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Abstract Native to Australasia, Eucalyptus (sensu

lato) is one of the most planted genera of trees in the

world. However, the sustainability of Eucalyptus

species as plantation trees in non-native areas is

increasingly threatened by the introduction and spread

of Eucalyptus-feeding insects from Australia. We

examine patterns and potential trends with respect to

the global spread of Eucalyptus-feeding insects.

Likely pathways of introduction and drivers of the

rapid distribution of these insects, as well as manage-

ment options are considered. The rate of introductions

is shown to have increased nearly fivefold since the

1980s. As a result, the number of non-native pests of

eucalypts outside of Australia has doubled in less than

three decades. Furthermore, the rate of secondary

spread among continents has also increased. Surpris-

ingly, we found no association between area planted

and the number of pests or new introductions. Only a

small number of countries have been the points of first

detection outside the native range; these countries

have acted as bridgeheads to other regions. Quarantine

regulations aimed at reducing the spread of invasive

organisms appear to be ineffective at a global scale,

and pathways allowing these invasions to occur are

poorly understood or unknown. An expanded suite of

management options are needed to provide resilience

against the rapid accrual and homogenization of

eucalypt pests, thereby ensuring the sustainability of

eucalypt forestry worldwide.
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Introduction

Biological invasions pose one of the greatest threats to

global biodiversity as well as to the sustainable

production of food and fibre for the needs of a growing

world population (Pimentel et al. 2001; Wingfield et al.

2008; Flood 2010; Wingfield et al. 2011; Bebber et al.

2014a). Crops that have been planted outside their

native range are particularly vulnerable to such inva-

sions. Many of these crops were likely initially free of

diseases and herbivores which permitted rapid growth

and high yields (Jeffries and Lawton 1984; Keane and

Crawley 2002). However, over time a number of insects

and pathogens from the native regions of cultivated

species have been moved around the world, generally

accidentally, and have become established in the new

ranges of their plant hosts. Inmany cases, these invaders

have become pests in their new environment, in part

because of the increased economic value associated

with their host plants in these areas. But this has also

been due to the large uninterrupted areas of host

material available, a lack of host resistance and the

absence of their own complement of natural enemies.

The increasing rate at which these invasive species are

becoming established represents a considerable threat to

the sustainable production of many crop species (Fisher

et al. 2012; Bebber et al. 2014a; Roy et al. 2014).

Managing this threat to prevent future pest accrual will

require knowledge on the patterns and mechanisms of

movement [‘‘dispersal pathways’’ sensu Wilson et al.

(2009)]. Such insights are also crucial for informing

management responses to combat those pests that do

establish and spread. There is accumulating evidence

that the existence of discrete, globally distributed

invasive populations can have important ecological

and evolutionary consequences (Garnas et al. 2016).

This review examines patterns and potential trends

associatedwith the global spread of herbivorous insects.

Likely pathways of introduction and drivers of rapid

spread are considered, as are options for managing these

pests. Eucalypts provide an example of a suite of

closely-related plant species of global economic impor-

tance, planted extensively outside their native range,

and which have become increasingly threatened by

invasive phytophagous insects (Wingfield et al. 2008;

Paine et al. 2011; Brockerhoff et al. 2013). We further

consider how the globalization of this crop taxon has

influenced and has been influenced by invasive pest

species. Specifically, we examine the global movement

of eucalypt-feeding insects native to Australia that have

become pests in their new ranges. How these patterns of

invasion have changed over time and what they reveal

about possible pathways of introduction are considered.

In addition, some of the critical changes required in our

response to these invasions in order to manage the threat

they pose to eucalypt forestry are discussed.

Past, present and future of eucalypt forestry

Eucalypts (taxa in the closely-related genera Eucalyp-

tus, Corymbia and Angophora in the Myrtaceae) are

currently among the most widely planted tree species in

the world, second only to pines (Pinus spp.) (Rejmánek

and Richardson 2011). These trees are now grown in all

continents where conditions permit (i.e., excluding

Antarctica), mostly in the tropical and temperate

climatic zones between 45�S and 40�N as well as other

regions where local climates are suitable for growth

(Eldridge et al. 1994). Most eucalypts are fast-growing

trees, and can establish and grow well across a wide

range of environmental conditions, including those

where water is limited. Historically they were planted

primarily for timber, shade and fuel, properties that

have led to their widespread planting by European

colonists as theymoved around the world. For example,

in 1828Eucalyptus globulus (commonly known as blue

gum) was introduced into the Cape Colony in South

Africa and by 1883 at least 14 Eucalyptus species had

been planted in that country (Olivier 2010). Today,

eucalypts are planted as ornamentals, as sources of

essential oils and as foliage for the cut-flower industry,

and have become increasingly important in the global

fibre market (Turnbull 1999).

The area planted to eucalypts worldwide has

increased dramatically since these trees were first

planted outside their native range. By 1985, the total

area planted to eucalypts was estimated at 6 million

hectares (Eldridge et al. 1994). By 2008 the area had

increased to nearly 20 million hectares (FAO 2010;

Brockerhoff et al. 2013). Most of the increase in

planted land over this period has been due to the

expansion of planting in India (550,000 ha to near

4 million ha), Brazil (2.5 to 3.7 million ha) and China

(300,000 ha to 2.6 million ha); these countries are

currently the major growers of eucalypts in the world

(Eldridge et al. 1994; Iglesias-Trabado and Wilster-

mann 2008). Today, a large number of eucalypt
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species (mainly Eucalyptus spp.) are planted outside

Australia, with the dominant species being Eucalyptus

grandis, E. globulus, E. nitens, E. camaldulensis and

E. tereticornis (FAO 2006; Rejmánek and Richardson

2011). In some countries (Spain, Portugal and Chile,

for example), Eucalyptus plantations are dominated by

one or two species, commonly E. globulus. In

countries that have invested heavily in Eucalyptus

planting on an industrial scale and where these trees

are planted across large, heterogeneous areas (i.e.,

South Africa and Brazil), plantations consist of

numerous different species and hybrids.

Together with silviculture and site-species match-

ing, tree breeding is one of the main options to increase

the productivity of eucalypt plantations. The early

introduction of eucalypts outside their native range

mostly involved collection and planting of seeds from

unknown provenances (Olivier 2010). Later, prove-

nance trials were established to improve environmen-

tal matching of tree populations with local conditions

(Eldridge et al. 1994; Grattapaglia and Kirst 2008).

Later breeding methods came to include hybridization

of species possessing complementary, desirable traits,

followed by vegetative propagation (‘‘cloning’’) to

multiply individuals of a particular cross. Most

recently, opportunities to plant genetically modified

Eucalyptus have been explored, with the first com-

mercial plantings approved by Brazil in 2015 (http://

www.b3cnewswire.com/201504101194/futuragenes-

eucalyptus-is-approved-for-commercial-use-in-brazil.

html; accessed June 2015), although the use of

genetically modified organisms is still prohibited by

some certification organizations such as the Forest

Stewardship Council (FSC). Regardless of the method

used, the focus of eucalypt breeding has been to

increase yields and to improve wood quality for vari-

ous end uses. In addition, breeding for resistance to

some diseases (e.g. Cryphonectria canker; see Wing-

field 2003) has been highly successful. Resistance

breeding, however, is a constantly shifting target

because new pests and pathogens continue to emerge

and those already present adapt to infest/infect new

planting stock.

Changing patterns of pest invasion

Early eucalypt forestry outside the native range of

these trees benefited from a largely pest-free

environment (Wingfield et al. 2008). However, over

time, numerous insects that feed on these trees have

arrived in areas where the trees are propagated

commercially. The pathways that have facilitated

these introductions are poorly known. As with their

hosts, these insects mostly arrived without their

natural enemies, a factor that has most likely con-

tributed substantially to their success.

The first reported insect pest of eucalypts was the

Eucalyptus longhorn beetle Phoracantha semipunc-

tata, reported in New Zealand in 1873 (Withers 2001).

This was followed by Ctenarytaina eucalypti and

Gonipterus scutellatus, now known to be a species

complex comprising three different species (Mapon-

dera et al. 2012), both detected in New Zealand, in

1889 and 1890, respectively (Withers 2001). Euca-

lypt-feeding insects continued to appear in regions

where these trees are non-native at a rate of approx-

imately 0.16 insect species per year detected outside

their native range for the first time (or one insect

species every 6.3 years) from 1873 to 1986 (Fig. 1).

However, from 1986 to 2014 there has been a sharp

increase in the rate of introductions with an average of

0.74 insect species per year that were detected outside

their native range for the first time (or one insect
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Fig. 1 Cumulative introduction of insect pests feeding on

eucalypts outside their native range in Australasia. Symbols

indicate the country of first detection: New Zealand (open

circle), South Africa (filled square), Argentina (open square),

USA (filled triangle) and Europe (UK, Italy and France; filled

circle). Dashed line shows log-linear regression model, where

ln(cumulative introductions) = -35.9 ? 0.02 9 year. Solid

line shows piecewise regression model, where slope 1 = 0.16,

slope 2 = 0.74 and breakpoint = 1986. The rate of introduction

of new pests has increased substantially since 1986
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species every 1.4 years) (Fig. 1). The substantial

increase in the rate of invasion after 1986 coincides

with an increase of the area of eucalypt forest

plantations which increased by 90 % since the fifties,

and about 50 % since 1990 (Turnbull 1999). The

increase in the rate of invasion also corresponds to the

Uruguay Round negotiations (1986–1994), which

forms much of the legal framework of the World

Trade Organization and assisted to open markets for

trade (www.wto.org; accessed October 2015). The

widespread increase of eucalypts plantations and

increased trade might have contributed to the

increased dispersal pathways from the endemic range

as well as movement from beachheads.

The total number of eucalypt pest insects originat-

ing in Australia and introduced to other parts of the

world varies depending on which insects are classified

as pests, but the most recent estimate cites 37 insects

(Nahrung and Swain 2015). This list did not include

Ctenarytaina longicauda that was detected in the USA

in 1983 (Paine et al. 2010), Ophelimus sp. detected in

Europe in 2011 (Borowiec et al. 2012), or Spondy-

liaspis c.f. plicatuloides detected in South Africa in

2014 (Samantha Bush, unpublished). In addition,

Nahrung and Swain (2015) listed the Gonipterus

scutellatus complex and not the three Gonipterus

species as described by Mapondera et al. (2012).

These changes have been included in Table 1, which

lists a total of 42 pest introductions. Two further

species, Paropsisterna beata and Phellopsylla formi-

cosa, were first detected in New Zealand in 2012 and

2014, respectively (www.biosecurity.govt.nz/pests/

eucalyptus-leaf-beetle; naturewatch.org.nz/observations/

986762). However, these two species are not yet con-

firmed as established pests on eucalypts. This list

excludes seed- and flower-feeding insects and insects

where eucalypts are not the main host.

Introduced pest insects of eucalypts represent a

number of different taxonomic groups and feeding

types. In total, 16 different families have been

introduced with Hemiptera being the dominant

order (17 species), followed by Coleoptera (12),

Hymenoptera (8) and Lepidoptera (5) (Table 1;

Fig. 2). Most of the introduced insects have been

sap-sucking taxa (17 species), mainly Psyllidae,

followed by defoliators (13) and gall formers

(7). There have been only three introductions of

wood-boring insects; all three species were first

detected outside Australia in New Zealand, the last

being in 1935. Two of these wood-boring species

subsequently spread to other regions of the world

(Phoracantha recurva and P. semipunctata). There

have been no further introductions of eucalypt wood-

boring insects from Australia over the last 80 years,

this despite the presence of important wood-boring

pests in Australia (e.g., Phoracantha acanthocera, P.

solida, P. mastersi and Endoxyla spp.; Wylie and

Peters 1993; Farr et al. 2000; Lawson et al. 2002;

Nahrung and Swain 2015). Only two leaf miners

have been introduced outside of Australia; both to

New Zealand, but neither has been found on other

continents. Likewise, four lepidopteran defoliators

of eucalypts, native to Australia, are recorded as

exotics only in New Zealand.

The proportion of insect orders and feeding guilds

of eucalypt pest insects in Australia that have become

successful invaders outside their native range differs

from the eucalypt pest insects in Australia that have

not become invasive. A higher proportion of Hemi-

ptera, Hymenoptera, gall-formers and sap-suckers and

a lower proportion of Coleoptera, Lepidoptera, wood-

borers and defoliators are found amongst the invasive

taxa (Strauss 2001; Nahrung and Swain 2015).

Nahrung and Swain (2015) also compared the life-

history traits of these groups and found that the insects

that had become successful invaders in introduced

areas were generally those with smaller body size,

more generations per year, lower incidence of dia-

pause, longer flight season and that were more closely

host associated.

It is generally accepted that when an invasive

species becomes established outside its native range,

the probability of further spread increases due to the

existence of a larger source population. This is a

phenomenon referred to by Lombaert et al. (2010) as

the invasive bridgehead effect. For most introductions

of eucalypt-feeding insects the source of the introduc-

tion is not known, but it is likely that the invasive

bridgehead effect has influenced the distribution of

many of the 12 insect pests of eucalypts outside

Australia that have spread to two or more continents

since first being reported outside their native range

(Table 1). However, only two species, Leptocybe

invasa and Ctenarytaina eucalypti, has been con-

firmed to be present in all six continents where

eucalypts are grown. Gonipterus scutellatus was

thought to have spread globally (except Asia), but it

was later discovered that the species had been
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Table 1 List of known eucalypt insect pests introduced between 1870 and 2014 outside their native range, namely Africa (A), Asia

(As), Australasia (Au, referring to New Zealand), Europe (E), North America (NA) and South America (SA)

Insect Family Order Feeding Invasion history Date of first

introduction

Phoracantha semipunctata Cerambycidae Coleoptera Wood borer A, Au, E, NA, SA 1870

Ctenarytaina eucalypti Psyllidae Hemiptera Sap-sucker A, As, Au, E, NA, SA 1889

Gonipterus platensis Curculionidae Coleoptera Defoliator Au, E, NA, SA 1890

Eriococcus coriaceus Eriococcidae Hemiptera Sap-sucker Au 1900

Paropsis charybidis Chrysomelidae Coleoptera Defoliator Au 1900

Phoracantha recurva Cerambycidae Coleoptera Wood borer A, E, NA, SA 1906

Opodiphthera eucalypti Saturniidae Lepidoptera Defoliator Au 1915

Gonipterus sp.2 Curculionidae Coleoptera Defoliator A, E 1916

Lepidosaphes eucalypti Diaspididae Hemiptera Sap-sucker Au 1922

Strepsicrates macropetana Tortricidae Lepidoptera Defoliator Au 1923

Strepsicrates infensa Tortricidae Lepidoptera Defoliator Au 1924

Gonipterus pulverulentus Curculionidae Coleoptera Defoliator SA 1925

Callidiopsis scutellaris Cerambycidae Coleoptera Wood borer Au 1935

Aleuroclava eucalypti Aleyrodidae Hemiptera Sap-sucker Au 1950

Blastopsylla occidentalis Psyllidae Hemiptera Sap-sucker A, E, NA, SA 1976

Trachymela sloanei Chrysomelidae Coleoptera Defoliator NA 1976

Trachymela tincticollis Chrysomelidae Coleoptera Defoliator A 1982

Ctenarytaina longicauda Psyllidae Hemiptera Sap-sucker NA 1983

Phylacteophaga froggatti Pergidae Hymenoptera Leaf miner Au 1985

Glycaspis granulata Psyllidae Hemiptera Sap-sucker Au 1986

Ophelimus eucalyptii Eulophidae Hymenoptera Gall-former Au 1987

Ctenarytaina spatulata Psyllidae Hemiptera Sap-sucker E, NA, SA 1990

Trachymela catenata Chrysomelidae Coleoptera Defoliator Au 1992

Uraba lugens Noctuidae Lepidoptera Defoliator Au 1992

Ctenarytaina triangular Psyllidae Hemiptera Sap-sucker NA 1995

Cardiaspina fiscella Psyllidae Hemiptera Sap-sucker Au 1996

Eucalyptoma maideni Psyllidae Hemiptera Sap-sucker NA 1996

Glycaspis brimblecombei Psyllidae Hemiptera Sap-sucker A, E, NA, SA 1998

Acrocercops laciniella Gracillariidae Lepidoptera Leaf miner Au 1999

Epichrysocharis burwelli Eulophidae Hymenoptera Gall-former As, NA, SA 1999

Nambouria xanthops Pteromalidae Hymenoptera Gall-former Au 1999

Leptocybe invasa Eulophidae Hymenoptera Gall-former A, As, E, NA, SA 2000

Ophelimus maskelli Hymenoptera Hymenoptera Gall-former A, As, E, NA 2000

Anoeconeossa communis Psyllidae Hemiptera Sap-sucker Au 2002

Creiis lituratus Psyllidae Hemiptera Sap-sucker Au 2002

Thaumastocoris peregrinus Thaumastocorida Heemiptera Sap-sucker A, Au, E, NA 2003

Trachymela m-fuscum Chrysomelidae Coleoptera Defoliator NA 2005

Ctenarytaina peregrina Psyllidae Hemiptera Sap-sucker E 2007

Paropsisterna gloriosa Chrysomelidae Coleoptera Defoliator E 2007

Selitrichodes globulus Eulophidae Hymenoptera Gall-former NA 2008

Ophelimus sp. Eulophidae Hymenoptera Gall-former E 2011

Spondyliaspis c.f. plicatuloides Psyllidae Hemiptera Sap-sucker A 2014
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misidentified and that ‘G. scutellatus’ represents a

complex of at least three species (Mapondera et al.

2012). These include Gonipterus platensis found in

New Zealand, South and North America and western

Europe, Gonipterus pulverulentus in South America,

and an undescribed species (Gonipterus sp. 2) in

Africa and southern Europe.

The time required for invasive pest insects of

eucalypts to spread between different continents has

become shorter in recent decades (Fig. 3). For exam-

ple,C. eucalypti and P. recurva required over 80 years

to spread to a further two new continents after they

were first detected outside their native range. L.

invasa, Thaumastocoris peregrinus and Glycaspis

brimblecombei, however, all spread to two or more

continents in less than 10 years. Many of these insects

are also spreading rapidly within the continents where

they have become established. The increased rate at

which insects are spreading within and between

continents is most likely facilitated by the increase

in trade and travel. But it also clearly illustrates the

inefficiency of global quarantine measures. This

pattern of increasingly rapid globalisation of insect

pests and the increase in the emergence of new pests

poses a significant threat to eucalypt forestry.

What do patterns of invasion reveal

about pathways?

Records of detection are typically noted by country,

though outlying territories belonging to a mainland

political entity (e.g., Guam, the Canary Islands, etc.)

are often considered separately. Of the vast number of

possible introduction points (countries or territories)
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Fig. 2 Total number of pest insects on eucalypts that have been

introduced outside their native range, by insect order and

feeding guild. The majority of introduced eucalypt pests are sap-

sucking hemipterans
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Fig. 3 Time required for eucalypt-feeding insects to spread

globally. Indicated by the number of years from when they were

first reported outside their native range to when they had spread

to two continents outside their native range. Data presented for

the introductions of Phoracantha semipunctata (first detected

outside native range in 1870), Ctenarytaina eucalypti (1889),

Gonipterus platensis (1890), Phoracantha recurva (1906),

Blastopsylla occidentalis (1976), Ctenarytaina spatulata

(1990), Glycaspis brimblecombei (1998), Leptocybe invasa

(2000), Ophelimus maskelli (2000) and Thaumastocoris pere-

grinus (2003) (see Table 1 for more details of introductions).

Insect pests that have been introduced outside their native range

since 1970 have taken less time to spread to other continents

than insects that were introduced before this period
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that could be the first to receive a new invader, a few

are disproportionately represented in practice. There

have been only a small number of entry points

(countries) for the first detection of eucalypt pests

outside their native range (Figs. 1, 4). The countries

where first detections have been reported include

Ireland, France, Italy, UK and Israel (Europe–

Mediterranean region), New Zealand (Australasia),

South Africa (Africa), Argentina (South America),

and the USA (North America).

Of all the regions that have been the recipient of

‘first detections’, New Zealand has had the greatest

number of these introductions of Eucalyptus pests

from Australia. This country also has the greatest

proportion of insect introductions in total (Fig. 4).

This is not surprising given the close proximity of New

Zealand to Australia and the frequent trade between

the two countries (Ridley et al. 2000;Withers and Bain

2009). There are also reported incidents of insect

introductions from Australia to New Zealand via wind

currents crossing the Tasman Straits (Close et al. 1978;

Fox 1978). Recently, a greater proportion of first

detections have been reported in areas outside of New

Zealand, possibly because of an increasing growth of

global as opposed to local trade. Interestingly, Withers

and Bain (2009) have reported a decrease in insect

introductions into New Zealand, possibly associated

with a growing understanding of the problem and

increasingly stringent biosecurity measures.

Country size is a plausible predictor of the number

of insect introductions that might occur. This is due to

classical island biogeography, border length with

neighboring countries and as a consequence of corre-

lations between land area, population and gross

domestic product (GDP; and therefore the magnitude

of international trade). Surprisingly, however, there is

no clear relationship between the land area planted to

eucalypts and the number of introductions that have

occurred. Most land planted to eucalypts is in Asia and

South America; yet there is only one report of a first

detection in South America (G. pulverulentus) and

there are none in Asia (Fig. 4). The possible presence

of two Leptocybe species (Nugnes et al. 2015) may be

the first account of a first detection of a eucalypt pest

into Asia, but this requires confirmation. South

America, and particularly Asia, also has the lowest

total number of introduced eucalypt pests.

The lower number of first detections as well as total

eucalypt pests in Asia could have been influenced by

the relatively recent expansion of eucalypt forestry in

that region. In 1985, the period preceding the sharp

increase in the rate of insect introductions, the size of

the planted area in India was 550,000 ha (compared to

4 million by 2008) and in China 300,000 ha

Fig. 4 Proportion of total

introduced eucalypt pests

and first introduction of

eucalypt pests, by continent.

Australasia (representing

New Zealand) has the

highest number of total pests

and first introductions, while

Asia and South America

have the least. Note that the

sum of the proportion of

total introduced pests for all

the continents is greater than

one, because many of the

insects are present on more

than one continent
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(compared to 2.6 million by 2008) (Iglesias-Trabado

and Wilstermann 2008). If the size of the forestry

operation is a determining factor, then a high number

of arrivals into Asia could be expected in the near

future. However, this reasoning would not explain the

situation in Brazil where 2.5 million ha had already

been planted by 1985.

The lack of a relationship between planted land and

pest introductions is supported by Roy et al. (2014).

These authors analysed data for forest insect pest

invasions in 21 countries and found no association

between forested land and the introduction of invasive

forest species. In contrast, the study found forest pest

invasions to have a strong relationship with GDP,

which they considered to be a useful proxy of overall

trade volumes.

Understanding the pathways of insect introductions

is an important step towards reducing subsequent

invasions (Baker et al. 2005; Hulme 2006; Liebhold

et al. 2012; Essl et al. 2015). When dominant routes of

entry are known, quarantine and phytosanitary mea-

sures can be used more effectively to regulate steps

along these pathways (Essl et al. 2015). This then

reduces the probability of the introduction and estab-

lishment of invasive species, an approach referred to

as pathway management (Brockerhoff et al. 2006b;

Liebhold 2012; Liebhold et al. 2012; Haack et al.

2014; Roy et al. 2014). Unfortunately, for insect pests

of eucalypts, the pathways of introduction are largely

unknown. However, by considering known pathways

for other forest insects together with the known first

entry points of introductions, it is possible to make

reasonable assumptions as to likely pathways of

invasion of eucalypt pests.

For forest insect pests in general, two of the most

common pathways of introduction are untreated wood

products (Brockerhoff et al. 2006a; Haack 2006;

Skarpaas and Økland 2009) and live plant material

(Kenis et al. 2007; Roques et al. 2009; Liebhold et al.

2012). Because wood and bark-associated insects

comprise only a minor proportion of eucalypt insect

pests that have been introduced into new areas

(Fig. 3), the introduction of wood products is probably

not a major current pathway for the introduction of

these insects. Live plant material and cut branches,

however, provide a very viable possible pathway,

considering that the majority of introductions have

been foliage-feeding insects (Fig. 3). Afforestation

programmes are likely one of the major justifications

for the import of live eucalypt plants (Wingfield et al.

2008). In New Zealand, untreated cut Eucalyptus

foliage was imported from Australia until 1999,

possibly contributing to the introduction of eucalypt

pest introductions (Withers 2001). In South Africa,

there are no known reports of imported live eucalypts

and Eucalyptus branches used in floral arrangements

are sourced locally, making these unlikely pathways of

introduction. Paine et al. (2010), likewise considered

live plant material an unlikely pathway for eucalypt

pests in the USA because the production and sale of

eucalypts was limited to those species already present

in the country. It is thus not clear how so many pests

that feed on foliage and that likely arrived with live

plant material have entered new areas so frequently in

recent decades.

There are various less obvious but plausible path-

ways for the introduction of insect pests outside those

linked to commodities associated with the host plant.

For example, insects have been intercepted at points of

entry on camping equipment, containers, lug-

gage/clothing of tourists or in used vehicles (Ridley

et al. 2000; Withers 2001). The pet trade also poses a

potential pathway of introduction. For example, in

South Africa, eucalypt-feeding stick insects such as

Extatosoma tiaratum have been imported from Aus-

tralia for sale as pets (Kumschick et al. 2016), although

no exotic establishments have been reported to date. It

seems unlikely, however, that all the mentioned pests

are accidental ‘passengers’ on other commodities or

with people, and the movement of unrecorded or

misidentified plant material could obscure pathways

of movement in official trade records. Illegal intro-

ductions through smuggling plant material for prop-

agation can clearly not be overlooked. The apparent

lack of plausible pathways has also led some authors to

suggest that intentional introductions or bioterrorism

perpetrated by individuals or groups that oppose the

planting of non-native trees might be to blame (Paine

et al. 2010).

Evolving responses to invasions

One of the most important measures to deal with

invasive insects feeding on eucalypts is to reduce the

chances of their entry through quarantine. These

measures include many components, but have typi-

cally attempted to ensure that traded products are free
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of specific pests, especially from areas of known

infestation. This approach is very difficult to manage,

given that many pests are unknown in their areas of

origin before they have been introduced and because

of the difficulty of monitoring the volume of goods

traded. The focus in many cases has thus shifted to

managing potential pathways of spread. For example,

guidelines proposed under the International Standards

for Phytosanitary Measures No. 15 (ISPM 15) require

that wood and wood products are chemically (methyl

bromide fumigation) or heat-treated before being

exported to other regions to prevent the introduction

of pests and pathogens (Haack et al. 2014). Recently,

there has been a call for the regulation of imported live

plant material, a more likely pathway for eucalypt

insect pests than wood products (Liebhold et al. 2012;

Roy et al. 2014; Montesclaros Declaration: http://

www.iufro.org/science/divisions/division-7/700000/

publications/montesclaros-declaration. However, even

with such regulations in place, the immense volume of

global trade makes the introduction of new pests almost

inevitable (Brockerhoff et al. 2006b). In addition,

although quarantine methods have become largely

standardized between countries through organizations

such as the International Plant Protection Convention

(IPPC), the allocation of resources and implementation

of these regulations is far from standardised, especially

between developed and undeveloped economies (Beb-

ber et al. 2014b).

Despite the limitations of quarantine measures,

these remain important for identifying and managing

pathways of introduction and thus to at least reduce the

numbers of new invasions. They also provide valuable

interception data that can be used to predict likely

future introductions (Brockerhoff et al. 2006a). This is

especially the case for the introduction of insect pests

of eucalypts, where confirmed pathways for most

introductions are lacking. However, even when high-

quality regulations are in place, the expectation of

complete prevention of new introductions is unrealis-

tic. Considerable investments will clearly be required

in post-establishment population and spread

management.

The application of insecticides, the release of

biological control agents and the selection and

deployment of resistant eucalypt genotypes have been

the main strategies used to manage introduced insect

pests of eucalypts. The use of insecticides has been

limited due to the high costs required to apply these

chemicals over a large area and also because of the

increasing pressure from certification bodies such as

the FSC, where increasing numbers of products are

banned from use in certified forests (https://ic.fsc.org/

pesticides.88.htm, accessed June 2015). These include

chemicals such as cypermethrin that has been used to

manage outbreaks of defoliating insects including

Gonipterus spp. in the past. Most recently, the

neonicitinoids acetamiprid and imadicloprid, which

were considered as potential control measures for L.

invasa and T. peregrinus (Noack et al. 2009; Zheng

et al. 2014), have been added to FSC’s banned list of

insecticides. The move away from insecticides has

placed increasing reliance on biological control and

host resistance approaches to manage eucalypt pests.

’Selection and planting of eucalypt species and

genotypes resistant to insect pests has been a strategy

used for some of the earliest pest introductions and

remains one of the main responses to pest introduc-

tions. One of the first reported cases where this

approach was applied is where eucalypt growers in

South Africa replaced E. viminalis with other species

due to its high susceptibility to Gonipterus sp., as well

as the leaf pathogen Teratosphaeria (=My-

cosphaerella) nubilosa (Tooke 1955; Hunter et al.

2008). More recently, there have been numerous trials

to screen for resistance of current and potential

commercial genotypes to the relatively new introduc-

tions of L. invasa (Quang Thua et al. 2009; Javare-

gowda and Prabhu 2010; Nyeko et al. 2010; Dittrich-

Schröder et al. 2012; Zheng et al. 2014) andOphelimus

maskelli (Protasov et al. 2007). In the case of L. invasa,

the high level of susceptibility to E. grandis 9

camaldulensis clones in South Africa has led to a

preference for planting E. grandis9 urophylla hybrids

in infested areas. However, insects can overcome plant

resistance over time and new insects with different

host preferences are likely to also be introduced. Thus,

the strategy of deploying resistant genotypes will also

need to evolve rapidly in order to respond quickly to

these insect invasions. This includes maintaining a

diversity of genotypes so that resistant genotypes can

be quickly deployed should a commercial genotype

become susceptible to a current or new pest. Genetic

engineering and marker assisted breeding also offers

promising avenues in this regard (Wingfield et al.

2013; Ledford 2014; Myburg et al. 2014).

Classical biological control is another strategy that

has been used for some of the earliest introductions of
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eucalypt pests. The first reported successful introduc-

tion of a biological control agent for an insect pest of

eucalypts was the introduction of the coccinellid

Rhyzobius ventralis in New Zealand in 1908 for the

control of Eriococcus coriaceus (Withers 2001). Other

early cases of biological control include the introduc-

tion of egg parasitoids of Phoracantha spp. (first

introduced 1910) (Webb 1974), Gonipterus spp.

(1926) (Tooke 1955) and Paropsis charybdis (1934)

(Withers 2001). Biological control agents have sub-

sequently been released for a number of eucalypt pests

(Withers 2001; Paine et al. 2011; Garnas et al. 2012).

Recent releases include Cotesia urabae for the control

of Uraba lugens (Avila et al. 2013), Cleruchoides

noackae for T. peregrinus (Mutitu et al. 2013) and a

number of parasitoid wasps for L. invasa (Mendel

et al. 2004; Dittrich-Schröder et al. 2014; Zheng et al.

2014).

Despite past successes with classical biological

control and its long-term benefits, the potential to use

this approach to reduce the number of pest introduc-

tions is limited. This is in part due to the considerable

time and financial investment required to implement

biological control programmes (including costly and

uncertain scouting trips to identify natural enemies in

the native range), and the introduction of stricter

regulations for the import of biological control agents

(Hajek et al. 2016). In addition, for several species

there is as yet no biological control available and for

others the organisms introduced do no provide suffi-

cient control, as withG. platensis by Anaphes nitens in

the Iberian Peninsula (Reis et al. 2012). These

challenges have led to increased and more formalized

global collaboration between eucalypt growers to

share knowledge and biological control agents (Gar-

nas et al. 2012). An example of this is the recently

formed programme BiCEP (Biological Control of

Eucalyptus Pests, www.bicep.net.au), which aims to

provide coordinated responses to invasive eucalypt

pests through the use of biological control.

Conclusions

Eucalypts are among the most widely planted tree

species in the world. After many years of relative

freedom from introduced herbivores, at least 42 insect

species have now become established outside their

native range of Australia, many in recent years. It is of

great concern that the rate of their emergence in new

areas has increased dramatically (nearly five times

higher since the 1980s) in recent years. This is also

despite a global realization of their potential negative

impact and improved measures to avoid introductions

and further spread.

Globally, the numbers of insect pests of eucalypts

has doubled over the last three decades. This means

reduced yields, higher input costs, lost investments in

breeding programs and a reduction in diversity of the

range of planting stock that can be used. The

accumulation in the number of pests clearly demands

new management interventions. Apart from the

increased rate of emergence outside their native range,

the rate of intercontinental spread of pests is also

increasing. Consequently it appears as if eucalypt

plantation forestry should prepare for an increasingly

globalized pool of pests, rather than strong regionally

separated cohorts of pests. The elevated rate of

establishment, very likely a consequence of ever-

greater volumes of global trade and transport, is of

particular concern in this regard.

Eucalypt pests are expected to continue to move

around the world and increasing numbers of new pest

invasions should be expected. This is because there is

no evidence of change in the drivers of these

introductions or spread of these pests. There are also

no envisioned changes in legislation that might reduce

their movement. A focus on efficient mitigation

measures for an increasingly globalized pool of insect

pests of eucalypts is clearly necessary for industries

and governments globally. It should also be noted that

the current number of insects established outside their

native range represents only a very small proportion of

the diversity present in the native range (Majer et al.

2000; Strauss 2001). It should be expected that some

of the newly emerging invasions will likely be of

species that are poorly studied or even not described in

their native range, as has been the case with the

detection of Leptocybe invasa in Israel (Mendel et al.

2004). In such cases, considerable resources will be

required to acquire knowledge on the basic biology

and ecology of the pest species in order to investigate

management options. There is also an increasing

number of insects native to the regions where euca-

lypts have been introduced that have expanded their

host range to include eucalypt species, yet only a

few of these have become serious pests (Gebeyehu

et al. 2005; Wingfield et al. 2008; Paine et al. 2011;
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Degefu et al. 2012; Branco et al. 2015). Although there

are currently no reports of the movement of these

insects outside their native ranges, it is likely that, in

time, some of these insects will spread to other

eucalypt growing areas, including Australia (Paine

et al. 2011).

The expansion of eucalypt planting has clearly

facilitated the movement of eucalypt-feeding insects,

but there is interestingly no clear association between

the area planted to these trees and the number of

established pests or first detections in new regions.

Considering the global distribution of eucalypts and

the substantial levels of interconnectedness between

most areas with eucalypt plantings with regards to

trade and travel, it is surprising that there are only a

small number of first introduction points. A substantial

barrier in understanding the patterns of invasion lies in

the lack of confirmed pathways for these insects. This

is an area that clearly requires urgent attention in order

to implement pathway-management strategies and be

able to better predict and plan for future introductions.
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