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Abstract

Invasive exotic insects can cause substantial damage to trees and the environment, and may reduce biodiversity. They 
can have a large negative economic effect on the forest industry, urban amenity trees and numerous other sectors, and 
they may necessitate extensive management expenditures. For such high-impact invaders, eradication is desirable but 
also difficult and often highly controversial. It requires substantial input of resources and commitment from managers and 
stakeholders, including the general public. Appropriate tools for surveillance and control of the target species must be 
available if success is to be achieved. This review outlines the sequence of steps required in well-managed operations; 
examines characteristics of successful and unsuccessful eradication campaigns; describes methods and tools known to be 
effective against specific pests; and discusses the analysis of costs and benefits of eradication programmes.

Feasibility of eradication is increased by early detection, which is facilitated by systematic surveillance. A strong positive 
relationship exists between size of the affected geographical area and the cost of eradication. Treatment costs for large 
populations may be prohibitive. Five recent campaigns against lepidopteran species in New Zealand have provided 
substantial economic benefits, despite the fact that various non-market values were not considered.

Although progress has been made in the development, utilisation and integration of eradication tools, some insects are 
still not amenable to treatment. There is a need for new methods shown to have a minimal effect on other organisms, 
including human beings. Public attitudes to eradication programmes must always be taken into account during planning 
and deployment.
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Introduction 

Invasions of exotic (non-native, non-indigenous) 
insects and the diseases they carry represent a major 
threat to trees and to forest ecosystems (e.g. Liebhold 
et al., 1995; Mack et al., 2000; Lovett et al., 2006; 
Brockerhoff et al., 2010). The rate of establishment 
of such organisms beyond their natural range is 
increasing as a result of expanding international trade 
and the transporting of plants (e.g. Chorneskey et 
al., 2005; Lockwood et al., 2007). While most exotic 
species have little impact and are rarely noticed, 
some cause substantial damage to trees and to the 
environment, and may have catastrophic effects on 
biodiversity (Mack et al., 2000). A few invaders have 
caused gradual, and in some cases near-complete, 
disappearance of their host species. Examples 
include: Dutch elm disease caused by the pathogens 
Ophiostoma ulmi (Buisman) Nannf. and Ophiostoma 
novo-ulmi Brasier, in conjunction with their bark beetle 
vectors, Scolytus spp. (Brasier, 1991); and the emerald 
ash borer (Agrilus planipennis Fairmaire) (Poland & 
McCullough, 2006). The economic impact of invaders, 
in terms of tree damage or mortality, management 
and control, trade restrictions, and other costs, can 
be enormous (e.g. Pimentel et al., 2000; Colautti et 
al., 2006; Holmes et al., 2009). National management 
plans designed to combat exotic pest incursions have 
been developed in both New Zealand and Australia 
(Gadgil et al., 2003).

Several authors (e.g. Leung et al., 2002) have suggested 
that limitation of arrivals by closing pathways is the 
most efficient strategy for management of biological 
invasions. Unfortunately, the increase in global trade 
precludes the effective intervention across all invasion 
pathways, and, consequently, exotic species are likely 
to continue to arrive. For particular invaders that are 
expected to have a major impact, total elimination of 
the species from a given area (i.e. eradication) may 
be the best option among the responses possible. 
Benefits of successful eradication include the 
prevention of indefinite accumulation of deleterious 
effects and economic impacts, but these benefits may 
be outweighed if eradication costs escalate or if the 
operation becomes impractical due to the large size of 
the invaded area (Sharov & Liebhold, 1998; Myers et 
al., 2000; Liebhold & Tobin, 2008). 

Although some believe that eradication is impossible 
to achieve (e.g. Dahlsten et al., 1989), many examples 
of successful eradication operations exist, including: 
the elimination of several tree-defoliating Lepidoptera 
in New Zealand and North America (e.g. Myers & 
Hosking, 2002; Suckling et al., 2007a); the screwworm 
fly (Cochliomyia hominivorax (Coquerel)) in the United 
States of America (USA) (Myers et al., 1998), Central 
America (Galvin & Wyss, 1996), and North Africa 
(Gillman, 1992); the Mediterranean fruit fly or ‘medfly’ 
(Ceratitis capitata (Wiedemann)) in Mexico, parts of 

Central America, Chile, California (Hendrichs et al., 
2002) and New Zealand (Holder et al., 1997); and 
the red imported fire ant (Solenopsis invicta Buren) in 
New Zealand (Sarty, 2007). Also, many mammalian 
and plant invaders have been eradicated from islands 
(e.g. Veitch & Clout, 2002). Despite such successes, 
eradication is generally considered to be difficult, often 
requiring substantial input of resources and commitment 
from managers and stakeholders (e.g. Myers & 
Hosking, 2002; Simberloff, 2002, 2003). Conditions 
essential for success of campaigns include availability 
of tools for monitoring and controlling populations of 
the organism; public support; adequate funding; and, 
in most cases, early detection (i.e. limited distribution) 
(Myers & Hosking, 2002; Simberloff, 2002). Integration 
of these requirements and techniques with knowledge 
about population dynamics is still inadequate (Liebhold 
& Tobin, 2008). New and improved tools with fewer 
non-target impacts are needed. For example, the 
undesirable effects of broad-spectrum insecticides on 
other species have restricted their usefulness. Even 
the bacterial insecticide Bacillus thuringiensis Berliner 
(var. kurstaki) (Btk), which is specific to Lepidoptera, 
can affect non-target species. The aerial application 
of this specific biological control in urban areas has 
proven unpopular with some affected residents 
(Richardson & Thistle, 2002).

This review summarises the steps of well-managed 
eradication campaigns. Characteristics of successful 
and unsuccessful campaigns against forest insects 
are examined, and tactics and tools are reviewed, with 
a focus on recent improvements and developments of 
“greener” methods. An overview of costs and benefits 
of eradications is also given.

Steps required for a successful eradication 
campaign

Several attempts have been made to develop 
procedures for the planning and implementation of 
responses to incursions of forest insect pests and 
diseases. For example, Hosking (2001) developed 
an “Emergency Response Guide.” It is useful to 
consider the necessary requirements of eradication 
programmes across specific stages (Hosking, 2001; 
Myers & Hosking, 2002). Features of successful 
campaigns have been reviewed by Simberloff (2002). 

Here we provide an updated framework that 
summarises the sequence of responses and actions 
needed for planning, during the operational phase 
and for reviewing of any incursion response and 
eradication. As soon as the presence of an exotic 
forest insect has been reported, the following steps 
should be taken:

1. detection and identification of the organism;

2. assessment of risks and impacts;

3. delimitation to determine the extent of the 
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infestation;

  4. evaluation of appropriate treatment options 
available for the target species (including 
availability of tools and their non-target 
impacts);

  5. consideration of the characteristics of the 
affected geographical area (e.g. urban vs. 
forest, proximity to dwellings etc.);

  6. acquisition of funds;

  7. communication with stakeholders, including the 
public (ongoing); 

  8. decision about whether to eradicate, contain, 
or do nothing; 

  9. detailed planning and execution of the 
operation;

10. monitoring of population size and spread;

11. regular review of progress;

12. termination of the operation when it is 
considered to be successful or when 
circumstances are no longer favourable;

13. final review and analysis of procedures and 
factors contributing to success or failure; and

14. publication of the findings as a contribution to 
definition of best practice and to advance the 
‘science of eradication.’

Successful and unsuccessful eradication 
campaigns 

Size of the affected geographical area and cost of 
operations

Eradications of several tussock moths and other 
defoliators in New Zealand during the last 15 years have 
shown that the extent of the affected area has a major 
influence on the cost and effort required for eradication 
(Figure 1, Table 1). Even “limited infestations” 
(covering less than 100-2000 ha) incurred eradication 
costs of ca. NZ$4–7 million. These expenses included 
risk assessment, delimitation surveys, communication 
programmes, treatment, and research. Total costs 
increase with the size of the infestation, and may 
become prohibitive if many thousands of hectares are 
affected. A similar relationship between cost and area 
of infestation has been described for the eradication 
of two invasive plants (Rejmanek, 2000). Sharov and 
Liebhold (1998) developed a bioeconomic model that 
simulated the growth rate of an invader population, 
assuming the cost of eradication to be proportional to 
the colony area. Their analysis revealed two “optimal” 
management strategies: (i) eradication; and (ii) the 
slowing of spread. Relative size of the affected area 

indicated which alternative is preferable. Practical 
difficulties also increase when the area to be treated 
is large. In general terms, the likelihood of success 
decreases as the size of the infested area increases 
(Figure 2). 

Characteristics of suitable and unsuitable target 
species

An eradication campaign is most likely to be successful 
if the target species has all or most of the following 
characteristics:

•	 low rate of reproduction;

•	 ease of detection (e.g. via visual identification 
or the use of attractants in traps) at low 
population density. This is essential for 
detection, delimitation of the population and 
for confirmation of eradication;

•	 limited host range; and

•	 availability of suitable treatments with a 
minimum effect on non-target species.
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FIGURE 1: Relationships between the area affected by incursions 
(treated area or known affected area) and cost of 
recent eradication campaigns against defoliating 
Lepidoptera in New Zealand (NZ$ value current at end 
of campaign). Filled diamonds represent successful 
eradication campaigns; the single open diamond 
(GLS 2) represents an incursion for which eradication 
was not attempted. The linear relationship includes 
all points; the exponential relationship excludes the 
incursion GLS2 where eradication was not attempted.

	 GLS 1, gum leaf skeletoniser (Uraba lugens Walker), 
Mt. Maunganui eradication 1997–1998; GLS 2, gum 
leaf skeletoniser, Auckland 2003, eradication not 
attempted; FWW, fall webworm (Hyphantria cunea 
Drury) eradication 2003-2006; GM, Hokkaido gypsy 
moth (Lymantria umbrosa (Butler)) eradication 2003-
2005; WSTM, white-spotted tussock moth (Orgyia 
thyellina Butler) eradication 1996-1998; PAM, painted 
apple moth (Teia anartoides Walker) eradication 1999-
2006.1 For more information see text and Table 1. 

1 Compiled from Myers and Hosking (2002); Harris Consulting (2003); Hosking et al. (2003); Journeaux (2003); Ross (2003b); Sutton 
(2005); Anderton (2006); Suckling et al. (2007a); MAF (2008); and John Bain (Scion, Rotorua, New Zealand, pers. comm.). 
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Species lacking several of these characteristics 
are likely to be difficult to eradicate, especially if 
the affected area is extensive. Insects with limited 
dispersal potential (e.g. flightless species) may or may 
not be responsive to treatment. Allee effects (reduction 
in fitness at low population density (Liebhold & Tobin, 
2008; Liebhold, 2010)) are likely to be more common 
among flight-capable species. Flying insects may 
therefore be easier to eradicate than flightless species, 
which tend to aggregate (Robinet & Liebhold, 2009). 
Parthenogenetic insects, being free from Allee effects 
associated with mate-location failure, would be more 
difficult to eradicate (Liebhold & Tobin, 2008). A large 
number of insects exhibit co-operative behaviour (e.g. 
some tree-killing bark beetles can only overcome 
host defences if they aggregate in large numbers) 
which is likely to cause Allee effects and may facilitate 
eradication (Liebhold & Tobin, 2008).

Examples of taxa that are likely to be good targets 
for eradication, according to these criteria, include 
many Lepidoptera and Coleoptera, as outlined in the 
case studies below. Conversely, many species of 
Hemiptera (e.g. aphids) and Thysanoptera (thrips) are 
poor targets for eradication because they are difficult 
to detect, have a high reproduction rate, and/or are 
parthenogenetic. Although a few are host-specific or 
respond to known attractants (e.g. Monterey pine aphid 
(Essigella californica (Essig)) (El Sayed, 2008)), they 
are usually too widespread and well-established when 
first detected (e.g. Teulon & Stufkens, 2002). New 
attractants for aphids and thrips may be developed in 
the future but currently few of the existing surveillance 
and eradication tools are effective for such Hemiptera 
and Thysanoptera (Suckling et al., 2009). 

Surveillance and early detection

Early detection of a newly established colony is 
crucial for the success of eradication programmes. 
For most species it is almost impossible to eradicate a 
population unless it is detected early enough for spread 
to be limited. Conversely, the value of early detection 
diminishes if neither eradication nor containment is 
contemplated. 

Continuous surveillance programmes designed for 
early detection of any new insect pest are likely to 
increase the success rate of eradication programmes 
and reduce their cost, but intensive surveillance 
programmes are expensive. An alternative strategy 
relying on minimal surveillance or notification by 
interested individuals will involve acceptance of the 
fact that populations are likely to have become more 
extensive. In this case, eradication procedures will 
probably be more costly and their success less likely. 
Therefore, there is an inherent trade-off between 
detection and eradication effort. Bogich et al. (2008) 
used mathematical models to show that in the case 
of a gypsy moth (Lymantria dispar (L.)) incursion, 
moderate investment in both detection and eradication 
provided the best outcome.

Early detection can be accomplished using either of two 
types of surveillance, passive and active surveillance. 
Many incursions have been detected through passive 
surveillance, i.e. chance encounters. Examples of this 
are the detection of the white-spotted tussock moth 
(Orgyia thyellina Butler) and of the painted apple moth 
(Teia anartoides Walker) in New Zealand by members 
of the public. However, passive surveillance may be 
inefficient and inadequate to support eradication. For 
example, at the time of the detection of Asian longhorn 
beetle (Anoplophora glabripennis (Motschulsky)) in 
and around New York City (Haack et al., 2010) and of 
emerald ash borer in Michigan (Poland & McCullough, 
2006), populations had spread so far that their 
eradication was expensive or impossible, respectively. 

Active surveillance involves regular surveys in urban, 
rural and natural areas, and this is more likely to lead to 
early detection. An example of this type of programme 
is the annual general survey carried out in forest 
plantations in New Zealand (Carter, 1989; Bulman et 
al., 1999), involving searches for visual indicators of 
damage caused by insects and pathogens. Although 
detection of newly arrived insects is limited in such 
general surveys, a review of 10 recently established 
forest pests and diseases in New Zealand has shown 
that six (mostly fungal pathogens) were first detected 
by this method (Myers & Hosking, 2002). Surveillance 
at high-risk sites such as ports, airports and other 
cargo unloading areas, is more likely to result in early 
detection. 
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FIGURE 2: Generalised relationships between the size of the area 
infested by an invader and the cost and likelihood 
of success of eradication campaigns. Note, these 
relationships are likely to be non-linear, probably 
exponential.
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Availability of detection tools

The sensitivity of surveillance programmes can be 
increased by use of traps baited with attractants. 
Synthetic host attractants are available for certain wood- 
and bark-boring insects, and trapping programmes 
have been implemented for their detection in New 
Zealand (Brockerhoff et al., 2006), Australia (Wylie 
et al., 2008) and the USA (Rabaglia et al., 2008). 
Synthetic sex pheromone attractants are available for 
many Lepidoptera and other taxa (El-Sayed, 2008) and 
some are used for pest detection. In the USA, more 
than 100 000 traps are set annually in order to detect 
gypsy moth populations in previously uncolonised 
areas (Sharov et al., 2002a). In Canada, pheromone 
traps have been used since the 1970s to detect new 
introductions of gypsy moth (Nealis, 2002; Régnière et 
al., 2009). In New Zealand, a gypsy moth surveillance 
programme which started in 1993 led to the discovery 
of a single moth in 2003 (Ross, 2005), later identified 
as the closely related Hokkaido gypsy moth (Lymantria 
umbrosa (Butler)), which responds to the same lure. 
For many insects, attractants are not yet available and 
consequently their detection is difficult. Surveillance 
trapping currently relies on frequent checking, often 
of empty traps. Use of ‘smarter’ traps, using image 
recognition and telecommunications technology, may 
provide a new approach to surveillance and reduce 
costs in the near future. Human checking would still 
be required, but sample freshness would be improved 
and date/time of trapping could be recorded more 
precisely.

The availability of sensitive tools for detecting and 
delimiting populations is a critical feature of any 
eradication programme. Traps located in grid patterns 
can help to define the spatial limits of a population 
(Suckling et al., 2005, 2007a). Spatial characterisation 
is important because it improves the definition 
of potential treatment locations and may provide 
information about the feasibility of eradication (e.g. 
Suckling et al., 2005). Without accurate information on 
a population’s distribution, treatments are likely to be 
less specific and need to be applied more broadly over 
a larger area, increasing costs and non-target effects. 
Recent efforts to eradicate the Asian longhorn beetle 
from Chicago and New York City without sensitive, 
efficient detection tools meant that treatments (tree 
removal and stem injection of systemic insecticides) 
had to be applied over larger areas than would 
otherwise have been necessary (Haack et al., 2010).

Case studies of eradication programmes

Gypsy moth in North America

Gypsy moth is a polyphagous defoliator native to most 
of temperate Europe, Asia and North Africa. During 
recurrent outbreaks, host trees may be completely 
defoliated, causing a plethora of ecological and 

socio-economic impacts. The species has become 
established in much of eastern North America, 
originating from a single accidental introduction (from 
Europe) near Boston around 1870 (Liebhold et al., 
1989). Eradication from the Boston area was attempted 
from ca. 1890–1900, but because tools available 
for detection and suppression of populations were 
ineffective, the campaign was unsuccessful (Dunlap, 
1980). Gypsy moth currently occupies approximately 
one third of its potential range in North America (Morin 
et al., 2005). Between 1965 and 1990, radial spread 
in the mid-Atlantic states was only ca. 20 km per year 
(Liebhold et al., 1992; Tobin et al., 2007). This slow 
rate is partly attributable to the fact that the females 
in North American populations do not fly. Natural 
dispersal occurs only via windborne dispersal of first 
instars. Accidental human relocation of egg masses 
attached to objects such as vehicles, firewood, and 
lawn furniture causes most of the population spread 
by ‘hitchhiking’. Liebhold et al. (1992) concluded that 
were it not for the accidental movement of life stages, 
gypsy moth spread would only proceed by about 2 
km per year. Live material transported beyond the 
advancing population front produces isolated colonies 
which grow and then coalesce (Liebhold & Tobin, 
2006). This type of stratified dispersal is common and 
increases the rate of spread (Shigesada et al., 1995).

This knowledge about the population biology of gypsy 
moth spread has served as the foundation of a national 
programme to slow the invasion spread of this insect 
in the USA (Sharov et al., 2002a; Tobin et al., 2004). 
Pheromone traps are placed in a 2 × 2 km grid pattern 
over a 100 km wide band ahead of the advancing 
population front. Once detected, any new colonies 
are eradicated. In the late 1990s most eradication 
treatments used aerial applications of Btk. More 
recently, the majority of treatments have used mating 
disruption (over 80% by area). Between 1996 and 2008 
over 1.4 million ha were treated with mating disruption 
formulations (Figure 3), making it one of the world’s 
largest semiochemical-based pest management 
programmes. Mating disruption is preferred because 
its effect is confined to the gypsy moth (Thorpe et al., 
2006; Hajek & Tobin, 2009). Mating disruption is more 
effective in low-density populations than in moderate 
or high-density populations (Sharov et al., 2002b). The 
programme has been very successful as it reduced 
radial spread by over 50% and benefits have been 
found to greatly exceed the cost (ca. US$10 million 
annually) (Tobin, 2008).

Unfortunately, gypsy moth life stages are occasionally 
transported well beyond the front of the infested area 
and as far as the Pacific coast of North America. More 
than 100 000 pheromone traps are placed annually in 
more distant, uninfested locations in order to detect 
new colonies. When catches occur higher-density 
grids of traps are deployed to identify population 
boundaries and to confirm eradication. Between 1980 
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and 2007, 238 new isolated populations were detected 
(Hajek & Tobin, 2009). Mating disruption is rarely used 
for eradication outside the main containment area 
because it also leads to shut-down of traps used for 
population monitoring.

Almost all gypsy moth eradication projects were 
successful, and trapping and treatment programmes 
have achieved containment of gypsy moth populations. 
The only failed attempts at eradication were those 
associated with the initial population near Boston and 
a problematic case in Midland, Michigan in the 1960s 
(Dreistadt, 1983). The remarkable overall success has 
been due to the availability of pheromone traps for 
detection, delimitation and monitoring, considerable 
research progress that provided a wealth of knowledge 
on this insect, and to computer modelling which 
provided information about the growth of isolated 
populations (Liebhold & Tobin, 2006). Collectively, 
this enabled highly effective responses. Finally, gypsy 
moth colonies are known to exhibit a strong Allee 
effect at low densities, primarily due to mate-location 
failure. This creates a population size threshold below 
which extinction is inevitable, and this can be exploited 
in eradication programmes (Liebhold & Bascompte, 
2003; Tobin et al., 2009).

White-spotted tussock moth in New Zealand

An incursion of the white-spotted tussock moth, Orgyia 
thyellina (Lepidoptera: Lymantriidae) was detected 
in parts of Auckland, New Zealand, in April 1996 
(Myers & Hosking, 2002; Hosking et al., 2003; MAF, 

2008). This polyphagous defoliator of broadleaved 
trees, native to parts of north-east Asia, had not been 
considered as a potential invader, prior to the incursion 
in New Zealand. Little was known about the species, 
but it was thought to have significant pest potential 
because closely-related Lymantriidae are important 
pests elsewhere. Absence of Lymantriidae in New 
Zealand suggested that few natural enemies would 
be present. A delimitation survey indicated that the 
infested area included 700 ha of urban residential 
property, parks and reserves as well as gullies with 
shrubland (Hosking et al., 2003). A decision was made 
to eradicate the insect. With addition of a buffer zone 
to include any areas of undetected fringe spread, the 
targeted treatment area was 4000 ha. Quarantine 
regulations restricting the movement of plant material 
were enforced and inspections of other items were 
carried out to prevent spread beyond the infested 
area (Hosking et al., 2003). Aerial and ground-based 
applications of Btk were chosen as the main treatment. 
The population was monitored initially by using caged 
females as lures in sticky traps. Once the pheromone 
had been identified, artificial lures were used.

This programme was successful because the presence 
of the insect was detected at an early stage; delimitation, 
monitoring and treatment tools were available; a plan 
based on advice from a science panel was followed; 
and funding was adequate (Hosking et al., 2003). 
Although there was some public opposition to aerial 
application of Btk, a comprehensive communication 
campaign addressed most of the concern.

Painted apple moth in New Zealand

The painted apple moth, Teia anartoides (Lepidoptera: 
Lymantriidae) was detected in West Auckland, New 
Zealand, in 1999. In Australia this insect is known 
as a pest with a wide host range (Elliott et al., 1998). 
An initial impact assessment (MAF, 2000) predicted 
that damage to plantation forestry, urban amenity 
trees, horticulture, natural areas, human health and 
international trade would be significant if the insect 
became established. An eradication campaign 
was planned and ground-based spraying with  
Lorsban 50 W ®  and Decis Forte® was carried out in 
conjunction with surveys of the location of potential host 
trees (Alan Flynn, Ministry of Agriculture and Forestry, 
Auckland, pers. comm.; Suckling et al., 2007a). Areas 
requiring treatment and host removal were identified. 
Delimitation and population monitoring was conducted 
using sticky delta-traps baited with live females from 
a laboratory colony (Suckling et al, 2007a). The 
arboreal habits of the insect and the height of many 
host trees meant that ground-based methods were 
inadequate (Richardson, 2002), and the infested area 
increased to ca. 12000 ha. From January 2002, aerial 
spraying of Btk over the entire affected area resulted 
in decline of the population and in the following year 
less than 10% of the previous year’s trap catch was 

FIGURE 3: Treatments used for eradication and slowing of spread 
of gypsy moth populations in the US, 1996–2008. Btk 
(Bacillus thuringiensis); Dimilin® (diflubenzuron) and 
Gypchek® are proprietary insecticides. Source: "The 
Gypsy Moth Digest" (US FS, 2009). 
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recorded (Suckling et al., 2007a). Aerial application of 
Btk continued in 2003 and the sterile insect technique 
(SIT) was included as soon as the population had 
declined sufficiently to enable overflooding with sterile 
males (Suckling et al., 2007a). From 2004, no further 
captures were recorded, and eradication was declared 
in 2006 (Anderton, 2006).

The programme was successful, despite initial 
setbacks, because effective tools for monitoring and 
control were available and their use was integrated 
for best effect. Input from a scientific advisory group 
and from a research programme accompanied the 
campaign. Detailed investigation of life cycle and 
host range were carried out in quarantine facilities 
and in the field, and some endemic New Zealand 
tree species were found to be suitable hosts (Burnip 
et al., 2003; Charles et al., 2007; Stephens et al., 
2007). The effectiveness of aerially applied Btk was 
assessed (Charles et al., 2005; Richardson et al., 
2005), and the radiation dosage for optimisation of 
SIT was explored (Wee et al., 2005; Suckling et al., 
2007a). Community consultation and communication 
methods were reviewed (van Santen et al., 2004). An 
effective pheromone was identified (El-Sayed et al., 
2005a; Gries et al., 2005) but proved to be unstable 
in the field, however, the continued use of caged 
females as lures was effective. Modelling the results 
of repeated release and recapture of sterile males, 
relative to catches of wild males, gave managers an 
estimate of the probability of success as the operation 
proceeded (Kean & Suckling, 2005). The active 
research programme alongside the programme clearly 
contributed to the success of the operation.

Asian longhorn beetle in North America

The Asian longhorn beetle (Anoplophora glabripennis; 
Coleoptera: Cerambycidae) is a wood borer native to 
northeastern Asia. It was first recorded as an exotic 
invader in Brooklyn, New York in 1996 (Haack et al., 
1997). Further infestations were found in Chicago, 
Illinois in 1998; in Jersey City, New Jersey in 2002; and 
in Toronto, Ontario in 2003 (Haack et al., 2010). Wood 
borers are often intercepted in wooden packaging 
materials, and this is the assumed pathway for arrivals 
of this species. ALB caused mortality of broadleaved 
trees, especially maples and poplars, and authorities 
decided to aim for eradication. Detection and 
delimitation surveys relied on visual signs of beetle 
activity (egg-laying scars on the bark, exit holes, wilting 
of attacked trees) because effective attractants were 
not available. Quarantine measures were enforced 
to prevent unintentional spread in firewood. Initially, 
treatment consisted of the destruction of affected 
trees. Asymptomatic host trees located within several 
hundred metres of infestations were treated with the 
systemic insecticide imidacloprid (Poland et al., 2006; 
Haack et al., 2010). As of 2008, more than 40 000 trees 
have been removed and a further 800 000 treated with 

insecticide. Total costs have exceeded US$370 million 
(Haack et al., 2010). Prophylactic treatment with 
systemic insecticides has been effective.

These programmes were accompanied by research 
in the invaded countries and in the native range into 
the biology and ecology of the insect. Social research 
needs, and the development of tools for detection, 
delimitation and treatment were also investigated 
(e.g. Smith, 2000; USDA-FS, 2000; Smith et al., 2001; 
Poland et al., 2006; Haack et al., 2010). Eradication 
of ALB has been declared in Illinois and Jersey City, 
New Jersey (Haack et al., 2010) . Populations in New 
York appear to be spreading and eradication efforts 
continue. In 2008, a large infestation in a natural 
forest was discovered near Worcester, Massachusetts 
(Haack et al. 2010). This will be more difficult to 
eradicate because of its larger size, the number of 
affected trees, and the fact that firewood was taken 
from the area before the infestation was detected, 
which may have caused further spread. In spite of 
experience gained from the Brooklyn incursion and 
knowledge about the introduction pathway (Haack et 
al., 1997), further incursions have occurred in North 
America and also in several European countries (see 
summary by Haack et al., 2010). 

Other eradication programmes

The citrus longhorn beetle (Anoplophora chinensis 
(Forster)) has been intercepted frequently in the 
USA, sometimes in wooden packaging but mainly 
in imported bonsai and other trees for planting. This 
insect has not become established in North America, 
despite several breaches of the border, but several 
invasions have been noted in central and southern 
Europe, where eradication programmes similar to 
those described for Asian longhorn beetle are in 
progress (see Haack et al., 2010). An infestation 
in Lombardy, Italy, may have spread too far for 
eradication to be practicable. Examples of other 
invading wood borers are the European brown spruce 
longhorn beetle (Tetropium fuscum (F.)), now resident 
in Nova Scotia, Canada (CFS, 2009); and the emerald 
ash borer (Agrilus planipennis), which spread from 
Detroit, Michigan to a large area in the north-eastern 
USA (Poland & McCullough, 2006). Neither of these 
populations is amenable to eradication due to their 
geographic extent, lack of suitable attractants and 
the inadequacy of available detection and treatment 
methods. Eradication of Asian longhorn beetle and 
citrus longhorn beetle will be difficult for the same 
reasons. An attractant recently developed for the 
brown spruce longhorn beetle (Sweeney et al., 2004) 
may assist eradication efforts if new colonies are 
detected.
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Tactics and tools

Host plant destruction

Tree destruction is effective for eradication of insects 
that are host-specific and have not spread too far. 
In the late 1800s, infested forests were burned in 
unsuccessful attempts to eradicate gypsy moth 
from Massachusetts, USA (Myers et al., 2000). This 
method can also be successful for the eradication of 
plant pathogens carried by insect vectors and other 
pathogens (e.g. Gadgil et al., 2000; Sosnowski et 
al., 2009), and it is used for wood borers (Poland & 
McCullough, 2006). Plant parts that may harbour live 
insect material are destroyed by burning, burying, 
or chipping. It is essential that these plant parts are 
not transported out of the infested area to prevent 
unintended spread. The felling of trees is often 
unpopular with the public, however, particularly in 
urban situations.

Quarantine

Quarantine and movement control reduce the risk of 
spread in plant material and other objects that may 
harbour the insect. Unfortunately, quarantine measures 
are often ignored, for example, when firewood is 
transported beyond the designated control area (e.g. 
Poland & McCullough, 2006; Haack et al., 2010).

Physical removal

In the late 1800s, egg masses were removed manually 
from infested forests in unsuccessful attempts to 
eradicate gypsy moth from Massachusetts, USA 
(Myers et al., 2000). During eradication of the fall 
webworm (Hyphantria cunea (Drury)) in Auckland, 
New Zealand in 2003/2004, plastic sheets covering the 
ground and trees were used to trap emerging insects. 
This procedure prevented movement of insects from 
sites treated earlier by other methods.

Aerial spraying with insecticide

Aerial delivery of solid or liquid material is usually more 
effective than ground-based spraying because large 
areas can be treated quickly, good coverage of target 
surfaces is possible, and costs are usually lower. Aerial 
application has been used in many recent eradication 
campaigns in both urban and forested areas. 

Concerns are often expressed about the use of 
pervasive and potentially toxic substances, especially 
in urban or environmentally sensitive areas. These 
concerns must always be addressed. Application 
of any material will cause anxiety among residents, 
leading to suspicion about effects on human health 
and questions about the need for an eradication 
programme. 

Efficient aerial application will achieve eradication with 
minimum amounts of the active ingredient, minimum 
cost, and minimum environmental impact. Although 
factors influencing spray deposition and drift are 
generally well-understood (Matthews, 1979; Yates 
et al., 1967), a large number of interacting factors 
affect droplet movement and need to be integrated. 
Several computer models simulating aerial spray 
application have been developed. The agricultural 
dispersal (AGDISP) modelling system (Bilanin et al., 
1989; Teske et al., 2003) is most commonly used 
and has been well-validated (Bird et al., 1996, 1999; 
Richardson et al., 1995). It has been incorporated 
into a number of geographical information system 
(GIS)-based decision support tools e.g. “SpraySafe 
Manager” (Ray et al., 1999; Schou et al., 2001) and 
“Spray Advisor” (currently under development by the 
United States Forest Service).These systems have 
been used extensively to improve the effectiveness of 
eradication operations (Richardson & Thistle, 2002). 
Specific improvements include:

•	 definition of buffer zones required to ensure 
that an insect-lethal dose of pesticide covers 
the entire target area (Richardson, 2002);

•	 evaluation of operational effectiveness 
(through deposition-monitoring and bioassay) 
(Richardson et al., 2005; Richardson & 
Kimberley, 2010);

•	 definition of operational specifications;

•	 response to public enquiries; and

•	 evaluation of unexpected results.

Requirements for further research and development 
have also been highlighted. In particular, there is a need 
for the development of models of spray deposition that 
are sensitive to the complexity of terrain encountered 
in many large-scale spraying operations. Real-time 
integration of input variables describing meteorological 
conditions and operational parameters (e.g. flying 
height, ground speed) with spray simulation model 
predictions would allow optimisation of operational 
performance. Further work is also required on the extent 
to which spray deposition profiles within plant canopies 
are affected by spray application characteristics 
(Richardson & Thistle, 2006). The link between dose 
distribution and biological efficacy is poorly understood 
even though it has significant influence on the success 
of an eradication operation (Richardson et al., 2004). 
Some of these considerations apply large-scale use of 
mating-disruption techniques for which ground-based 
deployment is not feasible or practical.

Sterile insect technique

The sterile insect technique (SIT) is a good example 
of a tactic with few, if any, non-target effects. This 
method has been used for eradication of agricultural 
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pests, parasites and disease vectors during the past 
50 years (e.g. Hendrichs, 2000). Examples are the 
eradication of screwworm fly (e.g. Galvin & Wyss, 
1996) and medfly (Hendrichs et al., 2002). The 
technique involves rearing, sterilising (via irradiation) 
and release of large numbers of sterile insects. When 
sterilised insects mate with wild insects of the target 
species, eggs produced by females are not viable or 
lead to infertile offspring, and populations eventually 
disappear without any residual effects. This technique 
cannot be applied to all species, however. It is 
probably most suitable for use with males that mate 
only once; have limited dispersal; and are univoltine 
and oligophagous. Detailed knowledge is required 
about the biology and response of the target species 
to radiation (Suckling, 2003). The number of sterile 
insects must exceed numbers in the wild colony. 
Millions of insects per week must be reared, treated 
and released in order to achieve an effective ratio 
(Kean et al., 2007). Possible new approaches include 
the use of attractants for female moths, and automated 
quality assessment using machine vision (Simmons 
et al., 2010). Mass-rearing capability may provide 
opportunities for the export of irradiated insects to 
other countries: consignments of codling moth (Cydia 
pomonella (L.)) raised and sterilised in Canada have 
been shipped to South Africa.

Use of pheromones and other semiochemicals

“Semiochemicals” are compounds that play an 
important role in intra-specific and inter-specific 
communication of insects (Howse et al., 1998). 
Examples include: sex pheromones, which attract 
mates; aggregation pheromones which attract 
conspecifics, for example to co-ordinate bark beetle 
mass attacks; and plant volatiles which attract 
(kairomones) or repel (allomones) specific organisms. 
Thousands of semiochemicals have been identified 
(El-Sayed, 2008) and many have been synthesised 
artificially. They are an essential component of 
surveillance trapping, delimitation, and population 
monitoring, as well as many insect control techniques, 
including mass trapping, lure-and-kill, and mating 
disruption (Howse et al., 1998). Larger numbers 
of attractants have been identified for male than for 
female insects. The long-term containment and near 
eradication of Dutch elm disease in New Zealand was 
facilitated by pheromone trapping and examination of 
the beetle vector (Scolytus multistriatus (Marsham)). 
Individuals carrying spores of the fungal pathogen 
acted as indicators of the proximity of infected trees, 
which were felled and destroyed (Gadgil et al., 2000). 
Published identification of an attractant should be 
verified before use because subtle differences in 
composition can alter effectiveness (e.g. El-Sayed et 
al., 2005b).

Mass trapping

The use of traps for surveillance and monitoring is 
well established but despite this, mass trapping is not 
widely used in eradication programmes. This is partly 
due to the fact that mass trapping suffers from some 
conceptual problems (Howse et al., 1998; Yamanaka, 
2007). There are far more effective attractants for 
male than for female insects, and a higher level of 
removal of males is needed to achieve the same 
level of population suppression, particularly in species 
where males can mate multiple times. The number of 
traps required may be prohibitive (Roelofs et al., 1970) 
unless the population to be eradicated is small. Trap 
saturation may also present problems. However, mass 
trapping has been successful for eradication when 
used in conjunction with other techniques (Howse et 
al., 1998; El-Sayed et al., 2006). 

Lure-and-kill

Insect attractants (usually a sex pheromone attracting 
males) can be combined with a contact insecticide 
in order to reduce insect populations (Brockerhoff & 
Suckling, 1999; El-Sayed et al., 2009). The lure-and-
kill technique can be regarded as a variant of mass 
trapping, but because a large number of insect-lethal 
droplets can be deployed at comparatively low cost, 
even over a wide area, it can be effective. Adequate 
control can be achieved even in moderately abundant 
populations (e.g. Suckling & Brockerhoff, 1999). With 
a larger number of pheromone-emitting droplets, lure-
and-kill may also cause a mating disruption effect 
(Suckling & Brockerhoff, 1999). Use of the powerful 
parapheromone methyl eugenol with bait sprays to 
control tephritid fluit flies is one of the best examples 
of lure-and-kill eradication strategy (see El-Sayed et 
al., 2009). A major disadvantage is that the insecticide 
used may present a real or perceived risk to human 
health, although the technique is highly species-
specific and has low non-target effects.

A variation of the lure-and-kill technique is used against 
bark beetles and involves the spraying of aggregation 
pheromones on to trees which are then treated with 
systemic insecticide (note, this is usually referred to as 
mass trapping). Successful control and containment 
have been achieved by this method (Gray & Borden, 
1989), but to our knowledge the use for eradication 
has not been attempted.

Mating disruption

Application of pheromones in order to disrupt mating 
is a well-known pest management technique but it 
has also been used for the eradication of some insect 
species (Cardé & Minks, 1995; Howse et al., 1998). 
Mating disruption does not cause mortality but prevents 
males from locating females and therefore prevents 
reproduction. The technique, used most commonly for 
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Lepidoptera, involves the release of a synthetic sex 
pheromone that results in aerial concentration sufficient 
to prevent males from following the pheromone plume 
of calling females (Suckling et al., 1999). Many 
release devices and chemical formulations have 
been developed. Some of these can be deployed 
from aircraft for large-scale application and area-wide 
control. The best known example of use in eradication 
is the campaign against gypsy moth in North America 
where more than 1.2 million ha have been treated 
since 1996 (Sharov et al., 2002a; Hajek & Tobin, 2009). 
Mating disruption is not used for eradication of isolated 
populations because it interferes with the use of traps 
for monitoring purposes. The current programme for 
containment or eradication of the light brown apple 
moth (Epiphyas postvittana (Walker)) in California 
initially relied on aerial application of sex pheromones 
for mating disruption (Suckling & Brockerhoff, 2010). 
Even though there is no documented evidence of 
deleterious effects on other organisms, and in spite 
of positive results obtained from trials conducted in 
Canterbury, New Zealand (Brockerhoff et al., 2008), 
protest from members of the public eventually led to 
replacement of the use of pheromones with sterile 
insect technique as the main tactic, highlighting 
the need for communication with the public during 
programmes.

Future tactics

There is a clear need for new eradication strategies 
that do not affect non-target organisms and do not 
arouse public opposition. Attractants, repellents and 
other classes of semiochemicals are useful against 
insects that are dependent on volatile substances 
for mate location, host location and other features of 
their life cycle. The limitations of suitable deployment 
and delivery systems for these compounds must be 
overcome.

A new approach is based on manipulation of one 
species in order to control another (Suckling et al., 
2007b). Known as “mobile mating disruption”, this 
technique is being tested against light brown apple 
moth, using sterile male medflies (Ceratitis capitata) 
to distribute a moth female sex pheromone which 
causes disruption. It is under consideration for use in 
the current eradication programme in California where 
the public does not appear to object to release of 
sterile insects. Surveys in New Zealand suggest there 
is less opposition to the release of sterile insects than 
to the deployment of sprayable chemicals (J. Gamble, 
Plant&Food Research, Auckland, pers. comm.). 
A second example of this approach is the recent 
demonstration that an ant-trail pheromone can be used 
to disrupt foraging by the Argentine ant, Linepithema 
humile (Mayr) (Suckling et al., 2008). Interference with 
the pheromone trail prevents foragers from returning 
to the nest. Recent trials indicate that formulations 
remaining chemically stable for several weeks can 

be developed for use in areas such as national parks  
(D. M. Suckling et al., unpublished data). 

Integrated pest eradication (IPE)

Based on the concept of integrated pest management 
(IPM), the term “integrated pest eradication” (IPE) 
has been coined to describe the systematic use of 
several eradication tools in combination. The inter-
compatibility, cost, effectiveness, and scalability of 
different methods all vary and need to be taken into 
account when several are used in conjunction. Some 
tactics are not applicable to all insect taxa, and the 
range of treatments likely to assist eradication is 
greater for Lepidoptera than for Coleoptera, Diptera 
and Hemiptera. Insecticides used in IPE should be 
restricted to narrow-spectrum products and so-called 
“green chemistry” formulations. This is critical for the 
success of eradication programmes, since it influences 
public attitudes and can have an effect on the outcomes 
of other tactics, including biological control.

Costs and benefits of eradication

Much of the following discussion is based on data from 
programmes carried out in New Zealand between 
1996 and 2006. Eradication costs cited in Table 1 are 
based on actual expenses incurred. Total programme 
costs are the sums of annual appropriations, less any 
savings, without any discounting or inflation adjustment 
(Colin Holden, MAF NZ, pers. comm., June 2009).  

Assessments of the benefits of eradication are based 
on estimates of averted costs associated with the 
economic impacts of population establishment and 
spread. Variations of the approach taken by Horgan 
(1994, 1997) were used for all impact assessments, 
and numerous pest-specific assumptions and 
considerations were incorporated. Taking the white-
spotted tussock moth campaign as an example, 
averted costs and losses included impacts on 
commercial forestry, on residential property owners, 
and on urban amenity values (Horgan, 1997). Effects 
on horticulture, international trade and human health 
were considered but could not be quantified due 
to lack of data (Horgan, 1997). Each of the impact 
categories included several components: for example 
impacts on commercial forestry included tree growth 
losses, monitoring expenses and control costs, while 
recognising relationships between these impacts. 

Cost estimates for any given invader will vary according 
to the assumptions made and also because there are 
numerous sources of uncertainty. Commercial forest 
growth losses attributable to the white-spotted tussock 
moth were initially estimated to be ca. NZ$98 million net 
present value, based on predicted rate of geographic 
spread, an expected annual loss of 2.6% harvested 
timber volume in perpetuity, and a 10% discount 
rate (MoF, 1997; Horgan, 1997). Control measures 
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were expected to limit damage, and the sum of 
expenditure on treatment plus residual harvest losses 
was expected to be much lower than the “do nothing” 
impact cost estimate (NZ$26–35 million; Horgan, 
1997). In an unpublished report to New Zealand 
Treasury, the New Zealand Institute of Economic 
Research (NZIER) reviewed the assumptions in 
Horgan’s 1997 cost–benefit analysis and concluded 
that the net benefits of eradication had probably 
been over-estimated. However, the expectation of 
lower benefits had been associated with uncertainty 
about the rate of spread; the timing of the onset of 
widespread effects; the magnitude of various types 
of damage; the cost of eradication; and the likelihood 
that eradication could be achieved. Ultimately, the 
eradication programme proved to be successful and 
actual costs were well below the lowest economic 
impact estimates. The benefit : cost ratio was at least 
2 : 1 for the lowest and approximately 8 : 1 for the 
medium impact estimate (Table 1). Since a number of 
potentially significant factors could not be assessed, 
impact estimates were probably more conservative 
than suggested by NZIER (unpublished data) (for a 
description of losses that were not assessed and other 
caveats, see Holmes et al., 2009). In this and most 
of the other cost-benefit analyses considered here, 
damage costs were estimated in terms of net present 
value (NPV) accumulated over a period of 20 years. 
Unless re-invasion were to occur, these costs would 
be averted over a longer period, thus increasing the 
benefits. Similarly, should re-invasion be likely, the 
analysis would have to take account of the need for 
repeated eradication treatments.

In all recent eradication programmes involving 
Lepidoptera in New Zealand, benefits (i.e. averted costs 
of economic and environmental impacts) far exceeded 
the approximate mid-range values of eradication costs 
(Table 1). Eradication costs exceeded the lowest impact 
estimates in two of the five cases (gypsy moth and 
painted apple moth). The expected economic impact 
values appear to be reasonable when compared with 
costs attributed to these pests in regions where they 
have become established. For example, the annual 
cost of controlling gypsy moth in the USA is estimated 
to be approximately US$11 million excluding tree 
damage, timber volume losses and non-market losses 
(Pimentel et al., 2000). In Canada, projected annual 
losses (hardwood timber sales and domestic exports 
only) due to gypsy moth were estimated at C$1.9–5.0 
million (Colautti et al., 2006). Projected costs for other 
invaders of Canada’s forests, including balsam woolly 
adelgid (Adelges piceae (Ratzeburg)), brown spruce 
longhorn beetle and Dutch elm disease were also in 
this range (Colautti et al., 2006). Pimentel et al. (2000) 
estimated that losses caused by exotic forest pests 
collectively total US$ 2.1 billion annually. Pimentel 
et al. (2000) and Colautti et al. (2006) both stated 
that their loss estimates were conservative because 
certain direct costs and non-market economic losses 

could not be quantified. However, Holmes et al. (2009) 
drew attention to the fact that accounting values and 
economic losses were conflated in both studies. The 
use of financial accounting methods for this type of 
analysis is potentially misleading because it does not 
allow for steps that could be taken to reduce these 
losses. Holmes et al. (2009) argued that the use of 
accounting methods and final product markets would 
have led to overestimated losses, and that the impacts 
could instead have been measured in markets for 
timber inputs. However, the omission of losses such 
as reduction of ecosystem services and landscape 
aesthetics would have led to an opposite bias. In 
fact, losses in non-market economic values may well 
have exceeded direct economic losses (Holmes et al., 
2009). For example, non-market impacts of the gypsy 
moth in the USA are considered to exceed the impacts 
on timber production (Leuschner et al., 1996). Given 
these large non-market impacts, the cost estimates of 
Pimentel et al. (2000) and Colautti et al. (2006) are 
likely to be conservative. Many of these arguments 
apply to cost-benefit analysis of the eradication of 
species listed in Table 1, and indicate that overall 
benefits of eradication were substantial. Investment 
in eradication of a high-impact invader appears to be 
well-justified when the outcome is successful.

Conclusion

The eradication of a wide range of invading insects 
is certainly possible and justifiable, but should not be 
undertaken unless expected impacts of the invader, 
feasibility of eradication and cost-benefit analysis 
have been considered. There is clear evidence that 
some invaders threaten entire industries, significant 
amenity values, and the integrity of ecosystems 
while others have virtually no impact. It is not always 
possible to predict the impact of an invader, and 
caution is necessary as invasive species can behave 
unexpectedly in a novel environment. Advances in 
terms of tool development, application and integration 
have increased success rates in recent eradication 
operations. Early detection through the implementation 
of effective surveillance programmes is critical to 
increase the probability of successful eradication. 
Increased understanding about costs and benefits of 
eradication has shown that recent programmes have 
provided financial gains as well as benefits in non-
market values. Unsuccessful programmes may be 
beneficial, even if they are not financially viable, if the 
outcome is temporary containment or reduced spread of 
a pest. It is also clear that public attitudes to eradication 
programmes must be taken into account. However, 
while eradication treatments may be controversial 
among parts of the public, these need to be weighed 
against the long-term impacts of invaders which would 
also impact the public directly. Apart from economic 
impacts, invaders may lead to damage to urban trees, 
increased long-term use of insecticides, and dermatitis 
caused by urticating hairs of some Lepidoptera.
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Lack of suitable tools often limits feasibility, and more 
research is needed particularly on the development of 
treatments with minimal non-target impacts. Improved 
understanding of the ecology and management of 
the invading species, use of computer modelling 
and employment of realistic accounting methods will 
increase the practicability and therefore the benefits of 
eradication programmes in the future.
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