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Abstract
Leafminers are a taxonomically diverse group of endophagous insects. A number of them are pests in forestry, horticulture 
and agriculture, and some of them have become important invasive species. Here, we discuss the characteristics of invasive 
leafminers of woody plants. We first present 12 cases of invasive leaf-mining species belonging to four different insect orders. 
For each of them, we briefly describe their invasion, including pathways of introduction, their impact and management 
methods and their ecology. We then discuss various aspects of these invasions. Leafminers are introduced to new continents 
and spread through various pathways such as horticultural trade and accidental transport of adults and pre-imaginal stages 
in containers and vehicles. They may also spread long distances with air currents. A few species have serious economic 
impacts as orchard pests, such as the citrus leafminer, Phyllocnistis citrella, or as pests of ornamental plants, such as the 
horse-chestnut leafminer, Cameraria ohridella. The ecological impact of these species should be better studied, especially 
those killing native trees, such as the birch leaf-mining weevil, Orchestes fagi, in Canada. Compared to other insect groups, 
invasive leafminers are usually recruited by a range of native parasitoids, which may or may not succeed in controlling the 
invasive species. Biological control by introduction of parasitoids from the native range has often been successful to control 
invasive leafminers. The review ends by short discussions on taxonomic issues and on the use of leafminers as models to 
study invasion ecology.
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Key message

• Many leaf-mining insects have become invasive pests, 
and some of them show significant economic and eco-
logical impacts.

• They have been introduced to new continents and spread 
through various pathways.

• Many have been recruited by native parasitoids, and oth-
ers have been the target of successful biological control 
programmes.

• Several invasive leafminers have been erroneously identi-
fied during the invasion process.

Introduction

Insects are among the most numerous invasive species 
worldwide, and the number of new invasions is increasing 
exponentially (Seebens et al. 2018), representing a global 
threat for the economy and the environment (Kenis et al. 
2009; Aukema et al. 2011). In Europe alone, about 20 new 
alien insects are found every year, i.e., about twice as much 
as four decades ago (Roques 2010). In North America, 
more than 450 alien insects have colonized forest and urban 
trees and 14% of these insects cause notable damage to 
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trees (Aukema et al. 2010). The majority of these invasive 
insects are herbivores that have travelled as contaminants 
on their host plants, and although phytosanitary regulations 
have become stricter, the live plant trade, in particular for 
ornamental purpose, remains the main pathway of invasion 
for insects (Liebhold et al. 2012).

Among invasive herbivore insects, leafminers represent 
an important group. Many leafminers are known as impor-
tant economic pests of agricultural crops, whereas others 
threaten forest and urban plants (Spencer 1973; Digweed 
et al. 2009; Ellis 2018). Leafminer larvae live inside leaf 
tissues feeding on the parenchyma or the epidermis, building 
cavities called mines (Hering 1951). They are known from 
four insect orders, i.e., Lepidoptera, Hymenoptera, Coleop-
tera, and Diptera, accounting for more than 10,000 species 
worldwide (Connor and Taverner 1997). Mines are often 
species specific and can provide a diagnostic tool for spe-
cies identification (Hering 1951; Spencer 1976; Ellis 2018). 
While many species spend their whole larval stage excavat-
ing leaf tissue and living in mines, larvae of other species 
mine in young instars exclusively and then continue their 
development externally concealed in cases, leaf construc-
tions or freely on leaf surface (Hering 1951). Due to their 
endophagous lifestyle, leafminers tend to be specific to their 
host plants, usually at genus level, even though there are 
many exceptions (Hering 1951; Spencer 1976).

In recent years, leafminers have attracted much atten-
tion due to increasing invasion records (Šefrová 2003; 
Sweeney et al. 2012; van Nieukerken et al. 2012). Many 
invasive leafminers have colonized important forest, orna-
mental and orchard trees and shrubs, causing long-lasting 
outbreaks and serious economic and environmental impacts 
(Argov and Rössler 1996; Sweeney et al. 2017). Some inva-
sive leafminers have spread very rapidly through an entire 
continent (Šefrová 2003; Kirichenko et al. 2017a). In addi-
tion, leafminers cause concern among the general public 
because they are easily noticeable, in particular when they 
affect highly valued ornamental and urban trees (Pocock and 
Evans 2014).

To our knowledge, invasive leafminers had never been 
reviewed at a global scale. In this paper, we review inva-
sive leafminers feeding on forest, ornamental and orchard 
trees, focusing only on those whose larvae feed entirely in 
mines during the whole larval stage. We briefly describe 12 
examples of invasive leafminers of woody plants belong-
ing to four insect orders and discuss their distribution, 
pathways, impact and management, and various aspects of 
their invasion ecology. Additionally, we provide a list of 
invasive leafminers worldwide that are known to be dam-
aging on woody plants (Table 1). The vast majority of the 
species listed here are invasive in either Europe or North 
America. This geographic bias reflects the fact that most 
of the work on invasive tree leafminers has been done in 

these two continents. It is not clear whether the lack of cases 
of leafminers invasive on woody plants in other continents, 
in particular Africa, Asia, and South America, truly results 
from the absence of leafminer’s invasions or whether inva-
sive leaf miners have been overlooked in these regions.

Lepidoptera

The majority of leaf-mining insects belong to Lepidop-
tera. Species of about 40 families exhibit a large variety 
of leaf-mining habits (Connor and Taverner 1997; Powell 
et al. 1997; Ellis 2018). Most leaf-mining moths invasive 
on woody plants belong to Gracillariidae. Below, we dis-
cuss six examples of invasive leaf mining micro-moth, five 
Gracillariidae, and one recent invasive pest from the family 
Heliozelidae. Other examples are listed in Table 1.

Cameraria ohridella Deschka and Dimić 1986 
(Gracillariidae)

The horse-chestnut leafminer, C. ohridella, is one of the best 
known invasive micro-moths in Europe due to its fast expan-
sion and its spectacular damage on horse chestnut, Aesculus 
hippocastanum, a highly valued and common shade tree 
in Europe, originating from the Balkans. It was described 
from Macedonia in the 1980s (Deschka and Dimić 1986). 
Since then, C. ohridella rapidly spread throughout most of 
Europe, and it is presently found from the UK to western 
Russia and from Finland to Italy and Spain (De Prins and 
De Prins 2018).

Its origin has remained unclear for more than two dec-
ades. Hypotheses suggested that C. ohridella may be a relict 
of the glacial age, as its host tree (Deschka and Dimić 1986), 
a non-European leafminer (Grabenweger et al. 2005a), or 
a species that recently switched from maple species, Acer 
spp., which are occasional hosts (Hellrigl 2001). Molecular 
studies finally revealed a significant decrease of the moth 
genetic diversity in most of the Europe compared to the nat-
ural stands of horse chestnuts in the Balkan Mountains, sug-
gesting a Balkan origin (Valade et al. 2009). Observations 
of herbarium material confirmed that the species occurred 
in natural horse chestnut stands in Albania and Greece at 
least since 1879 (Lees et al. 2011). However, the reason for 
its recent and fast spread from the Balkans to the rest of 
Europe remains a mystery. Cameraria ohridella spread via 
passive transportation of infested leaf fragments and adult 
moths as stowaways in/on cars, trucks, and other vehicles, 
as well as via movements of infested seedlings (Gilbert et al. 
2004, 2005).

The species damages some but not all species of the genus 
Aesculus, whereas damage on Acer spp. is insignificant (Fre-
ise and Heitland 2004; D’Costa et al. 2013). It develops most 
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Table 1  Non-exhaustive list of invasive leafminers worldwide

Region of origin Region of introduction Decade of first inva-
sion

Main host genera Reference

Lepidoptera—Gracil-
lariidae

 Cameraria ohridella 
Deschka and Dimić 
(1986)*

Balkans Europe 1980 Aesculus Valade et al. (2009)

 Macrosaccus rob-
iniella (Clemens 
1859)*

North America Europe 1980 Robinia Davis and De Prins 
(2011)

 Parectopa robiniella 
Clemens 1863

North America Europe 1970 Robinia Csóka et al. (2009)

 Phyllocnistis citrella 
Stainton 1856*

Southeast Asia Worldwide 1990 Citrus CABI 2017

 Phyllocnistis vite-
genella Clemens 
1859

North America Europe 1990 Vitis Marchesini et al. (2000)

 Phyllonorycter blan-
cardella (Fabricius 
1781)

Europe North America ? Malus Maier (2001)

 Phyllonorycter issikii 
(Kumata 1963)*

East Asia Palearctic 1980 Tilia Kirichenko et al. 
(2017a)

 Phyllonorycter leu-
cographella (Zeller 
1850)*

Medit./West Asia Europe 1970 Pyracantha Šefrová (2003)

 Phyllonorycter 
mespilella (Hübner 
1805)

Europe North America ? Malus, Prunus, Pyrus Maier (2001)

 Phyllonorycter mes-
saniella (Zeller 
1846)

Europe N. Zealand, Australia 1950 Quercus, Castanea Sinclair and Hughes 
(2010)

 Phyllonorycter 
platani Staudinger 
1870

Balkans to Caucasus Europe Nineteenth century Platanus Šefrová (2001)

Lepidoptera—Helio-
zelidae

 Antispila oinophylla 
van Nieukerken 
et al. (2012)*

North America Europe 2000 Vitis van Nieukerken et al. 
(2012)

Lepidoptera—
Yponomeutidae

 Argyresthia thuiella 
(Packard 1871)

North America Europe 1970 Thuya, Chamaecy-
paris

Konečná and Šefrová 
(2014)

Coleoptera—Curcu-
lionidae

 Isochnus sequensi 
(Stierlin 1894)

Europe North America ? Salix, Populus Sweeney et al. (2012)

 Orchestes fagi (Lin-
naeus 1758)*

Europe Eastern Canada 2010 Fagus Sweeney et al. (2012)

 Orchestes steppensis 
Korotayev 2016*

Asia North America 1980 Ulmus Sweeney et al. (2012)

Diptera—Agromyzi-
dae

 Aulagromyza populi-
cola (Walker 1853)

Europe Canada 1950 Populus Spencer (1973)

 Phytomyza ilicis 
(Curtis 1846)*

Europe North America Early twentieth 
century

Ilex Cameron (1938)
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commonly two to three generations per year and overwin-
ters in the pupal stage in fallen leaves. Cameraria ohridella 
reached outbreaking densities in many European countries 
soon after its invasion, causing severe aesthetic damage to 
horse-chestnut trees (Freise and Heitland 2004). Multivoltin-
ism, high fecundity, and low impact of natural enemies may 
explain the persistence of high population levels in Europe 
(Girardoz et al. 2007). However, the moth has a minimal 
impact on the vigor of its host tree (Salleo et al. 2003). Fur-
thermore, aesthetic damage in summer can be prevented by 
removing dead leaves in the preceding autumn (Pavan et al. 
2003). Stem injection of systemic insecticides is used in 
some countries to protect highly valued trees (Kobza et al. 
2011).

Phyllocnistis citrella Stainton 1856 (Gracillariidae)

The citrus leafminer, Ph. citrella, provides an extraordinary 
example of a global invasion. This species, native to South-
east Asia, started its spread in the 1990s when it was first 
found in Florida. In less than 20 years, it invaded all citrus 
production areas worldwide to become a major citrus pest 
(CABI 2018). Pathways of introduction are not precisely 
known but the leafminer has often been intercepted on 

horticultural stock, including on ornamental plants. Larvae 
can also travel in fruit peel.

Phyllocnistis citrella feeds mostly on Citrus spp. (Ellis 
2018). The serpentine mines occur mainly on the lower sur-
face of leaves, rarely on the peel of growing fruit (Grafton-
Cardwell et al. 2008; Ellis 2018). Larvae pupate inside the 
mine. The number of generations varies with climatic con-
ditions but can reach 13 in tropical climates (CABI 2018).

Phyllocnistis citrella is an important pest in citrus 
orchards and ornamental plantations worldwide (CABI 
2018). Heavy infestations result in leaf necrosis and drop, 
decreasing photosynthesis, growth, and fruit production 
(Schaffer et al. 1997). Citrus nurseries are more affected 
than mature plantations because young trees are particularly 
vulnerable (Argov and Rössler 1996). In addition, wounds 
caused by the leafminer provide an entry port for a number 
of pathogens, including the invasive Asian bacteria Xan-
thomonas axonopodis pv. citri, which cause citrus canker 
(Graham et al. 2004). The loss of access to international 
markets due to quarantine issues also had a major economic 
impact but it is less so now because the leafminer has 
invaded nearly all possible citrus production areas (CABI 
2018).

Considering the importance of Ph. citrella as an agricul-
tural pest, various control measures have been developed and 
applied, including insecticides, the development of resistant 

Table 1  (continued)

Region of origin Region of introduction Decade of first inva-
sion

Main host genera Reference

Hymenoptera – Per-
gidae

 Phylacteophaga 
froggatti Riek 1955

Australia New Zealand 1980 Eucalyptus Faulds (1990)

Hymenoptera—Ten-
thredinidae

 Fenusa ulmi Sunde-
vall 1847

Europe North America Nineteenth century Ulmus Smith (1971)

 Fenusa dohrnii 
(Tischbein 1846)

Eurasia North America Nineteenth century Alnus Digweed and Langor 
(2004)

 Fenusa pumila Leach 
1817*

Eurasia North America 1920 Betula Digweed et al. (2009)

 Fenusella nana 
(Klug 1816)

Eurasia North America 1960 Betula Digweed et al. (2009)

 Heterarthrus nemo-
ratus (Fallén 1808)

Eurasia North America 1900 Betula Digweed et al. (2009)

 Profenusa thomsoni 
(Konow 1886)*

Eurasia North America 1920 Betula Digweed et al. (2009)

 Scolioneura betuleti 
(Klug 1816)*

Eurasia North America 1980 Betula Digweed et al. (2009)

*Species whose invasion is described in the text
Only species with known records of heavy infestations on trees and whose larvae spend their whole development in the mine are included
? = Decade of first invasion is unknown
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varieties, IPM systems based on cultural practices, attract-
and-kill methods, and monitoring with pheromone traps 
(Grafton-Cardwell et al. 2008; Stelinski and Czokajlo 2010; 
CABI 2018). Insecticides and other control measures have 
to be applied the whole year (Grafton-Cardwell et al. 2008).

As for many invasive pests, biological control has been 
widely practiced. Throughout its distribution range, Ph. cit-
rella can be attacked by more than 80 hymenopteran para-
sitoids (Schauff et al. 1998). In the last two decades, several 
parasitoids were introduced in different parts of the world, 
with satisfactory results. Examples of successful control 
include those provided by Citrostichus phyllocnistoides in 
Spain (Garcia-Marí et al. 2004) and Ageniaspis citricola in 
Florida (Hoy et al. 2007).

Phyllonorycter issikii (Kumata 1963) (Gracillariidae)

The lime leafminer, Ph. issikii, is a small moth originating 
from East Asia (Japan, South Korea, and the Russian Far 
East) (Kumata et al. 1983; Ermolaev 2014) that has recently 
expanded to the western Palearctic (Šefrová 2002a; Kir-
ichenko 2014). It first appeared in the 1980s in plantations 
in Moscow (Kozlov 1991) and quickly spread throughout 
Europe to Belgium (Ermolaev 2014). A phylogeographic 
study revealed a high genetic diversity in Europe compared 
to East Asia, suggesting multiple introductions (Kirichenko 
et al. 2017a). The examination of historical herbarium col-
lections supports the hypothesis of a recent occurrence of a 
lime-feeding Phyllonorycter in the western Palearctic and its 
long-term presence in East Asia, and particularly in China, 
from where the insect was not known earlier (Kirichenko 
et al. 2017b).

The insect is monophagous on lime, Tilia spp. It develops 
one to three generations, the larvae living and pupating in 
blotch mines. The adults only move over short distances of 
up to 1 km (CABI 2018). Long-distance dispersal is most 
probably through plant material or through the transport of 
adults that hibernate in crevices and other shelters and can 
be easily carried in containers (Šefrová 2002a).

Phyllorycter issikii is mainly causing aesthetic damage 
to limes in urban parks and gardens (Šefrová 2002a). It may 
also affect natural stands, reducing growth (Ermolaev and 
Zorin 2011). In Western Siberia, the pest threatens vulner-
able tertiary relic limes groves, natural monuments, and 
habitat/species management areas (Kirichenko et al. 2017a). 
Furthermore, it may have a negative effect on the number of 
flowers and sugar content in the nectar, reducing honey pro-
duction (Ermolaev and Zorin 2011). The decline of honey 
production due to heavy infestations was estimated at 1.12 
billion rubles (i.e., about 15 million €) in the Republic of 
Udmurtiya (western Russia) (Ermolaev and Zorin 2011).

Management methods have not been developed for this 
pest. Pesticides are not suitable since the insect mainly 
affects urban trees or stands used for honey production. At 
least 43 parasitoids species are known in the invaded range 
against 13 in the native range, but the latter has been much 
less studied (Szőcs et al. 2015).

Phyllonorycter leucographella (Zeller 1850) 
(Gracillariidae)

The firethorn leafminer, Ph. leucographella, is a species 
native to Mediterranean Europe and Western Asia. Since 
the 1970s, it spread toward Northern, Western and Central 
Europe up to Sweden and the UK, most likely through the 
trade of ornamental plants (Šefrová 2003; Csóka 2001).

Although larvae can mine many species within the family 
Rosaceae, its primary host is firethorn, Pyracantha coccinea, 
a popular ornamental shrub in Europe (Walczak et al. 2010). 
Larvae develop a blotch mine in which they overwinter. Usu-
ally, two generations occur per year (Ellis 2018). Damage by 
the moth is mainly aesthetic.

The invasion ecology of Ph. leucographella has been 
particularly well studied in the UK. Its spread occurred at a 
velocity of 10.3 km per year, partly through the transport of 
its host plants (Nash et al. 1995). In less than ten years, the 
moth recruited 16 native parasitoid species that provided 
significant control. The size of the parasitoid assemblage 
was indistinguishable from that of native congeneric species. 
The most important parasitoids of Ph. leucographella were 
associated with leafminers that had ecological features in 
common with the invader (Godfray et al. 1995).

Macrosaccus robiniella (Clemens 1859) 
(Gracillariidae)

Macrosaccus robiniella, previously known as Phyllo-
norycter robiniella, is a North American leafminer that is 
invasive in Europe (Davis and De Prins 2011). The species 
was first observed in Switzerland in 1983 and is now found 
in 23 European countries (De Prins and De Prins 2018). 
The insect is monophagous on Robinia spp. Its main host is 
the North American black locust, R. pseudoacacia, which is 
widely planted in Europe (Ellis 2018; De Prins and De Prins 
2018). The pathway of introduction to Europe is unknown; 
however, it possibly arrived from North America via the 
plant trade. Within Europe, the moth probably spread by 
itself, including through passive wind dispersal, since R. 
pseudoacacia is common along roadsides. However, the 
spread through the transport of live plants in summer or 
through the accidental transport of adults in vehicles is also 
likely. Overwintering occurs at the adult stage, and thus, 
pupae cannot be transported in dead leaves as in other 
Gracillariidae (Šefrová 2003; Lees 2010).
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Macrosaccus robiniella has two to three generations per 
year in Europe, forming blotch mines in which it pupates 
(Šefrová 2002b). When occurring at high densities, dam-
age of this moth may cause premature leaf drop by early 
or mid-summer (Csóka 2001). Robinia pseudoacacia is an 
important industrial tree species for its fast growth and wood 
quality in some European countries (Csóka et al. 2009). It 
is also a good source of nectar for honeybees and a valued 
ornamental tree (Csóka 2001). Thus, M. robiniella has the 
potential to affect the aesthetic value of the tree and chronic 
defoliations are likely to impact tree productivity. However, 
in many European countries, its host tree is also considered 
as an invasive species because it outcompetes native plants 
and changes soil chemistry (Lees 2010).

In general, no management method is used against M. 
robiniella. Over 30 European parasitoids have been reported 
from the pest (Csóka et al. 2009). Parasitism may have a 
significant impact on the leafminer’s populations (Sto-
janovic and Markovic 2005), with parasitism rates as high 
as 60% in Italy (Gibogini et al. 1996). All the parasitoid 
species reared from M. robiniella are generalist, developing 
on native Gracillariidae associated with other woody plant 
(Csóka et al. 2009).

Antispila oinophylla van Nieukerken et al. 2012 
(Heliozelidae)

The grapevine leafminer, A. oinophylla, is a species which 
was not known to science before it invaded another continent 
and became a pest. The species is native to North Amer-
ica where it has been, for decades, confused with another 
native leafminer, Antispila ampelopsifoliella. In 2006, a new 
leafminer was recorded in vineyards in Italy in high densi-
ties (Baldessari et al. 2009; van Nieukerken et al. 2012). 
However, at the beginning, the damage was erroneously 
attributed to a native heliozelid moth, Holocacista rivillei 
(Baldessari et al. 2009; van Nieukerken et al. 2012). In the 
following years, it was described as a new species, A. oino-
phylla, native to North America and invasive in Italy (van 
Nieukerken et al. 2012). Since then, A. oinophylla has spread 
to several Italian regions (van Nieukerken et al. 2012; Duso 
et al. 2013) but has not yet been recorded in other countries.

In its native range, A. oinophylla feeds on various plants 
of the genus Vitis, whereas in Italy it has been found on sev-
eral varieties of grapevine, V. vinifera and, occasionally, on 
Parthenocissus quinquefolia (van Nieukerken et al. 2012). 
It has two generations per year. Larvae overwinter inside an 
oval case (made of epidermis layers of the mine joined by 
silk), attached to the vine trunk (van Nieukerken et al. 2012).

The pathway of introduction to Italy remains unknown. 
Movements of the cases with larvae or pupae attached to 
traded plants could be a possibility, in particular on orna-
mental plants. Long-distance transportation of gravid 

females in containers in air cargo is also possible (van Nieu-
kerken et al. 2012). The presence of several North American 
haplotypes in Italy suggests that multiple introductions may 
have occurred (van Nieukerken et al. 2012).

High infestations in commercial vineyards were observed 
in Italy with up to 100% of the leaves mined in some fields, 
with an average of 9.5 mines per leaf, suggesting an eco-
nomic impact, although this latter was not properly assessed 
(Duso et al. 2013). Insecticides were tested but were not very 
effective to reduce infestations (van Nieukerken et al. 2012). 
Natural enemies, including parasitoids, have been observed, 
but it remains to be seen whether they will be able to control 
the pest in the medium and long term.

Coleoptera

Leaf-mining habits are observed in at least eight coleopteran 
families (Connor and Taverner 1997; Ellis 2018) but inva-
sive species on woody plants have been recorded only in 
the family Curculionidae (weevils) and Buprestidae (jewel 
beetles). In the last decades, a few Palearctic leaf-mining 
weevils were recorded in North America (Table 1), and the 
two most damaging ones are presented below. A European 
buprestid, Trachys minutus L., has recently been recorded 
from Massachusetts, USA, where it does not seem to cause 
damage (Westcott and Murray 2012).

Orchestes steppensis Korotayev, 2016 
(Curculionidae)

The introduction of the Palearctic elm flea weevil in 
North America has been a matter of debates. In the 1980s, 
Orchestes alni (L.) was erroneously reported as present in 
North America, based on incorrect synonymy of O. alni and 
O. testaceus (Müller) and confusion of their host plant asso-
ciations (O’Brien and Wibmer 1982). In fact, these are two 
different species, the first being a European species feeding 
on elm, Ulmus spp., and the second a Holarctic species feed-
ing on alder, Alnus spp. and birch, Betula spp. (Sweeney 
et al. 2012; Pitkin et al. 2018). In 2003, O. alni was re-
documented in North America (Illinois) and re-identified 
as a valid taxon based on beetle morphology and its tropic 
specialization on elms (Anderson et al. 2007). Later on, it 
was recorded as a serious elm pest in more than 20 Ameri-
can states and Canadian provinces, suggesting that it had 
been introduced many years before (Looney et al. 2012; 
Sweeney et al. 2012). However, in 2016, Korotayev (2016) 
described a new species, Orchestes steppensis, feeding on 
elm in Russia, Kazakhstan, Mongolia, and China. Based on 
comparisons with publications on the morphology and biol-
ogy of the elm flea beetle in North America, he stated that 
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these studies refer to O. steppensis, not to O. alni (Korotyaev 
2016). The identity of the invasive species in North America 
was confirmed by DNA barcoding (N. Kirichenko, unpub-
lished data).

In its native range, O steppensis feeds on Siberian elm, 
Ulmus pumila (Korotyaev 2016). In the twentieth century, 
this tree has been extensively traded to North America, first 
to be used as shelterbelts (Wright and Bretz 1949). Then, 
since it is resistant to Dutch elm disease, it was used in 
many breeding projects (Leopold 1980). Thus, it is likely 
that the introduction and spread of the weevil have been 
due to the large-scale movements of the host tree. In North 
America, it is found on various Ulmus spp. (Looney et al. 
2012; Sweeney et al. 2012), but it is particularly damaging to 
U. pumila and hybrid cultivars (Condra et al. 2010). Heavy 
defoliations have been recorded in Utah, Idaho, Washington, 
and some other locations across North America (Looney 
et al. 2012). Most damage is due to the mines that occur very 
early in the year but also to the adults that directly feed on 
the leaves. There is only one generation per year and adults 
overwinter.

No management is presently used against this pest. In 
China, seven unidentified parasitoid species causing signifi-
cant parasitism have been obtained, which opens perspec-
tives for biological control in North America (Li et al. 2017).

Orchestes fagi (Linnaeus 1758) (Curculionidae)

The beech leaf-mining weevil, O. fagi, is a well-known pest 
of European beech, Fagus sylvatica, in Europe, where cyclic 
outbreaks occur (Morris 1993; Pitkin et al. 2018). It was first 
reported on American beech, Fagus grandifolia, in Nova 
Scotia, Canada, in 2012 (Sweeney et al. 2012, 2015). The 
weevil has one generation per year. Adults overwinter in 
the litter or under the bark of trees and lay eggs in the very 
young leaves in spring (Sweeney et al. 2012; Ellis 2018). 
A precise synchronization of emergence and oviposition 
of female beetles with bud burst is crucial because young 
larvae need to feed on very tender leaves. Larvae quickly 
develop a blotch mine and pupate inside it in a globular 
cocoon (Ellis 2018). Adults emerge in late spring. While 
larvae are specific on beech, adults may also feed on other 
plants (Bale and Luff 1978; Sweeney et al. 2012). However, 
in Canada, adults feed almost only on beech (Moise et al. 
2015).

Since very fresh leaves are damaged at the time most pho-
tosynthesis occurs, the impact on trees can be very severe. 
In Europe, where it may occasionally cause considerable 
defoliation (Csóka 2003), tree mortality is rare. However, in 
Eastern Canada, it represents a serious threat to American 
beech, which is already severely affected by the invasion of 
the beech scale, Cryptococcus fagisuga and the associated 
beech bark disease, Nectria coccinea var. faginata (Sweeney 

et al. 2012). In heavily infested areas in Nova Scotia, the 
cumulative mortality of American beech increased dramati-
cally, from 20% in 2014 to 97% in 2016 (Sweeney et al. 
2017).

Since beech is not traded with leaves across continents, it 
is unlikely that the weevil arrived with nursery stock. Rather, 
it most probably travelled as overwintering adults hitch-
hiking in containers or hidden in any kind of commodity. 
Within North America, nursery stock, barked logs, lumber, 
firewood, and bark chips have been cited as potential spread 
pathways (Sweeney et al. 2012; Morrison et al. 2017).

In the absence of authorized insecticide, the manage-
ment of the weevil is not easy. The systemic bioinsecticide 
azadirachtin can be injected to protect highly valuable trees 
but it is not feasible in forest plantations (Sweeney et al. 
2017). A kairomone extracted emitted from beech at the 
time of budburst, deterpene 9-geranyl-p-cymene, increases 
catches of males on sticky traps and may be used to moni-
tor populations (Silk et al. 2017). Several parasitoids have 
been found on O. fagi in Europe (Woodcock and Vanbergen 
2008;Péré et al. 2011), and the most specific ones could 
potentially be introduced in North America to lower pest 
populations and prevent tree mortality.

Diptera

Leaf-mining species are known in at least 14 dipteran fami-
lies (Connor and Taverner 1997; Ellis 2018). Among them, 
the family Agromyzidae is the most important, with a con-
siderable number of species, feeding mainly on herbaceous 
plants (Spencer 1973). Some are global invaders, such as 
Liriomyza sativae (Blanchard), L. trifolii (Burgess), and L. 
huidobrensis (Blanchard). These three species are highly 
polyphagous and have become pests of many agricultural 
and horticultural plants worldwide, either outdoors or on 
protected crops (CABI 2018). In contrast, few dipteran 
leafminers are important pests of woody plants and very 
few have become invasive (Table 1). Exceptions include 
Aulagromyza populicola (Haliday), a Palearctic species that 
appeared on Populus spp. in Eastern Canada in 1956 (Spen-
cer 1973), and Phytomyza ilicis (Curtis), which is described 
in further details below.

Phytomyza ilicis (Curtis 1846) (Agromyzidae)

The holly leafminer, Ph. ilicis, is a tiny fly native to north-
western Europe (Pitkin et al. 2018; Ellis 2018) from where 
it has spread to other European regions (Csóka 2003). It was 
accidently introduced into British Columbia (Canada) and 
Northwest USA in the early twentieth century (Cameron 
1938; Spencer 1976). The insect is monophagous on Ilex 
spp. The main host plant in both native and invaded regions 
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is European holly, Ilex aquifolium, which is largely used as 
ornamental in the coastal region of the Pacific Northwest 
and sold in mass for Christmas decoration (Cameron 1938). 
As such, the most likely pathway of introduction was the 
nursery stock trade that in the early twentieth century was 
poorly regulated. Occasionally, in North America, it can also 
damage American holly, Ilex opaca (Schread 1968).

The fly has only one generation per year. Adults fly in 
early spring and lay eggs individually in the underside of 
the petiole or midrib of a young leaf. Larvae live in a blotch 
mine until March. Although many eggs can be laid in a leaf, 
usually only one larva develops because of high intraspecific 
competition (Spencer 1976; Eber 2004).

In the past, infestation rates were rather heavy, with up 
to 80% of the leaves attacked (Cameron 1938), affecting the 
ornamental and economic value of the shrub (Spencer 1973, 
1976). In the 1930s, five parasitoids were introduced from 
UK to British Columbia. Four species became established, 
and two, Chrysocharis gemma and Opius ilicis, reached high 
parasitism and had a significant impact on the leafminer’s 
population (McLeod 1962). This biological control program 
reduced damage to an acceptable level on ornamental plants 
in parks and gardens but, in commercial nurseries, espe-
cially those producing cut branches, the tolerance thresh-
old is much lower, and thus, insecticides are still regularly 
applied (Dahlsten and Hall 1999).

Hymenoptera

The leaf-mining habit has been observed in four hymenop-
teran families only: Argidae, Blasticotomidae, Pergidae, and 
Tenthredinidae. Leaf-mining sawflies of the family Ten-
thredinidae are the most common ones. They are usually 
specific to one woody plant genus (Hering 1951; Connor 
and Taverner 1997; Ellis 2018). Some are notorious invasive 
species pests (Digweed et al. 2009). In the twentieth cen-
tury, at least seven leaf-mining sawflies of Palearctic origin 
were recorded in the Nearctic (Table 1). The invasion of the 
three most important birch leaf-mining sawflies is described 
below.

Profenusa thomsoni (Konow 1886) (Tenthredinidae)

The ambermarked birch leafminer, P. thomsoni, originates 
from the Palearctic region and occurs from Western Europe 
to China and Japan (Zhelokhovtsev 1994; Pitkin et al. 2018). 
In its native range, it is a rather rare sawfly, mainly found in 
peat bogs (Schönrogge and Altenhofer 1992). It feeds exclu-
sively on birch, Betula spp. Females are parthenogenic, and 
it has only one generation per year in its entire range. Larvae 
develop in blotch mines in late summer. The winter is spent 
as prepupa in a cocoon in the soil (Digweed et al. 1997).

The species was detected in eastern North America in the 
1920s, from where it spread to other Canadian provinces 
and mid-western USA. In the 1970s, it became an important 
pest of ornamental birch, particularly in Alberta (Digweed 
and Langor 2004; MacQuarrie et al. 2007). In 1991, it was 
recorded in Alaska (Snyder et al. 2007). Phylogenetic stud-
ies showed no genetic variation in the invaded locations, 
suggesting a single introduction into North America, possi-
bly via nursery stock and overwintering pupae around plant 
roots (Digweed and Langor 2004; MacQuarrie et al. 2007). 
Further dispersal within the continent was likely through the 
accidental transportation of females from heavily infested 
urban landscapes (Digweed and Langor 2004).

Until the early 1990s, the sawfly was considered as a seri-
ous pest of urban trees. Although it was not killing trees, the 
numerous mines in later summer caused important aesthetic 
damage. It was also regularly defoliating natural stands. 
However, in the 1990s, a parasitoid, previously identified 
as Lathrolestes luteolator and later described as a new spe-
cies, L. thomsoni, suddenly adopted and controlled the pest 
(MacQuarrie 2008; Soper et al. 2015; Digweed et al. 2009). 
The origin of the parasitoid is unknown. It is probably a 
native species that attacks a poorly studied insect although 
an exotic origin cannot be ruled out (Digweed et al. 2009; 
Soper et al. 2015). The parasitoid was introduced from 
Canada to Alaska in 2004-2008 where it contributes to the 
decline of P. thomsoni populations with two other native 
parasitoids (Soper et al. 2015).

Fenusa pumila Leach 1817 (Tenthredinidae)

The birch leafminer, F. pumila, formerly known as Fenusa 
pusilla (Lepeletier), originates from the Palearctic region, 
where it is found from Europe to Japan (Zhelokhovtsev 
1994; Pitkin et al. 2018). In 1923, it was reported from 
northwest USA and at the same time in many New England 
states, suggesting that it had been introduced to America 
long before the date of the discovery (Friend 1933). By 
1980, it had expanded widely throughout Canada (Digweed 
et al. 2009), and in the early 2000s, the species was docu-
mented from Alaska (Snyder et al. 2007). The way through 
which it arrived and spread in North America remains 
unknown but it is likely through movements of nursery stock 
and other human transports (Digweed and Langor 2004).

The sawfly produces two to three generations per year, 
with adults flying from May to September (Digweed et al. 
1997). Mature larvae drop to the ground, build a cocoon 
in the litter, and overwinter as prepupae (Friend 1933). It 
feeds nearly exclusively on birches, Betula spp. (Ellis 2018), 
but in Europe, it is also occasionally found on alder, Alnus 
viridis (Altenhofer 1980). In the Palearctic, it is a common 
leafminer, but is rarely recorded at outbreak densities (Ellis 
2018), in contrast to North America, where damage on birch, 
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in particular B. papyrifera and B. populifolia, can be very 
severe (Digweed et al. 2009). In Canada, the co-occurrence 
of F. pumila and P. thomsoni, the first attacking fresh leaves 
and the second mature leaves, severely and chronically 
affected the ornamental value of urban birch trees during 
several decades (Digweed et al. 2009). Fenusa pumila also 
affected tree growth and health in natural stands but such 
effects have not been quantitatively investigated (Langor 
et al. 2014). Weakened birch trees are susceptible to other 
insects, diseases, or abiotic factors that may result in their 
death.

In the invaded range, F. pumila is attacked by 28 native 
generalist parasitoids but with insignificant impact (Digweed 
1998; Digweed et al. 2009). Therefore, biological control 
programmes were implemented from 1970s to the 2000s in 
USA and Canada. Four parasitoids from Europe were intro-
duced to North America, and two specific larval parasitoids, 
the ichneumonids Lathrolestes nigricollis and Grypocentrus 
albipes, became established (Langor et al. 2000, Casagrande 
et al. 2009). These introductions, in particular those of L. 
nigricollis, resulted in a strong decrease in damage levels 
throughout the introduction range, except in southern New 
England where outbreaks still occur for unclear reasons 
(Casagrande et al. 2009).

Scolioneura betuleti (Klug 1816) (Tenthredinidae)

Scolioneura betuleti is another Palearctic birch sawfly in 
North America. Its introduction is more recent than that of P. 
thomsoni and F. pumila. In 1983, it was detected in Ontario, 
Canada (Digweed and Langor 2004; Snyder et al. 2007). By 
2009, the sawfly was detected in four Canadian provinces: 
Newfoundland and Labrador, Prince Edward Island, Ontario, 
and Alberta (Digweed et al. 2009).

It has the same life cycle as the two preceding species, 
with the prepupa overwintering in a cocoon in the soil. In 
the early literature, this species was considered as bivolt-
ine (Benson 1952). However, in 1980 two putative sibling 
species were recognized: Scolioneura betuleti and S. vicina 
(Altenhofer 1980). They were described as morphologically 
indistinguishable but as having a different phenology, larvae 
of S. vicina developing from mid-May to mid-July, whereas 
those of S. betuleti occur from August to October (Alten-
hofer 1980). They both feed on birches, except that S. betu-
leti can also be found on alder, Alnus viridis. Although the 
invasive populations of S. betuleti were recorded in Canada 
feeding on birches in spring, they were all mentioned as S. 
betuleti (Digweed et al. 2009). Molecular genetic studies 
failed to find genetic divergence between these two sibling 
species (MacQuarrie et al. 2007), suggesting that they could 
be considered as one species (Leppänen et al. 2012). In such 
case, the oldest name S. betuleti should be the valid name.

Although severe defoliations have been occasionally 
observed on ornamental birch, in particular in Alberta, so 
far, damage levels have not reached those observed for P. 
thomsoni and F. pumila (Digweed et al. 2009). Should dam-
age levels increase over time, or should S. betuleti invade 
new, more favorable regions, biological control using para-
sitoids from the Palearctic region could be considered since 
leaf-mining sawflies are known to be attacked by specific 
and highly effective parasitoids, as shown by the successful 
control of F. pumila and P. thomsoni.

Discussion

Pathways of introduction and spread

In invasive insects, pathways of introduction are usually not 
known with precision (Liebhold et al. 2012). In the past, 
transcontinental movements of leafminers most probably 
involved the transport of plants or branches. However, nowa-
days, broadleaved seedlings are usually traded without leaves 
and soil. Thus, the few recent transcontinental introductions 
of leafminers probably occurred through other pathways. For 
example, O. fagi possibly arrived from Europe to Canada as 
adults hidden in containers. Antispila oinophylla may have 
travelled from the USA to Europe as larvae or pupae in cases 
attached to traded plants or on other substrates. However, 
within a continent, spread is much easier and may occur 
in different ways. Firstly, while most adults do not natu-
rally fly very far, spread through air currents should not be 
neglected, especially with microlepidoptera. Adults can also 
be transported by vehicles, especially when they swarm at 
parking places shaded by host trees, as it is the case with C. 
ohridella or Ph. issikii (Gilbert et al. 2004; Šefrová 2003). 
Some species overwinter in dead leaves, which can also be 
transported by vehicles (Gilbert et al. 2004). However, for 
many species the main mean of long-distance dispersal is 
the trade or movement of their host plants. Most invasive 
leafminers attack ornamental plants, and these are usually 
moved within continents without control.

Economic and ecological impact of invasive 
leafminers

Few invasive leafminers of woody plants have had a serious 
impact on the economy. An exception is Ph. citrella that 
has threatened the citrus industry worldwide. Most inva-
sive leafminers attack ornamental plants, and thus, costs 
of control measure and tree replacement are usually borne 
by municipalities and home gardeners. For example, in the 
early 2000s, the control of C. ohridella in Germany cost 
10.0 to 33.8 million € per year. The replacement costs for 
all horse-chestnut trees would be as high as 10.7 billion but 
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this scenario is unrealistic (Reinhardt et al. 2003). It must 
be noted that trees such as horse chestnuts have a high cul-
tural value and their progressive replacement has a social 
impact that cannot be easily measured in monetary values 
(Walter and Binimelis 2009). Some leafminers, such as Ph. 
issikii, may also seriously affect honey production through 
a decrease in nectar production (Ermolaev and Zorin 2011).

Since hardly any invasive leafminers kill their host trees, 
and most attack mainly ornamental trees, their ecological 
impact is probably rather limited. However, O. fagi is a 
notable exception since heavy infestations result in severe 
tree mortality (Sweeney et al. 2017). More studies should 
assess the ecological consequences of beech mortality, 
including through cascading effects on the biodiversity and 
ecosystem functions in beech ecosystems. Permanent out-
breaks of invasive leafminers could also theoretically affect 
the native fauna through indirect interactions, in particular 
through apparent competition via natural enemies. Péré et al. 
(2010a) showed that high populations of C. ohridella had a 
negative influence on populations of native leafminers in 
the immediate vicinity of horse chestnuts but a subsequent 
study failed to show the role of apparent competition through 
shared parasitoids in this effect (Péré et al. 2011).

Recruitment of parasitoids and biological control

Compared to other insect groups, invasive leafminers are 
well adopted by native parasitoids in the introduction range. 
This is due to the fact that the majority of leafminers’ para-
sitoids are usually generalists on leafminers sharing similar 
ecological niches or on taxonomically related hosts. When 
closely related leafminers occur in the introduction range, 
the parasitoid assemblage of the invader becomes quickly as 
furnished as native leafminers, as shown by the introduction 
of Phyllonorycter leucographella and Phyllonorycter pla-
tani Staudinger in the UK (Godfray et al. 1995) or M. rob-
iniella in Europe (Csóka et al. 2009). In some cases, native 
parasitoids are sufficiently effective to maintain an invasive 
leafminer under control. Natural control may happen very 
quickly after invasion, as observed with the leaf-mining 
moth Phyllocnistis vitegenella Clemens, a North Ameri-
can leafminer that invaded vineyards in Europe in the early 
1990s and became quickly controlled by native parasitoids 
(Marchesini et al. 2000). However, it may also happen after 
several decades of severe damage, as with P. thomsoni in 
Canada (Digweed et al. 2009). In other cases, an abundant 
parasitoid complex is not sufficient to control the invader. 
In Central and Western Europe, C. ohridella is attacked by 
dozens of parasitoids without any apparent effect on dam-
age levels (Grabenweger et al. 2010). In North America, 
28 native parasitoid species attack the European Fenusa 
pumila at least occasionally, but control was achieved only 
by the introduction of L. nigricollis, a specialist parasitoid 

from Europe (Digweed et al. 2009). In other cases, when 
no ecologically or taxonomically closely related species 
occurs in the introduction range, the parasitoid complex 
remains poor. For example, in New Zealand, the invasive 
oak leafminer Phyllonorycter messaniella (Zeller) did not 
recruit any native parasitoid because no Phyllonorycter or 
closely related genera occur in New Zealand and no other 
leafminer attacks oak. Control was achieved by introducing 
two parasitoids from Europe that reduced the average levels 
of attack from 40 + mines per leaf to 2.3 mines (Swan 1973). 
Classical biological control has been totally or partially suc-
cessful with a number of invasive leafminers, as described 
in our review. However, its application has become much 
stricter in recent years and only natural enemies that are 
sufficiently specific to prevent nontarget effects on the native 
fauna are now allowed for introduction (Hajek et al. 2016). 
In some leafminers, in particular Gracillariidae, finding spe-
cific parasitoids may be a challenge. In others, for example, 
leaf-mining sawflies, the parasitoid complex is often domi-
nated by specialists. In any case, biological control should 
be considered as an option against invasive leafminers when 
impact is particularly severe, such as O. fagi in Canada.

Overlooked and erroneously identified invasive 
leafminers

From the 12 invasive leafminers described in the review, at 
least five were erroneously identified when they first arrived 
in the introduction range, some being even unknown to sci-
ence. Cameraria ohridella and A. oinophylla were described 
only after they had started invading Europe. Orchestes step-
pensis was two times misidentified when it invaded North 
America, first as the Holarctic O. testaceus and then as the 
European O. alni (Anderson et al. 2007). Profenusa thom-
soni was erroneously identified in North America twice: first 
to a local species, Profenusa alumnata (Benson 1959), and 
then to another invasive birch leafminer, Fenusa pumila, 
(Digweed et al. 2009). The taxonomy of the sawfly S. betu-
leti (or S. vicina) still remains an unsolved matter.

While taxonomic issues are by no means specific to inva-
sive leafminers, these are particularly prone to such confu-
sions because of their miniature size, morphological and 
genetic proximity to congeneric species, and insufficient 
knowledge of their diversity. Accurate species identification 
and a precise knowledge of their native range are essential 
to understand their invasion ecology and develop adequate 
management methods such as biological control. Molecu-
lar tools can help solve taxonomic uncertainties and define 
routes of invasions (Valade et al. 2009; Kirichenko et al. 
2017a) and should be integrated with morphological and 
ecological approaches in invasion ecology.
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Invasive leafminers as models in invasion ecology

No matter their pest status, leafminers are excellent models 
to study biological invasions and test hypotheses in invasion 
ecology. Indeed, leafminers are particularly easy to sample 
and can be identified to morphospecies level based on their 
mines, even when they have left their host plant. Their para-
sitoids are also easily sampled and reared out. Furthermore, 
leafminers are good models for citizen science because they 
can be easily observed and photographed by the general pub-
lic. As an example, during two decades, C. ohridella has 
been used to study routes of invasion and phylogeography 
(Valade et al. 2009; Lees et al. 2011), spread mechanisms 
and spread models (Gilbert et al. 2004, 2005), apparent 
competition and impact on native species (Péré et al. 2010a, 
2010b, 2011), trophic interactions between invasive species 
and native natural enemies (e.g., Girardoz et al. 2007; Gra-
benweger et al. 2005a, b, 2010), and citizen science tech-
niques (Pocock and Evans 2014). Besides, leafminers are 
also commonly used as models by ecologists to study the 
recruitment of herbivores by alien plants (e.g., Kirichenko 
et al. 2013; Kirichenko and Kenis 2016). The potential appli-
cations of leaf-mining insects to invasion ecology should be 
further explored.
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