 million (BA) to
AUD 84 million (BB) in present value terms for the 50-year evaluation
horizon.

Fig. 5 presents the full distributions associated with points A and B.
The uncertainty associated with the project is evident by the wide range
of values in the horizontal axis.

3.3. Sensitivity analysis

So far, we have identified ranges of parameter values that would

make the biological control program feasible and estimated the potential
benefits of the biological control program under selected strategies
regarding breeding and release of the biological control agent. Given the
uncertainty in the ‘true’ values of some of the parameters and the model
structure, in this section we carry out additional tests using an expanded
range of strategies for biological control release.

For this analysis we focused on the two extreme biological control
scenarios (LL and HH) and ran an 11× 11 factorial experiment with xp in
the range (5, 50) and xc in the range (1,10). Fig. 6 presents the results
based on the number of cocoons released under each of the release
strategies tested. The high variability of results reflects the uncertainty
involved in the analysis, however, there are many cases where benefits
are >0 with high probability.

To determine whether supporting the program is justified based on
benefit-cost ratios we need to compare these results with the cost of the
biological control program. Based on Fig. 6, the highest median benefits
are AUD143 million and AUD385 million for the LL and HH scenarios
respectively, whereas the 5th percentiles are AUD89 million and
AUD282 million. The number of biological control agent cocoons
required to achieve these results is 1.6 million. Assuming a cost per
cocoon of AUD 20.70 (Table 4) this program would have an estimated
cost of AUD33 million, which is well below the 5th percentile of AUD89
million under the LL scenario. This suggests that there is a high proba-
bility that the benefits will exceed the costs of the program, with benefit-
cost ratios of 4.3 and 12.5 at the median, and 2.7 and 9.1 at the 5th
percentile, for LL and HH scenarios respectively. It is important to note
that these results do not consider the fixed costs associated with
selecting potential agents, including undertaking risk assessments. The
cost of these activities is typically significant.

4. Discussion

4.1. Technical feasibility of the biological control program

Assuming that a healthy colony of S. v. vesparum has been success-
fully imported, the success of the biological control program hinges on
two factors: (1) the feasibility that the biological control agent will
establish and spread following an effective mass rearing and release
effort; and (2) the effectiveness of the agent in suppressing growth and
spread of V. germanica nests. If technical feasibility for the biological
control is unlikely, there is no need to undertake further evaluation of its
potential benefits, as the organism will be unable to establish a viable

Fig. 3. Cumulative distribution functions for damages under the ‘no control’ (red) scenario and for the ‘control’ (blue) scenario which achieves the greatest reduction
in damage within the set tested in the base case. The control results are based on the HH scenario.

Table 5
Reduction in damages (as present value) from the no-control and various bio-
logical control scenarios with a discount rate of 5% over a period of 50 years.
Values are in AUD.

Mean
damages
($m)

Reduction in damage* ($m)

No control LL LH HL HH

Market damages

Pollination 564
2.0

(±3.7)
5.1

(±3.7)
14.0
(±3.3)

20.4
(±3.5)

Fruit 423 0.1
(±2.2)

1.2
(±2.2)

4.9
(±2.1)

5.9
(±2.2)

Honey 33
0.2

(±0.1)
0.4

(±0.1)
0.8

(±0.1)
1.0

(±0.1)
Subtotal 1020.1 2.4 6.7 19.6 27.3
Non-market damages
Nature
conservation

143
1.6
(±1.7)

3.1
(±1.7)

6.8
(±1.8)

8.1
(±2.0)

Public areas 1272 7.3
(±30.5)

16.3
(±30.8)

40.3
(±32.8)

49.0
(±30.3)

Households** 225
2.8

(±4.1)
4.6

(±4.2)
10.7
(±4.6)

10.6
(±5.2)

Subtotal 1639 11.7 23.9 57.8 67.7
TOTAL ($m) 2659 14.1 30.6 77.4 95.0

Killing costs 1061
20.4
(±10.1)

30.1
(±10.3)

61.1
(±11.2)

70.0
(±11.2)

* Numbers in brackets are the 95% confidence intervals.
** Households refers to changes in the number of homes affected by wasps.
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population. In that case the main question is whether there are mech-
anisms for increasing the likelihood of establishment and/or the effec-
tiveness of the biological control and at what cost. This could involve
assessing the success of the agent if it has already been released for the
biological control of V. germanica elsewhere, conducting a smaller trial
release program to improve establishment success, or investigating
alternative biological control agents or groups of agents.

Once the biological control agent becomes established, its effec-
tiveness hinges on its ability to suppress growth and spread of
V. germanica infestations. The interaction between the biological control
agent and the target pest may converge to an equilibrium depending on
parameter values in the model (Cacho and Hester, 2022).

4.2. Estimated impacts

The non-market impacts of V. germanica were estimated to be >1.5
times the market impacts. For the baseline scenario analysed, non-
market impacts would amount to AUD1.6 billion dollars over 50 years
if V. germanica continues to spread across the landscape without any
formal management program. This can be compared to market impacts

of around AUD1 billion over 50 years. Under the biological control
programs assessed here, the benefit-cost ratios are therefore signifi-
cantly higher with the inclusion of non-market impacts.

Our analysis of environmental impacts is based on benefit transfer,
which was derived from a choice modelling experiment. This type of
analysis is based on willingness to pay by people to reduce the damage
and nuisance of the pest, and is, by nature an anthropocentric approach.
We acknowledge that the specific effects on the environment were not
estimated, but we argue our estimates are useful from a policy stand-
point, as taxpayers’ willingness to pay influences the likelihood that a
control program will be funded.

Results in Table 5 showed a large mean reduction in damage related
to use of public areas, but there was also a large margin of error. In the
case of LL and LH scenarios, the range in possible values would result in
some scenarios where damage increases as a result of the biological
control program. This would suggest there are simulated cases where the
low growth and mortality of the biological control agent results in
spread of V. germanica across the landscape that is largely or completely
unhindered.

In the scenarios considered, not only does the biological control
program lead to a reduction in market and non-market damages, it also
reduces the number of nests that private citizens and public agencies will
need to destroy, at an assumed cost of AUD250 per nest.6 The value of
this reduction (killing costs) is given at the bottom of Table 5. As would
be expected, the scenario with the largest reduction in damage (HH) is
the scenario with the largest avoided costs for nest control (AUD 70
million) as the biological control agent has a larger impact on nest
density over the 50-year period. These savings to consumers and public
agencies represent a loss to pest controllers, which are often small
businesses. There could also be environmental benefits due to reduced
use of chemicals, which in turn would result in reduced revenues to
chemical companies. Given these additional complications we report the
avoided control costs separately to distinguish them from unambiguous
avoided damages.

Damages to the honey industry (Table 5) tend to be relatively small
as a proportion of total market damages, but they represent a significant
cost for beekeepers. Where V. germanica are present, beekeepers must
devote resources to manage hives in order to prevent destruction and
raiding by wasps. It has been estimated that in 2019, beekeepers in New
Zealand lost between 0.6% and 1.6% of their bee colonies to
V. germanica (Stahlmann-Brown et al., 2020) and in a bad wasp year

Fig. 4. Effects of biological control decision variables on the benefits of the biological control program (a) estimated benefits (b) number of biological control
cocoons required. Coloured lines represent different proportions of wasp nests that are inoculated in the biocontrol release (xp) with values tested ranging from 10 to
30%. Simulation results based on Scenario LH.

Fig. 5. Cumulative probability functions of the benefit of biological control for
two decision alternatives for (xp, xc): A = (30, 4), B = (10, 4). Simulation results
based on Scenario LH.

6 Jim Bariesheff, personal communication, June 29, 2020.
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they could expect to lose up to 5% of their hives (Spradbery 1986 cited
in Widmer et al., 1995). It is thought similar damage could be expected
in Australia (Crosland, 1991).

Losses to beekeeping in NZ from the direct effect of V. germanica on
hives was estimated at NZD8.8 million per annum (MacIntyre and
Hellstrom, 2015). This value captures wasp control management costs;
the cost of hives lost to wasps; and production losses from bees focusing
on defence rather than food collection. Cook (2019) estimated the
damage to apiculture in Western Australia, where V. germanica is the
subject of an eradication program, would reach more than AUD1.1
million per year if wasps were left unmanaged. Managed hives in
Western Australia typically produce at least 1600 t of honey per year
worth around AUD5 million.

The cost of the biological control program for the base case is
assumed to be fixed at AUD6.75 million given the number of cocoons
released and the fixed cost of the program. Clearly, based on these re-
sults of the biological control scenarios investigated, the benefits of
control outweigh the cost of the biological control program. However,
those scenarios assume the biological control has already been identified
and screened. The additional costs of those two activities will result in
reduced benefit-cost ratios, although, given the size of the additional
costs relative to the benefits, these are likely to remain positive for all
scenarios reported here.

4.3. Decision analysis and economic feasibility

To determine the best biological control release strategy from the
options in Fig. 6, we need to know the expected cost of the biological
control program and the likelihood of success. Using a simple scenario,
assume that each ‘established’ cocoon costs AUD20.70, then the bio-
logical control cost of option A would be AUD8.8 million and for option
B it would be AUD2.9 million. If plotted in Fig. 6, these costs would be
close to the zero-mark given the scale of the x-axis. This means that in
about 98% of the simulations, the benefits would have exceeded the
costs for each of these options. Of course, this would be the case only if
the biological control parameters were those assumed in the LH sce-
nario, and this example does not account for the probability that the
biological control could fail to become established. This suggests that
further analysis should tackle two key issues: (1) the likelihood that the
biological control will be able to achieve the parameters assumed in
these scenarios; and (2) the likelihood that the biological control agent

will become established where inoculated, and will be able to spread in
the landscape to other areas where wasp nests are present.

Our results suggest that, provided the assumed conditions for tech-
nical feasibility can be met, economic feasibility is high, with benefits
likely to exceed costs by a substantial amount in present value terms.
Benefit-cost ratios were between 2.7 and 12.5 for the scenarios analysed;
and the size of the budget to implement a biological control program
could range from as low as AUD3 million to as high as AUD33 million
depending on the cocoon-release strategy and the desired benefits. It is
important to note that, although the parasitoid S. v. vesparum is used as a
model for the life cycle of the biological control agent, the mortality
parameter value reported for this species in New Zealand (0.85; Barlow
et al., 1996) is considerably higher than the threshold value found to
meet technical feasibility requirements in this study (0.5). The main
question then is whether the mortality of the agent can be decreased to
feasible levels in Australia, and at what cost.

Notably, the costs of inaction or delay with respect to biological
control of invasive species can be nontrivial (Hajek et al., 2016). The
economic model used for the ‘slow the spread’ campaign against
Lymantria dispar in the USA provides a useful framework for under-
standing the positive benefits of a biological control program against an
invasive pest species (Sharov and Liebhold, 1998). By both slowing the
spread of the organism and reducing its impacts in areas in which it has
spread, early implementation of a biological control program magnifies
the net benefits. Given that programs typically involve significant pe-
riods of time and resources to select, test, import and rear agents, there is
a strong case for pre-emptive or pre-release efficacy assessments
(McClay and Balciunas, 2005; Avila et al., 2023) to save time in the
event that a biological control is required to reduce the impact of a pest
that has become established in the landscape. Efficacy assessments can
also rule out ineffective agents from those that pass screening and host-
specificity testing.

4.4. Biocontrol release strategies

We defined the biocontrol release strategy in terms of two variables,
representing the spatial coverage of the release (xc) and the intensity of
release in a given area (xp). Together these two variables determine the
number of cocoons required, which creates the link to program costs.
There are other aspects of the release that we did not explore, and which
may influence effectiveness and cost of the release. For example,

Fig. 6. Benefits of biological control against the number of cocoons inoculated for different cocoon release strategies, ranging from (xp, xc): (5, 1) to (50, 10) in a full
factorial design. Circles are medians and error bars are the 5th and 95th percentiles of the distribution of simulation results based on Scenarios LL and HH. The red
line indicates the cost of the cocoons released based on Table 4.
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releases could be prioritised based on the type of environments infested,
remoteness, human population density, or other factors that vary
spatially.

Regarding the biocontrol release costs, the base case assumes a 4-
year breeding and release program producing 250,000 cocoons, which
was used to estimate the cost per cocoon at AUD20.70. In subsequent
tests, we increased the number of cocoons released, but abstracted away
from details of how this would be achieved, effectively assuming that the
cost per cocoon would not change as the size of the release increases.
Release of cocoons could be increased by extending the years in the
release program, or by breeding more parasitoids per year. There may be
differences in fixed costs associated with upscaling cocoon release in
different ways, and the resources and skills available in agencies would
place constraints on what can be achieved. Furthermore, costs of coor-
dination among Federal and State agencies to fund and implement a
program that spans different jurisdictions could be substantial.

The question of biocontrol release strategies in general has very little
coverage in the literature. Our approach combining spatial data with
population dynamics modelling can contribute to this neglected
research area.

5. Concluding comments

Implementing classical biological control programs involves signifi-
cant periods of time and requires resources to select, test, import, rear
and release biological control agents. We have demonstrated a method
that can be used pre-emptively when experts foresee the need for bio-
logical control. In this study on the economic feasibility of V. germanica
biological control in Australia, we found median benefits of AUD145
million to AUD385 million, depending on effectiveness and growth rates
of the biocontrol, with non-market benefits exceeding market benefits
by 50%. These results present a clear case for public funding to control
the wasp, provided the conditions for technical feasibility are met. In
such case, it is advisable to start with a small trial release program to
ensure the biocontrol becomes established and spreads under field
conditions.

The benefits of biocontrol were calculated as avoided damages
relative to a baseline where no coordinated control occurs. Our calcu-
lation of non-market values was based on people’s willingness to pay to
avoid damages to the environment and public spaces. This anthropo-
centric approach does not value specific damages to biodiversity or
intrinsic values of the environment. Despite the lack of a full valuation of
benefits, the approach is useful from a policy perspective to justify use of
public funds. Our intent was to identify whether the extent of impacts
that we did value exceeds the cost of a biocontrol program, which our
results indicate is the case with high likelihood.

The modelling approach demonstrated here can be transferred to
other situations by adjusting values for population-dynamics parameters
that represent the particular species involved. Habitat suitability was
estimated using the CLIMEX model, which can be applied to other
species and geographies to identify suitable areas for pest establishment.
The calculation of damages requires spatial (gridded) data on agricul-
tural production and profits, presence of nature reserves and recrea-
tional areas, human population densities and household income. The
required datasets were derived from publicly available data from
Australian Government and scientific databases. Similar datasets would
be available in other countries, making it possible to apply the model to
other geographical areas.

Our results show a broad range of potential beneficial outcomes
depending on the intensity and spatial coverage of the biocontrol
release. There are spatial aspects of biocontrol release strategies that
were not considered in the analysis, but which could influence the cost
and effectiveness of the program. Our approach combining spatial data
with population dynamics modelling can contribute to this largely
neglected research area.
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