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uch of invasion biology's conceptual
l\ /I framework rests on Darwinian thought

(Williamson 1996, Ludsin and Wolfe 2001).
An awareness of immigrant species in North America
predates Darwin’s work (Inderjit et al. 2005). Before
Darwin (1859) published his treatise on the origin
of species, entomologists had warned about the
establishment of European plant pests in the New
World, a concern motivated by a desire to protect
agriculture from foreign pests rather than to conserve
native biodiversity. George Marsh, however, was
aware not only of the presence of immigrant insects in
the USA but also other human-induced changes to the
environment. His book Man and Nature (Marsh 1864)
‘revolutionized environmental thought’ (Lowenthal
1990) and presaged the disciplines of conservation
biology and invasion ecology.

Two classic works inspired interest in adventive
species: Elton's (1958) The Ecology of Invasions by
Animals and Plants, which initiated the science of
invasion biology (Parker 2001), and The Genetics of
Colonizing Species (Baker and Stebbins 1965). The
books differ in their emphasis. Elton’s book deals
mainly with faunal history, population ecology, and
conservation. The book Baker and Stebbins edited
stresses evolutionary rather than ecological issues and
does not address the effects of adventive species on
environmental conservation (Davis 2006).

Bates (1956) examined the role of humans as agents
in dispersing organisms ranging from microbes to
vertebrates. He observed that anthropogenic influ-
ences, such as modification of environmental factors
and movement of organisms, offer opportunities for
experimental studies that could contribute to issues
in theoretical ecology and clarify evolutionary mech-
anisms. Invasion biology assumed prominence during
the 1980s (Kolar and Lodge 2001, Davis 2006), receiv-
ing impetus from the Scientific Committee on Problems
of the Environment of the International Council of
Scientific Unions and its early symposia on biological
invasions (Macdonald et al. 1986, Mooney and Drake
1986, Drake et al. 1989). Invasion biology now plays a
central role in biotic conservation, and invasive species
are used as tools for biogeographic, ecological, and evo-
lutionary research (Vitousek et al. 1987, Williamson
1999, Sax et al. 2005, Davis 2006).

An increased mobility of humans and their
commodities, coupled with human-induced habitat
disturbances, enables plants and animals to breach
once insurmountable geographic barriers and become

established in distant lands and waters (Soulé 1990,
Mack et al. 2000, Mooney and Cleland 2001). Human
colonization has increased the geographic scope, fre-
quency, and taxonomic diversity of biotic dispersal (U.S.
Congress 1993, Vitouseket al. 1997, Macket al. 2000).
A global estimate of the number of adventive species,
including microbes, approaches a halfmillion (Pimentel
et al. 2001). The spread of adventive organisms ranks
only behind habitat destruction as the greatest threat
to biodiversity (Wilson 1992, Wilcove et al. 1998).

Invasion biology, featured in both scientific and
popular writings (Simberloff 2004), is fraught with
misconceptions and characterized by polemical writ-
ing, emotionalism, and controversy. Debate continues
over such issues as the patterns and processes affecting
the movement and success of invaders, invasibility
of mainland areas compared to islands, ecological
consequences of invaders, and relative importance
of direct compared to indirect effects on ecosystems.
Should biological invasions be viewed generally as
part of ecological change, and as enriching, rather
than impoverishing biodiversity? Whether all inva-
sions should be considered bad and whether a global
decline in biodiversity necessarily is bad (Lodge 1993b)
depend, in part, on perspective: scientific, or moral and
social (Brown and Sax 2004; ¢f. Cassey et al. 2005).
The extent to which the effects of invaders are tem-
pered over time and current ecological changes resol-
ved through evolution and succession in the new
ecosystems also is uncertain (Daehler and Gordon
1997, Morrison 2002, Strayer et al. 2006).

We cannot treat all facets of a field as diverse and
complex as invasion biology or all cultural, ethical,
historical, management, philosophical, political,
psychological, and socioeconomic aspects of the
invasive-species problem. We treat adventive insects
that are immigrant (not deliberately introduced) or
introduced (deliberately so). Our coverage emphasizes
North America. Examples deal mainly with human-
assisted movement of insects between countries, even
though intracountry changes in range are common
among immigrant taxa (e.g., the glassywinged
sharpshooter (Homalodisca vitripennis) and western
corn rootworm (Diabrotica virgifera) within the USA).
Such range extensions can be as detrimental as those
between countries (Simberloff 2000, McKinney 2005).
We exclude immigrants that arrive on their own by
active flight or passive conveyance on convective
air currents (Southwood 1960), on strong winds
associated with El Nino events (Roque-Albelo and
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Causton 1999), or are able to spread as the
result of global climate change (Burckhardt and
Miihlethaler 2003, Musolin and Fujisaki 2006,
Musolin 2007).

TERMINOLOGY

Invasion ecology’s status and public appeal is due partly
to its emotive and militaristic language, including the
words alien, exotic, and invader (Colautti and Maclsaac
2004, Larson 2005, Coates 2006). An emphasis on
‘headline invaders’ (Davis et al. 2001) also has con-
tributed to the discipline’s prominence. Elton (1958)
did not define the terms invader and invasion, which
permeate the literature on invasive species (Richard-
son et al. 2000, Rejmanek et al. 2002). Terms relat-
ing to the concept of ‘not native’ are used inter-
changeably, even though they are not strictly syn-
onymous (Simberloff 1997, Mack et al. 2000, Sax et al.
2005); nonnative species are designated as adventive,
alien, exotic, immigrant, or introduced, sometimes
in the same paper (e.g., Sailer 1978, Devine 1998,
Clout 1999). Newcomer, a more neutral term than
invader, has gained some recent favor (Coates 2006,
Acorn 2007). The term neozoa is used mainly in
the European literature to refer to nonnative animals
intentionally or unintentionally introduced since 1492
(Occhipinti-Ambrogi and Galil 2004, Rabitsch and
Essl 2006).

Entomologists have not been as involved as botanists
and plant ecologists in trying to clarify terminology.
Zimmerman (1948) categorized insects not native to
Hawaii as either ‘immigrant’, unintentionally brought
in by humans, or ‘introduced’, for instance, for biologi-
cal control. Frank and McCoy (1990) similarly reserved
introduced for species deliberately introduced, and used
immigrant for hitchhikers and stowaways, as well as
species that disperse under their own power. Atkin-
son and Peck (1994), however, regarded bark beetles
that have colonized southern Florida by natural dis-
persal — immigrant according to Frank and McCoy's
(1990) terminology — asnative. It can be impossible to
determine if the arrival of even clearly adventive species
involved deliberate human intervention (Simberloff
1997). Certain predators and parasitoids introduced
for biocontrol were already established, but undetected,
as immigrants at the time of their release (Frick 1964,
Turnbull 1979, 1980).

We distinguish adventive taxa as either immigrant
or introduced (Frank and McCoy 1990, 1995b; Frank
2002), and follow Cowie and Robinson (2003) by
using vector to refer to the vehicle or mechanism that
transports a species and pathway for the activity or
purpose by which a species is introduced (cf. Carlton
and Ruiz 2005). Table 21.1 gives definitions of these
and other key terms used herein.

DISTRIBUTIONAL STATUS: NATIVE
OR ADVENTIVE?

Immigrant insects typically are associated with dis-
turbed habitats but can be found in relatively pristine
communities and in isolated areas (Wheeler 1999,
Klimaszewski et al. 2002, Gaston et al. 2003). Whether
a species should be considered native or adventive
can be problematic (Claassen 1933, Buckland 1988,
Whitehead and Wheeler 1990, Woods and Moriarty
2001). An apparentimmigrant of restricted geographic
range in its area of invasion poses a conservation
dilemma if eradication of the potentially ecologically
disruptive species is considered; an effort to resolve dis-
tributional status should be made before any attempt
is made to eliminate what actually might be a rare
precinctive (‘endemic’) species (Deyrup 2007).
Distributional status is particularly difficult to
evaluate in the case of vertebrate ectoparasites, pests of
stored products, certain ants, cockroaches, and other
cosmopolitan insect groups (Buckland etal. 1995,
McGlynn 1999, Kenis 2005). By the late eighteenth
century, the honeybee (Apis mellifera) had become so
common in the USA that it appeared to be native to
the New World (Sheppard 1989). The distributional
status — native or immigrant — of major North
American pests (Webster 1892), such as the Hessian
fly (Mayetiola destructor) (Riley 1888, Pauly 2002), as
well a species officially listed as endangered in the UK
(Samways 1994), remains in doubt. Certain insects
once thought to be Holarctic likely are immigrant
in North America (Turnbull 1979, 1980; Wheeler
and Henry 1992). Certain immigrant insects have
been thought initially to represent new species
(e.g., Thomas et al. 2003) or have been described as
new. Thus, a species is not necessarily native to the
continent or island from which it was described (Cox
and Williams 1981, Green 1984, Gagné 1995). The
status of certain insects described from North America
can be immigrant, the species being conspecific with

—p—


SReznik
Highlight

SReznik
Highlight


—p—

478 Alfred G. Wheeler, Jr. and E. Richard Hoebeke

Table 21.1 Some key terms as used in this chapter.

Term Definition Comments

Adventive Not native (adj.) More neutral term than alien or exotic, encompassing
both immigrant and introduced species (Frank and
McCoy 1990); in botanical literature, can refer to
nonnative species only temporarily established
(Novak and Mack 2001)

Immigrant Nonnative species not deliberately or Accidentally or unintentionally introduced (Sailer
intentionally introduced (n.); pertaining to 1978, McNeely et al. 2001); includes species
species not deliberately introduced (adj.) arriving on their own (Frank and McCoy 1990; ¢f.

Atkinson and Peck 1994): ‘true immigrants’ (sensu
Simberloff 2003)

Introduced Pertaining to nonnative species deliberately or  Sometimes used broadly to refer to all nonnative
intentionally introduced (adj.) species (e.g., Simberloff 2003)

Invasive Pertaining to species that cause Variously defined term and subjective, value-based
socioeconomic or environmental damage measurement (Hattingh 2001, Ricciardi and Cohen
or impair human health (adj.) 2007); sometimes applied to any nonnative species

Pathway Purpose or activity for which adventive species Follows Cowie and Robinson (2003); for alternative
are introduced, either intentionally or uses, see Richardson et al. (2003), Carlton and Ruiz
unintentionally (n.) (2005)

Precinctive Pertaining to a native species known from no More restrictive term than indigenous; often misused
other area (adj.) for endemic (Frank and McCoy 1990)

Vector Mechanism or vehicle (physical agent) by Follows Cowie and Robinson (2003), Ruiz and Carlton

which adventive species are transported (n.)

(2003); ‘pathway’ often is used to refer to both
pathways and vectors (Carlton and Ruiz 2005)

previously described Old World species (Wood 1975,
Wheeler and Henry 1992, Booth and Gullan 2006).
Certain Eurasian species in North America should
be regarded as native to the Pacific Northwest but
immigrant in the Northeast (Lindroth 1957, Turnbull
1980, Sailer 1983). An anthocorid bug (Anthocoris
nemoralis), apparently immigrant in the Northeast,
was introduced for biological control in western North
America (Horton et al. 2004).

Lindroth (1957) discussed historical, geographic,
ecological, biological, and taxonomic criteria useful in
evaluating distributional status. His criteria are par-
ticularly appropriate for the North Atlantic region
(Sadler and Skidmore 1995), including Newfound-
land, Canada, which has received numerous western
Palearctic insects, often via ships’ ballast (Lindroth
1957, Wheeler and Hoebeke 2001, Wheeler et al.
2006). Certain species likely are immigrant in North
America even though they do not meet any of Lin-
droth’s (1957) criteria of immigrant status (Turnbull
1979). The ten criteria used to assess the distributional
status of a marine crustacean (Chapman and Carl-
ton 1991) are also appropriate for terrestrial insects.
The accuracy of criteria used to resolve distributional

status depends on how well the bionomics of the insects
in question are known (Turnbull 1980). To address
long-standing questions about the origin of certain
immigrant pests (Howard 1894), molecular evidence
can be used to identify the geographic sources of adven-
tive insects and, in some cases, to detect overlapping
or sequential invasions (e.g., Tsutsui et al. 2001, Miller
et al. 2005, Austin et al. 2006).

Biogeographers and ecologists often consider a
species native if information is insufficient to resolve its
distributional status but do so with unwarranted confi-
dence (Carlton 1996). Whitehead and Wheeler (1990)
suggested the opposite approach: when in doubt,
consider the species adventive (‘nonindigenous’). The
term cryptogenic refers to species that demonstrably are
neither native nor adventive (Carlton 1996).

EARLY HISTORY OF ADVENTIVE
INSECTS IN NORTH AMERICA

Other organisms accompanied Homo sapiens during
each major invasion: from Africa, where humans
apparently evolved, to Eurasia; thence to Australia,
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the Americas, and, eventually, to the far reaches of
the Pacific (McNeely 2001b, 2005). Lice might have
been the first insects to have been transported (Laird
1984). As early as the ninth century, the Norse
colonists were responsible for the establishment of
European insects in Greenland (Sadler 1991). Insects
likely arrived in the New World with landfall by Colum-
bus, who ‘mixed, mingled, jumbled, and homogenized
the biota of our planet’ (Crosby 1994). Insects probably
arrived in North America with the Mayflower’s landing
in 1620 and continued to enter with every ship that
brought additional people and supplies from Europe
(Sailer 1978, 1983). Earlier, the house fly (Musca
domestica) might have been brought to tropical lati-
tudes of the Western Hemisphere via canoe or raft by
pre-Columbian inhabitants of Central or South Amer-
ica (Legner and McCoy 1966). Outside North America,
the Polynesians who colonized Hawaii in prehistoric
times might have brought with them a few insects,
such as vertebrate ectoparasites, the house fly, and a
cockroach (Balta similis) (Gagné and Christensen 1985,
Beardsley 1991).

Early-arriving insects in the USA and elsewhere
mostly were those that could survive a several-month
sea voyage under adverse physical conditions: asso-
ciates of stored products, ectoparasites and blood suck-
ers of humans and their livestock, inhabitants of their
excrement, and soil dwellers in dry ballast brought
aboard sailing ships (Lindroth 1957, Sailer 1978,
Turnbull 1979, Buckland et al. 1995). For many other
insect groups, long sea voyages functioned as inadver-
tent quarantines years before formal quarantines were
adopted (Gibbs 1986).

Among early immigrants in the Northeast were the
bed bug (Cimex lectularius), head (and body) louse
(Pediculus humanus), and oriental cockroach (Blatta
orientalis) (Sasscer 1940, Sailer 1978, 1983). Pestifer-
ousness of the stable fly (Stomoxys calcitrans) perhapsled
to hasty adoption of the Declaration of Independence
(Kingsolver etal. 1987). Crop pests generally were
not among the early arrivals (Sailer 1978), although
archaeological evidence has shown that certain pests
were present much earlier than once thought (Bain and
LeSage 1998). On the West Coast, where eighteenth-
century agriculture was limited to Spanish missions
in southern California, various weevils entered with
food and seed cereals. Livestock ships brought several
species of muscoid flies to California; fur, hide, tallow,
and whaling ships allowed additional stored-product
insects to enter (Dethier 1976).

Thirteen immigrant insects apparently became
established in the USA by 1800 (McGregor etal.
1973), with the total of adventive species about 30
(Sailer 1983); Simberloff’s (1986) total of 36 appears
to include the mite species noted by Sailer. Numerous
other immigrant insects, common in England but not
detected in North America until after 1800, probably
were present by the eighteenth century (Sasscer 1940,
Sailer 1983). Even with establishment of European
plant pests such as the codling moth (Cydia pomonella),
Hessian fly (Mayetiola destructor), oystershell scale
(Lepidosaphes ulmi), and pear sawfly (Caliroa cerasi),
neither native nor immigrant insects were particularly
problematic in the Northeast before 1800 (Dethier
1976, Sailer 1978, 1983). Pest outbreaks did occur,
and cessation of burning by the Native Americans
favored additional problems from insects (Cronon
1983). Yet, crops in the American colonies mostly
were free from the insects that plague modern
agriculture (Popham and Hall 1958). The minimal
damage from insects was due partly to a lack of
extensive and intensive crop production and scarcity
of immigrant pests; damage might have been greater
because some crop losses went unrecognized (Davis
1952). Drought, however, was the main enemy of
colonial farmers (Dethier 1976). Before the nineteenth
century, soil exhaustion and limiting socioeconomic
conditions also remained more important than insects
as deterrents to agriculture (Barnes 1988).

The subsistence-level agriculture of early European
settlers, and their cultivation of crops such as corn
and squash, did little to disrupt evolutionary relation-
ships between plants and insects (Dethier 1976, Barnes
1988). Increasingly, however, insects emerged as con-
sistent agricultural pests. It is not true, as a politician
in a Western state contended, that the USA lacked
destructive insects until the country had entomologists
(Webster 1892).

Increasing trade with Europe, more rapid means
of transportation, planting of additional European
crops, and expanding crop acreages favored the
arrival and establishment of new insects from Europe.
As humans altered ancient relationships between
plants and insects, they unwittingly ushered in an
era of immigrant pests (Dethier 1976). In roughly
200 years, a ‘new ecology’ had been created, setting
the stage for damage by native insects and the entry
of additional European species (Barnes 1988). The
slow accumulation of immigrant insects, lasting
until about 1860 (Sailer 1978), gave way to a
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‘continuous, persistent procession’ of immigrants
(Herrick 1929).

NUMBERS, TAXONOMIC
COMPOSITION, AND GEOGRAPHIC
ORIGINS OF ADVENTIVE INSECTS

No continent or island is immune to invasion by immi-
grant organisms. Changes in transport technology and
types of commodities transported have affected the pre-
dominance of certain groups of insects at different time
periods in every world region. Our discussion of the
immigrant insect fauna will emphasize the 48 con-
tiguous U.S. states, a principal focus of Sailer’s (1978,
1983) seminal work. The specific composition of the
U.S. adventive insect fauna is influenced not only by
changesin pathways, vectors, and trade routes, but also
by the kinds of natural enemies imported for biocon-
trol, availability of taxonomists who can identify insects
in particular families, taxonomic bias in the kinds of
insects collected in detection surveys, and changes in
quarantine-inspection procedures.

Faunal lists are important but labor intensive and
time consuming; thus, few, up-to-date, comprehen-
sive inventories or databases of immigrant insects exist
for most world regions. Lists of adventive taxa, how-
ever, allow an analysis of the numbers of established
species, systematic composition of the most successful
groups, and geographic origins, as well as comparisons
among biogeographicregions. From data on immigrant
insect faunas, we focus on selected countries on differ-
ent continents, oceanic islands or atolls, and several
agriculturally important U.S. states (Table 21.2). The
immigrant insect fauna of the USA is one of the best
studied and most thoroughly documented (McGregor
etal. 1973, Sailer 1978, 1983). Of more than 3500
species of adventive arthropods that reside in the conti-
nental USA (Frank and McCoy 1992), more than 2000
insect species are established, representing about 2—3%
of the insect fauna (U.S. Congress 1993).

Sailer's (1978, 1983) analysis revealed several
major trends among adventive insects in the U.S. fauna.
The ubiquitous use of dry ballast during the era of early
sailing ships (seventeenth to early nineteenth century)
was responsible for an early dominance of Coleoptera.
At British ports, beetles and ground-dwelling bugs
were common in dry ballast (Lindroth 1957). After the
Civil War, Homoptera and Heteroptera arrived with
nursery stock and other plant material from western

Europe. Sailer (1978) determined that homopterans
contributed the largest number of adventive species,
but in his later analysis, hymenopterans, with approxi-
mately 390 species (23%), predominated (Sailer 1983).
The introduction of numerous parasitic wasps to help
control adventive pest arthropods and weeds was
thought responsible for the disproportionate increase
in hymenopterans. Next in abundance of species
were the Coleoptera (372), Homoptera (345), Lepi-
doptera (134), and Diptera (95). Immigrant arthro-
pods in the USA originate mainly from the western
Palearctic (66.2%), followed by the Neotropical
(14.3%), and eastern Palearctic and Oriental Regions
(13.8%) (Sailer 1983).

Florida has the highest percentage of adventive
insects in the conterminous USA (only Hawaii has
a higher percentage); about 1000 such species are
established, representing about 8% of Florida's insect
fauna (Frank and McCoy 1995a). Whereas many of the
species entered with commerce (e.g., as stowaways in
plant material), others arrived by aerial dispersal from
Caribbean islands (Cox 1999). Although Floridian
immigrants originate from many world regions, they
arrive mainly from the Neotropics and Asia.

Beetles were best represented (~26%) among the
271 species of immigrant insects newly recorded from
Florida from 1970 to 1989. Coleoptera were followed
by Lepidoptera (~19%), Hymenoptera (~15%), and
Homoptera (~13%) (Frank and McCoy 1992). A simi-
lar study in Florida for 1986 to 2000 listed 150 adven-
tive insects (Thomas 2006). Unlike Frank and McCoy's
(1992) study, Homoptera contributed the largest num-
ber of species (~35%), followed by Coleoptera (~26%).
The proportion of Coleoptera was similar, but that of
Homoptera increased substantially (~13% to ~35%),
while that of Lepidoptera declined (~19% to ~3%).
From 1970 to 1989 the majority of immigrant species
in Florida arrived from the Neotropics (~65%) (Frank
and McCoy 1992). In contrast, from 1986 to 2000,
the number of Asian immigrants increased substan-
tially (~50%) (Thomas 2006). Between 1994 and
2000, the number of quarantine pest interceptions
at Florida ports of entry increased by 162% (Klassen
etal. 2002).

Immigrant insects have a long history of crop dam-
age in California, another important agricultural state.
Between 1955 and 1988, infestations of 208 immi-
grant invertebrates were discovered. Homoptera, fol-
lowed by Coleoptera and Lepidoptera, made up the
greatest number of insects; the majority originated

—p—



"Shjels [njignop Jo asoy) pue seioads (ualle,) Jueibiwwi sepnjou] .

‘S|ge|ieAe 10N

(%G°G¥) eieydopiden
(%G°9t) ese3dos|0D spueys|
G961 ‘096 | oebp|oH (%2°98) ese)diweH N %€°GG Z8 2st ByunD ep uelsy|
(Ajuo
(2661-8861) "MA/dds /| ei91dos|0D)
/66| HEM PUE DISMaZSEWI|)| VN (2861-0561) 4A/-dds p| %79 95¢e 6.5'S puejesz meN
(%ev1) erodig
900z ‘e 1 (9%0°t2) ese3dos|00 spuejs|
uolsned ‘ge6 1L [e 10 Yo9d (%G°Ge) eserdiwaH (¥002-9661) "1A/-dds /°0g %ET €9¥ €Lo‘e~ sobedelen
(%€2 1) eserdopiden
G66 | IUBlIY pue (%8 2) eseydowo
OJOWLIO| {L00Z ‘866 | IUENIIY (%02¢) ese3dos|0) (5661-G¥61) "1A/dds Oy %.'6 782 262'6¢ uedep
(9% 2) eserdopiden
500z ‘[e 1 Hezzi|jed ‘2661 (%z2]1) eierdos|o
BJUON E|le@ Pue Lezz||lod (%19) eteydowon (5661-5261) WA/dds 0y VN 29l VN Ay
5002 "[e 1° yws (%9°2) eierdos|00
‘986 UMOIg puE UOSWEI||IA\ (%G1 1) eseydowoH (#002-0.61) "1A/-dds g1 %G1 Gee €e8'le urejg yeain
(%9°0) e403dOpIdeT]
900z Iss3 pue yosHgey (%1 }) eeydosjo) VN %G L~ cle ovL'el~ euisny
966 | ©6paIp|3
pue oI\ ‘8661 ‘266
‘G661 J2]lIN PuE 96pa.p|3
7661 BPIUSIN ‘066 - (%¥°e¥) esordowon (9/61-2961) 4A/dds |'g|
UHeMOH ‘9861 Housquils (%€ ) BrO1dIg (1961-2€61) WA/ dds G|
1661 ‘6261 ‘296 Ao|spieag (%6°82) eseydouesAy (5e61-2161) WA/ dds pgL %2e~ 8652 8662 IremeH
1661 ‘e (%¢91) eseydowo (s0861) 4A/dds 0'z1
ueld ‘qg66 1 AoDo pue (%617¢) eseydopide (soz61) A/dds 272
Yueld ‘266 | A0DON pue yueiq (%g¢g) eao3dos|on (1661-1261) WA/ dds 6721 %01-9°L Sv6 0052k epLo|4
(%61 1) eJeydopide
6861 D pue |emoQ (%02 1) ese3dos|0D
‘6,61 @nBOH pue |[emod (%2°¢¢) eseydowo (8861-5561) "MA/dds |'9 %L 802 00082~ ejuioylied
1002
dded ‘000z #oUIY ‘€661 (%1 2) eseydopidsT
ssalbuoD SN ‘€861 JolleS (%€°02) ese3dos|0D (2861-0.61) WA/ dds g'9 vsn
‘€86 | Jo|9BYA\ PUE 9X8Q80H (%G°02) ese1dowon (0861-0161) WA/ dds o L L %Ee-C 000°2< 00006~ snouluLIRu0Y
2oua.19joy (1exol j0 %) uono9laq uonisodwod so10adsg sal10adsg eaay
sjuelBiww] }so Jenuuy jo ajey |eyol jo juesBiuwg paquasaqg o1ydeaboan
YyHm siapio pajewiysgy abejuasiad JO JaquinN JO JaquinN

‘seare orydeagood pajooes Jo BUNE] J09sUI 9ATIUIAPE O], 2" L2 @lqel

481



—p—

482 Alfred G. Wheeler, Jr. and E. Richard Hoebeke

from other regions of North America, followed by the
Pacific Region and Europe. Since 1980, the immigra-
tion rate from Asia, Australia, Europe, and the Pacific
Region increased, especially in Diptera, Hymenoptera,
and Homoptera (Dowell and Gill 1989). R.V. Dowell
(California Department of Food and Agriculture, Sacra-
mento; cited by Metcalf 1995) compiled a partial list of
adventive insects (460 species) established in California
between 1600 and 1994.

Hawaii is the most invaded region of the USA be-
cause of its particular geography, climate, and
history. Approximately 350-400 insects (‘original
immigrants’) colonized the islands before human
settlement, probably arriving by ocean or air currents
(U.S. Congress 1993). Commerce with the outside
world followed the European discovery of the Hawaiian
Islands, which allowed additional immigrant insects
to enter. Nearly 4600 adventive species have become
established, more than half (>2500) of which are
arthropods (Nishida 1994, Miller and Eldredge 1996,
Eldredge and Miller 1998). More than 98% of pest
arthropods are immigrant (Beardsley 1993), and
28% of all Hawaiian insects are adventive (Simberloff
1986), including the entire aphid and ant faunas
(Holway etal. 2002, Krushelnycky etal. 2005,
Mondor etal. 2007). The rate of establishment of
adventive species remains high: an average of 18
new insect species annually from 1937 to 1987
(Beardsley 1979). Since 1965, about 500 immigrant
arthropods have become established in the Hawaiian
Islands, an annual rate of about 20 species (Beardsley
1979, 1991). With many immigrant pests having
become established in Hawaii over the past century,
classical biocontrol has been much used (Funasaki
etal. 1988).

Canada also is home to numerous adventive
insects, with the immigrants of British Columbia,
Newfoundland, and Nova Scotia best known. Turnbull
(1980) listed 155 immigrant insects in Canada,
including human ectoparasites and species associated
with dwellings, stored products, cultivated crops and
forest trees, and domesticated animals. The Canadian
fauna also includes more than 300 species introduced
for biological control (Turnbull 1980). The Coleoptera
and Hemiptera are reasonably well known in Canada,
with recent checklists available for both groups. Of the
nearly 7500 coleopteran species recorded in Canada
(including Alaska), 469 are considered immigrant
(‘introduced’) in North America (6.2% of the total)
(Bousquet 1991). More than 300 species of adventive

Hemiptera have been documented in Canada (and
Alaska), representing approximately 7.7% of the
nearly 3900 species (Maw et al. 2000); 81 adventive
heteropterans, mainly from the western Palearctic, are
known from Canada (Scudder and Foottit 2006).

Gillespie's (2001) review of adventive insects detec-
ted in British Columbia from the late 1950s to 2000
included information on immigrant lepidopterans
such as the codling moth (Cydia pomonella), gypsy
moth (Lymantria dispar), oriental fruit moth (Grapholita
molesta), and winter moth (Operophtera brumata).
Among the 48 immigrant lepidopterans are 19 species
of Tortricidae (Gillespie and Gillespie 1982). The
adventive fauna of British Columbia also includes 42
leathopper (cicadellid) species (9%) (Maw et al. 2000),
32 plant bug (mirid) species (9%) (Scudder and Foottit
2006), and 10 orthopteroid species (8%) (Scudder and
Kevan 1984).

The immigrant fauna of Newfoundland and Nova
Scotia has received considerable attention (e.g., Brown
1940, 1950, 1967, Lindroth 1957, Morris 1983).
Recent collecting has yielded numerous additional
immigrants (e.g., Hoebeke and Wheeler 1996, Majka
and Klimaszewski 2004, Wheeler and Hoebeke 2005,
Wheeler et al. 2006).

Of 325 adventive invertebrate plant pests that
became established in Great Britain from 1787 to
2004, nearly half the species (48.6%) have been
recorded since 1970 (Smith et al. 2005). Homopterans
(37.1%) and lepidopterans (31.3%) dominate. Of the
adventive plant pests, 19% originated from Europe;
since 1970, 35.6% of the species originated from
continental Europe, 20.3% from North America, and
13.6% from Asia.

Atleast 500 adventive animal species (~1% of entire
fauna) have become established in Austria since 1492
(Essl and Rabitsch 2002, Rabitsch and Essl 2006). The
majority (60%) are insects, with Coleoptera and Lepi-
doptera best represented. About 30% of the Coleoptera
are Palearctic (mostly Mediterranean), 23% Oriental,
18% Neotropical, and 7% Nearctic. Nearly 33% of the
Lepidoptera originated from the Palearctic, 22% from
the Nearctic, 19% from the Oriental, and 10% from
the Neotropical Region. The Asian longhorned beetle
(Anoplophora glabripennis; from China) and western
corn rootworm (Diabrotica virgifera; from North
America) are notable coleopterans detected since
2000.

Insects are the most numerous of all adventive organ-
isms in Switzerland; at least 306 species have become
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established via human activities (Kenis 2005). Much of
this fauna is Mediterranean, although large numbers of
tropical or subtropical insects are found in greenhouses
(thrips and whiteflies) or are associated with stored
products (beetles and moths). Adventive Coleoptera
comprise more than 120 species (~40% of the total
adventive insect fauna), including the North Ameri-
can Colorado potato beetle (Leptinotarsa decemlineata)
and western corn rootworm. Fewer than 20 species
of adventive Diptera are established in Switzerland
(Kenis 2005).

Of insects documented for the Japanese islands,
239 species (0.8%) were considered adventive by
Morimoto and Kiritani (1995), but Kiritani (1998)
noted that 260 adventives (‘exotic species’) had been
‘introduced’ since 1868. Kiritani and Yamamura
(2003) increased the number of adventive insect
species known from Japan to 415. Coleoptera
(31.2%), Homoptera (25.8%), Hymenoptera (11.2%),
and Lepidoptera (12.3%) have the largest number
of adventive species. Approximately 76% of the
immigrant insects are considered pests, whereas
only 8% of native Japanese insects are pestiferous
(Morimoto and Kiritani 1995). Although the
southern islands represent only 1.2% of Japan's
land area, about 40% of all immigrant species
first became established in these islands (Kiritani
1998).

More than 2000 invertebrate species (mostly insects)
in New Zealand are adventive (Brockerhoff and Bain
2000). The ant fauna consists of 28 immigrant and 11
native species (Ward et al. 2006). Several important
pests of exotic trees have become widely established
(Scott 1984, Charles 1998); additional, potentially
important, species are routinely intercepted at ports
of entry (Bain 1977, Keall 1981, Ridley et al. 2000).
More than 350 adventive beetle species are known
from New Zealand (Klimaszewski and Watt 1997).
A recent survey for adventive beetles that attack trees
or shrubs in New Zealand yielded 51 immigrants in 12
families, most of which were of Australian (58%) and
European (25%) origin (Brockerhoff and Bain 2000).
Hoare (2001) reported 27 lepidopteran species new
to New Zealand since 1988; the majority (67%) repre-
sented migrants from Australia, whereas certain others
arrived via commerce with Asia or Europe.

Theextentofthe Australian insect fauna and number
ofadventive species is unknown (New 1994). Although
the Australian Academy of Science estimated that
more than 2000 adventive species are established, the

actual number might be much greater (Low 2002).
More than half the insect orders include an adventive
component (New 1994). In the Aphididae, about 80%
of some 150 species are immigrant (New 2005Db).
Adventive insects are most diverse and have had
greatest impact in areas most strongly influenced by
European settlement (‘cultural steppe’) (Matthews and
Kitching 1984, New 1994).

Analyses and lists of the adventive insects in other
countries, islands, and regions include those for
Central Europe (Kowarik 2003), France (Martinez
and Malausa 1999), Germany (Geiter etal. 2002),
Israel (Bytinski-Salz 1966, Roll etal. 2007), Italy
(Pellizzari and Dalla Monta 1997, Pellizzari et al.
2005), Kenya (Kedera and Kuria 2003), the
Netherlands (van Lenteren etal. 1987), Serbia and
Montenegro (Glavendeki¢ etal. 2005), southern
oceanic islands (Chown etal. 1998), Spain (Perez
Moreno 1999), Tristan da Cunha (Holdgate 1960),
and Venezuela (MARN 2001). The U.S. Department
of Agriculture’s National Agricultural Library created
the National Invasive Species Information Center
in 2005; its Web site (http://www.invasivespecies
info.gov/about.shtml) provides access to sites that
contain data on immigrant insects of additional
countries and regions.

EFFECTS OF ADVENTIVE INSECTS

Early concerns about the consequences of immigrant
insects in the USA involved agriculture and losses to
crop production. Direct effects from ectoparasitic and
blood-sucking insects would have been apparent to the
colonists, but they likely gave no thought to whether
the offending species were native. Arthropod-borne
diseases were endemic in the colonies from New Eng-
land to Georgia (Duffy 1953, McNeill 1976, Adler
and Wills 2003), and an outbreak of yellow fever in
Philadelphia in 1793 was attributed to trade with the
West Indies (Inderjit et al. 2005). However, the demon-
stration that mosquitoes and certain other arthro-
pods transmit the causal organisms of major human
diseases was not forthcoming until the late nine-
teenth or early twentieth century (Mullen and Durden
2002).

Every organism that colonizes a new area can
affect native communities and ecosystems (Smith
1933, Lodge 1993a). Most immigrant insects, other
than several widespread species of mosquitoes, are
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terrestrial. Additional immigrant aquatic groups
include chironomid midges (Hribar etal. 2008),
corixid bugs (Polhemus and Rutter 1997, Polhemus
and Golia 2006, Rabitsch 2008), and perhaps a black
fly in the Galapagos (Roque-Abelo and Causton 1999).

Not all adventive species produce quick and dra-
matic effects on native ecosystems (Richardson 2005).
Many immigrant insects produce minimal or no observ-
able effects (Williamson 1996, Majka etal. 2006)
and may never become problematic; they seemingly
become integrated into novel communities as benign
or innocuous members of the fauna (Turnbull 1967,
Sailer 1978). Although certain immigrants undergo
rapid spread, for example, the leucaena psyllid (Het-
eropsylla cubana) (Beardsley 1991) and erythrina gall
wasp (Quadrastichus erythrinae) (Li et al. 2006), others
remain localized. An oak leaf-mining moth (Phyllono-
rycter messaniella) has spread little in Australia since
being detected in 1976 and remained innocuous with
only occasional outbreaks (New 1994 ). Two immigrant
webspinners (Embiidina) in Australia (New 1994),
immigrant beetles in Switzerland in decaying plant
material and litter (Kenis 2005), scavenging microlepi-
dopterans in the western USA (Powell 1964), and
mostimmigrant psocopteransin North America (Mock-
ford 1993) likely will remain innocuous and obscure.
Some immigrants of cryptic habits remain rarely col-
lected years after their detection, for example, two
Palearctic heteropterans in North America: a lace bug
(Kalama tricornis) (Parshley 1916, Bailey 1951) and
leptopodid (Patapius spinosus) (Usinger 1941, Lattin
2002). Three immigrant heteropterans (rhyparochro-
mid lygaeoids) that feed on fallen seeds likely would
have been predicted to be little-known additions to
the fauna of western North America. Instead, these
immigrant bugs attracted media attention when they
invaded homes, libraries, schools, and businesses, cre-
ating anxiety, affecting local economies, and necessi-
tating control measures (Henry and Adamski 1998,
Henry 2004). An immigrant thrips (Cartomothrips
sp.) in California (Arnaud 1983) would have been
expected to remain an obscure faunal addition, but
it has been said (without evidence, except that it
probably feeds on fungi in decaying vegetation) to
have potential for affecting ecosystem processes such
as decomposition and nutrient cycling (Mooney et al.
1986). Labeling most adventive insects as ‘innocu-
ous’, however, should be done with caution because
their potential for adverse effects might never have been
investigated (National Research Council 2002). Studies

of immigrant herbivores typically involve their effects
on economically important plants rather than possi-
ble injury to native species (e.g., Messing et al. 2007).
In addition, extended lag times between establishment
and explosive population growth are relatively com-
mon (Carey 1996, Crooks and Soulé 1999, Loope and
Howarth 2003), and competitive exclusion on conti-
nental land masses might not take place for long periods
(New 1993).

The environmental effects of invasive species some-
times are thought to have received substantial attention
only in the twentieth century, mainly after Elton's
(1958) book appeared. Yet, Marsh’s (1864) book,
stressing global anthropogenic disturbances, often is
overlooked by current conservationists and invasion
biologists. In discussing civilization’s effects on the
insect fauna of Ohio, Webster (1897) noted vegeta-
tional changes such as the reduction of forested areas,
apparent disappearance of some native insects, and
establishment of European insects. He did not, however,
suggest that adventive insects cause environmental
changes. We now know that diverse systems are as
vulnerable to invasion as those of low diversity, per-
haps more so (Levine 2000, D’Antonio et al. 2001;
¢f. Altieri and Nicholls 2002 with respect to agroe-
cosystems); that in some cases, invasive species drive
global environmental change (Didham et al. 2005; cf.
MacDougall and Turkington 2005); and that biotic
mixing can involve the introduction of alien alleles and
genotypes (Petit 2004).

According to the ‘tens rule’ (Williamson 1996,
Williamson and Fitter 1996), about 10% of the
invaders become established, and about 10% of the
established species become pests. The rule, despite its
statistical regularity, involves considerable variability
(Williamson and Fitter 1996, White 1998); it should
be considered a working hypothesis (Ehler 1998)
and perhaps disregarded for predictive purposes
(Suarez et al. 2005). Immigrant insects can become
pestiferous at rates almost ten times higher than for
native species (Kiritani 2001). Despite impending
homogenization of our biota, immigrants are not
uniformly dispersed and, as might be predicted, show
less cosmopolitanism than plant pathogens (Ezcurra
etal. 1978). Even so, immigrant species essentially
are everywhere: national parks, nature reserves, and
relatively pristine communities (Macdonald et al.
1989, Cole etal. 1992, Pysek etal. 2003), as well
as boreal areas (Simberloff 2004) and Antarctica
(Block etal. 1984, Frenot etal. 2005). Fewer
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immigrant insects have become established in remote
areas than along major trade routes and in other areas
subject to human disturbance, as is true generally
for invasive species (Sala et al. 2000, McNeely 2005;
¢f. Gaston etal. 2003). Urban areas serve as foci
of entry for invaders (Frankie etal. 1982, McNeely
1999). Immigrants, including insects (Wheeler and
Hoebeke 2001, Majka and Klimaszewski 2004), often
are concentrated around shipping and other transport
hubs (U.S. Congress 1993, Floerl and Inglis 2005).

The ecological effects of adventive species tend to be
severe on old, isolated oceanic islands (Vitousek 1988,
Coblentz 1990; ¢f. Simberloff 1995). The economic
effects of such species can be particularly devastating
to developing nations (Vitousek et al. 1996). Coun-
tries that experience the greatest effects from invasive
species are heavily tied into systems of global trade
(Dalmazzone 2000, McNeely 2006). Invasive species
generally have had greater impact in the USA than
in continental Europe, where traditionally they have
been regarded as a less serious threat (Williamson
1999). Europe, though largely an exporter of species,
has experienced recent increases in immigrant species
(Pellizzari and Dalla Monta 1997, Essl and Rabitsch
2004, Kenis 2005). More attention, therefore, is being
devoted to the problem (Scott 2001, Reinhardt et al.
2003). In addition to the USA (U.S. Congress 1993),
countries such as Australia, New Zealand, and South
Africa have been substantially affected (Macdonald
et al. 1986, McNeely 1999, Pimentel 2002). By 2100,
adverse effects from invasive species are expected to be
most severe in Mediterranean ecosystems and southern
temperate forests (Sala et al. 2000).

The various consequences of invasive species create
what Barnard and Waage (2004) termed a ‘national,
regional, and global development problem’. In contrast
to most other human-induced environmental distur-
bances — pollution and inappropriate use of resources
such as poor farming or the draining of wetlands — the
invasive species problem is harder to ameliorate and
often ecologically permanent (Coblentz 1990). Mooney
(2005) created 13 categories for the harmful effects of
invasive species, some relevant mainly or solely to
plants; at least 6, however, relate to insects: animal
disease promoters, crop decimators, forest destroyers,
destroyers of homes and gardens, species elimina-
tors, and modifiers of evolution. Whereas invasion
biologists and conservationists generally agree that
the consequences of invasive species are substantial,
they disagree on how best to measure the impact of

invaders (Parker et al. 1999, National Research Coun-
cil 2002).

We discuss beneficial and detrimental effects of
adventive insects here; because of contradictory effects
and conflicts of interest, both positive and negative
aspects are mentioned for certain species. Although
the numerous species thought to have neutral con-
sequences might better be categorized as ‘effects
unknown’ (U.S. Congress 1993), we do not include
Unknown as a category.

Adventive insects can be viewed differently in
different regions and considered either positive or
negative, depending on an observer’s perspective.
For example, a North American planthopper
(Metcalfa pruinosa) immigrant in Europe has become
a plant pest, but honeybees collect its honeydew
in producing a honey that Italian apiarists market
as ‘Metcalfa honey’ (Wilson and Lucchi 2007).
Our perceptions of adventive species can be fluid,
modified as the result of environmental change,
subsequent introductions (U.S. Congress 1993,
Simberloff etal. 1997), or as the status of natu-
ral enemies introduced for biocontrol changes with
changing values (Syrett 2002). The arrival of
immigrant fig wasps allowed certain fig species to
become weedy in New Zealand and elsewhere (McKey
1989, Kearns et al. 1998). Two immigrant seed wasps
detected in Florida in the 1980s, one associated with
Brazilian pepper (Schinus terebinthifolius) and the other
with laurel fig (Ficus microcarpa), would have been
considered detrimental when these plants were valued
as ornamentals but can be viewed as beneficial now
that both plants are considered weeds (Nadel et al.
1992, Frank et al. 1997). The presence in Florida of
other Ficus-associated insects reveals the complexity
of evaluating the status of adventive species. The
Cuban laurel thrips (Gynaikothrips ficorum), upon
detection considered a pest of ornamental figs, now is
regarded as a beneficial natural enemy of F. microcarpa.
Another immigrant fig insect, an anthocorid bug
(Montandoniola moraguesi), until recently would have
been viewed as beneficial because it preys on laurel
thrips. With reversal in the fig’s status, the anthocorid
has become an unwanted enemy of a thrips that inflicts
severe foliar damage to an undesirable tree (Bennett
1995). In Hawaii, the anthocorid’s status changed
from a predator introduced to control the Cuban laurel
thrips to one that impaired the effectiveness of a thrips
introduced for weed biocontrol (Reimer 1988).
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Beneficial

Insects are crucial to human existence and ecosystem
functions (Waldbauer 2003). The ecological services
provided in the USA by mostly native insects is esti-
mated to be nearly $60 billion annually (Losey and
Vaughan 2006). Comparable data on adventive species
are unavailable, but such insects also contribute impor-
tant ecological services. Here, we mention immigrant
insectsinvolved in several scientific advances and other
ways that immigrants might be considered beneficial.

The products of certain insects, such as cochineal,
shellac, and silk, are well known and have been used
where the insects are not native (Glover 1867, Metcalf
and Metcalf 1993, New 1994). For example, the
cochineal industry helped save the Canary Islands from
starvation after the grape phylloxera (Daktulosphaira
vitifoliae) devastated the islands’ vineyards in the late
nineteenth century (Cloudsley-Thompson 1976).
Importation of insect galls as drugs and for dyeing and
tanning was once important (Fagan 1918). Insects
are valuable recyclers of nutrients. Dung beetles
(Scarabaeidae) have been introduced into Australia
to alleviate problems from slowly decomposing cattle
dung. Native scarabs, adapted to feed on the drier
dung of precinctive marsupials, feed only to a limited
extent on moist cattle dung (Waterhouse 1974, New
1994). African dung beetles also have been introduced
into the USA to assist native scarabs (Hoebeke
and Beucke 1997). Classical biological control of
arthropods and weeds has enjoyed long-term successes
(McFadyen 1998, Gurr et al. 2000, Waterhouse and
Sands 2001). The use of introduced natural enemies
can help reduce pesticide contamination and maintain
and manage ecosystem processes (National Research
Council 2002, Hoddle 2003, 2004).

Biological control can also help reduce threats from
pests of conservation or environmental concern and
has been used to conserve endemic plants threatened
by immigrant insects (Van Driesche 1994, ¢f. Samways
1997, Louda and Stiling 2004). Several notable cam-
paigns have been carried out despite the difficulty of
obtaining financial support (Frank 1998). More than
50 species of parasitoids and predators were intro-
duced into Bermuda from 1946 to 1951 to help reduce
infestations of two diaspidid scale insects (mainly Caru-
laspis minima) that were eliminating Bermudian cedar
( Juniperus bermudiana). This attempt, the first major bio-
control project undertaken expressly for conservation,
failed to prevent the death of about 99% of the cedar

forests (Challinor and Wingate 1971, Samways 1994).
Inthe 1990s, alady beetle (Hyperaspis pantherina) intro-
duced into the South Atlantic island of St. Helena saved
a precinctive gumwood tree (Commidendrum robustum)
from extinction by an immigrant ensign scale (Orthezia
insignis) (Fowler 2004, Wittenberg and Cock 2005).

Adventive insects sometimes can be viewed as
ecologically desirable additions to a fauna, such as
carabid beetles in impoverished arctic communities
(Williamson 1996). In western Canada, immigrant
synanthropic carabids were regarded as enriching the
fauna; they appear not to threaten native Carabidae
because only one native species is strictly syn-
anthropic (Spence and Spence 1988). Immigrant
natural enemies arriving with, or separately from,
immigrant pests provide fortuitous, though often
ineffective, biocontrol (DeBach 1974, Colazza et al.
1996, Nechols 2003). An aquatic moth (Parapoynx
diminutalis), evaluated for possible use against an
aquatic weed (Hydrilla verticillata), soon after was
detected in Florida as an immigrant (Delfosse et al.
1976). An immigrant parasitoid (Prospaltella perniciosi)
might provide effective control of the San Jose scale
(Quadraspidiosus perniciosus) in the USA (Sailer 1972).

Immigrant insects, such as the blow fly (Chrysomya
rufifacies) in Hawaii, are useful in forensic entomology
for establishing postmortem intervals (Goffet al. 1986).
Immigrant insects also play a major role in pollination.
The alfalfa leafcutter bee (Megachile rotundata) is a
useful pollinator of alfalfa in the USA (Cane 2003)
but is overshadowed in importance by the honeybee,
introduced in the early seventeenth century (Sheppard
1989, Horn 2005). Its value to crop pollination is esti-
mated to be $15 to 19 billion annually (Levin 1983,
Morse and Calderone 2000), with annual U.S. pro-
duction of raw honey valued at $150 to 200 million
(Flottum 2006, U.S. Department of Agriculture NASS
2006). Societal benefits from the honeybee also include
its potential use in monitoring air pollution and haz-
ardous wastes (Shimanuki 1992).

Insects, although important as human food in many
parts of the world, are little used in Europe and North
America. An increased consumption of insects could
promote biodiversity preservation and sustainable agri-
culture (DeFoliart 1997, Paoletti 2005). In the USA, at
least two introduced insects, a belostomatid (Lethocerus
indicus) and the silkworm (Bombyx mori), are sold in
Asian food shops (Pemberton 1988, DeFoliart 1999).

Immigrant insects, such as the yellow mealworm
(Tenebrio molitor), are sold in bait and pet shops as
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food for insects, birds, and fish (Berenbaum 1989).
In nature, adventive species can facilitate native
species by providing trophic subsidies (Rodriguez
2006). Immigrant insects provide food for birds,
mammals, amphibians, reptiles, and insects, including
endangered species (Majka and Shaffer 2008). In the
northeastern USA, a European weevil (Barypeithes
pellucidus) contributes substantially to the diet of
a native salamander (Plethodon cinereus); other
predators, including birds, small mammals, snakes,
and invertebrates, also prey on the weevil (Maerz et al.
2005). An immigrant leafhopper (Opsius stactagalus) of
the adventive saltcedar (Tamarix ramosissima) provides
food for native birds and riparian herpetofauna in
southwestern states (Stevens and Ayers 2002). North
American birds prey on egg masses of the introduced
gypsy moth (Lymantria dispar) (Glen 2004).

Although the prominence of Drosophila melanogaster
as a research organism does not depend on its immi-
grant status, the fly has been studied on continents
where it is not native. Now almost cosmopolitan, it
originally was restricted to the Old World tropics and
subtropics (Patterson and Stone 1952). Its arrival in
the USA appears undocumented, but it must have
been present long before Thomas H. Morgan began
his classic studies in genetics in 1909. Experimental
work on this immigrant fly has led to four Nobel Prizes
(Berenbaum 1997), and it became the third eukaryote
whose genome was fully sequenced (DeSalle 2005).
An Old World congener (D. subobscura) now estab-
lished in North and South America (Beckenbach and
Prevosti 1986) is being used to enhance our under-
standing of the predictability and rate of evolution in
the wild (Huey et al. 2005). Other adventive insects
that have advanced our understanding of ecology,
evolution, genetics, and physiology include flour bee-
tles (Tribolium castaneum, T. confusum) (Sokoloff 1966,
Price 1984), a blood-feeding reduviid (Rhodnius pro-
lixus) (Wigglesworth 1984), and the yellow mealworm
(Schuurman 1937, Costantino and Desharnais 1991).
The Madagascan hissing cockroach (Gromphadorhina
portentosa), which also is used as an experimental
animal (Guerra and Mason 2005), is featured in class-
rooms and insect zoos to introduce children to the
pleasures of entomology and pique their interest in
insects (Gordon 1996, Rivers 2006); in Florida, it
once was a popular pet (Thomas 1995, Simberloff
2003). The popularity of adventive insects as pets can
enhance the public’s appreciation of insects, but they
should be imported legally and not pose a conservation

concern (New 2005a). Regardless of how the monarch
(Danaus plexippus) arrived in Australia, New Zealand,
and smaller islands in the Pacific — direct flight, long-
distance movement with tropical storms, hitchhiking
on ships, or introduction with infested host plants
(Zalucki and Clarke 2004) — this butterfly doubtlessly
hasdelighted nature lovers outside North America. The
value of insects to human society — in art, decoration,
fashion, language, music, spiritual reflection, story,
and symbol (Kellert 1996) — might include additional
adventive species.

Sterile insect technique, a new principle in popula-
tion suppression and ‘technological milestone in the
history of applied entomology’ (Perkins 1978), was
developed to eradicate the screwworm (Cochliomyia
hominivorax) from the southern USA (Knipling 1955,
Klassen and Curtis 2005). Other immigrants, such as
the European corn borer (Ostrinia nubilalis) and Hessian
fly (M. destructor), played key roles in the development
of resistant crop varieties in the USA (Painter 1951,
Kogan 1982); others, such as the cereal leaf beetle
(Oulema melanopus), contributed to the modeling of pop-
ulation dynamics and pattern of spread (Kogan 1982,
Andow etal. 1990). Identification and synthesis of
sex-attractant pheromones of lepidopterans immigrant
in North America, including the codling moth (Cydia
pomonella), European corn borer, and oriental fruit
moth (Grapholita molesta), helped elucidate chemical
communication in insects (Roelofs et al. 1969, 1971,
Cardé and Baker 1984) and, in the case of the Euro-
pean corn borer, shed light on evolution of the Insecta
(Roelofs et al. 2002). Science and society also have been
served by using pheromones of immigrant lepidopter-
ans to monitor pest densities and disrupt mating as an
alternative to pesticidal control (Cardé and Baker 1984,
Cardé and Minks 1995, Weseloh 2003). Characteriza-
tion and synthesis of the sex pheromone of the German
cockroach (Blattella germanica) provided a means for its
monitoring and control (Nojima et al. 2005).

Benefits derived from adventive insects can be
extended to the red imported fire ant (Solenopsis invicta).
It not only can be a useful predator under certain
conditions (Reagan 1986, Tschinkel 2006, ¢f. Eubanks
et al. 2002) and provided insights into the evolution of
social organization in insects (Ross and Keller 1995)
but also helped shape the career of Edward O. Wilson,
indirectly promoting studies in insect biodiversity.
Wilson’s discovery of the ant at Mobile, Alabama,
when he was only 13, represented the earliest U.S.
record of the species and his first scientific observation.
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At 19, he took a leave of absence from the University of
Alabama to study the fire ant’s spread and impact. This
work for the state conservation department was the
first professional position (Wilson 1994) for a biologist
who would popularize biodiversity studies and become
a leading scientist of the twentieth century.

Detrimental

Invasive species produce adverse socioeconomic,
environmental (ecological), and health effects. The
problem can be viewed as involving economic as much
as ecological issues (Evans 2003). Economic costs can
be direct, involving exclusion, eradication, control,
and mitigation; or indirect, involving human health
or alteration of communities and ecosystems (Perrings
et al. 2005, McNeely 2001a). Indirect economic costs,
which include ecosystem services (Charles and Dukes
2007), are more difficult to calculate, often are not
considered, and can overwhelm direct costs (Ranjan
2006). Seldom considered are both the economic and
environmental costs of using pesticides to control (or
manage) immigrant pests. Invasive species sometimes
act synergistically, their collective effects being greater
than those of the species considered individually
(Howarth 1985, Simberloff 1997). The red imported
fire ant (Solenopsis invicta) might facilitate the success
of an immigrant mealybug (Antonina graminis) that
uses the ant’s honeydew (Helms and Vinson 2002,
2003). Synergistic effects can make it easier for more
species to invade (‘invasional meltdown’; Simberloff
and Von Holle 1999).

Detecting ecological impacts of invasive species and
quantifying their effects on population dynamics of
native species are difficult, perhaps more so in the
case of insects because of their small size and com-
plex, subtle indirect effects — those involving more
than two species (Strauss 1991, White et al. 2006).
Indirect effects of adventive insects can include unin-
tended cascading effects unlikely to be predicted by
risk analysis or revealed during prerelease screening of
biocontrol agents. Quantitative estimates of the proba-
bility of indirect effects cannot be made (Simberloff and
Alexander 1998). Unintended consequences that affect
biodiversity fall within the ‘externalities’ of economists
(McNeely 1999, Perrings et al. 2000).

Harm from invasive insects sometimes is consid-
ered only in terms of economic losses to agriculture,
forestry, or horticulture: crop damage plus control

costs. Costs of control may include only those borne
by governments, with costs of private control omitted
(U.S. Congress 1993). The calculation of losses may
fail to consider that they are dynamic, changing from
year to year and by regions (Schwartz and Klassen
1981). Crop losses, coupled with far-reaching soci-
etal impacts, can be severe when an invasive insect
threatens an industry: for example, grape phyllox-
era (Daktulosphaira vitifoliae) and wine production in
Europe (Pouget 1990, Campbell 2005), San Jose scale
(Quadraspidiosus perniciosus) and deciduous fruit culture
in California (Iranzo et al. 2003), and sugarcane del-
phacid (Perkinsiella saccharicida) and sugar production
in Hawaii (DeBach 1974).

Economics in relation to invasive insects encom-
passes more than is treated in most entomological
publications, for example, research and management
costs (McLeod 2004). Consideration of the conse-
quences of immigrant insects in the USA also should
include the federal government’s procedures for their
exclusion, which can entail substantial annual costs
within the country and in the countries of origin
(Wallner 1996). How the costs of preventing the
introduction of an immigrant species compare with
those that would have been caused by that species
had it become established represent a ‘great unknown’
(Cox 1999).

Aggregate costs of invasive species, including insects,
seldom have been estimated on a national scale (Rein-
hardt etal. 2003, Essl and Rabitsch 2004, Colautti
etal. 2006). The costs estimated by U.S. Congress
(1993) and Pimentel etal. (2001, 2005) are cited
frequently. Annual damage to U.S. crops by invasive
insects is nearly $16 billion (Pimentel etal. 2001).
Because Pimentel et al. (2000, 2001) dealt only with a
subset of effects from invasive species, they might have
understated the problem (Lodge and Shrader-Frechette
2003; ¢f. Theodoropoulos 2003, p. 116).

Historical data on crop losses from insects in the USA
include Walsh’s (1868) estimate of $300 million. If
immigrant insects are assumed to have caused 40% of
the losses, as Pimentel et al. (2001) did, lossesin 1868
would have been about $120 million (~$4 billion
in 2005 dollars based on Consumer Price Index).
Sasscer (1940) estimated annual losses from insects
(including costs for maintaining research and quar-
antine facilities, loss of markets due to quarantines,
and processing costs from insect damage) to be about
$3 billion annually, with at least half resulting from
immigrant species (~20 billion in 2005 dollars).
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Estimated losses from immigrants in other countries
are Australia: AU$4.7 billion from insects from 1971
to 1995; British Isles: US$960 million annually from
arthropods; New Zealand: NZ$437 million annually
in crop damage plus control costs for invertebrates,
mainly insects; and South Africa: US$1 billion each
year in crop damage plus control costs for arthropods
(Pimentel 2002).

Economic losses from individual species can be huge
(Table 21.3). In 1927, the U.S. Congress appropriated
an unprecedented $10 million to conduct a clean-up
campaign to check further spread of the European
corn borer (Ostrinia nubilalis) (Worthley 1928). For
pests not as well established as the corn borer, actual
and predicted costs of eradication, as well as predicted
losses, are impressive. Unsuccessful campaigns to erad-
icate the red imported fire ant from the southeastern
USA cost more than $200 million (Buhs 2004).When
the ant was detected in California in 1997, eradica-
tion costs were estimated at about $4 billion to almost
$10 billion (Jetter et al. 2002). Eradication programs
often are controversial and unsuccessful; undesirable

Table 21.3 Some economic losses from invasive insects.

consequences include adverse effects on human health,
death of wildlife, and reduction of arthropod natural
enemies leading to secondary-pest outbreaks (Dreistadt
etal. 1990, Buhs 2004). Eradication, however, can
provide great financial benefits (Klassen 1989, LeVeen
1989, Myers and Hosking 2002). Annual costs associ-
ated with the anticipated arrival of the Russian wheat
aphid (Diuraphis noxia) in Australia might be as high
as several million dollars (New 1994). Full costs to
the U.S. bee industry from invasion by the African
honeybee (Apis mellifera scutellata) are not yet known
(Schneider et al. 2004), but prior to its arrival, were
estimated at $26 million to $58 million for beekeeping
and another $93 million for crop losses due to reduced
pollination (Winston 1992).

Losses from the Asian longhorned borer (Anoplophora
glabripennis) in nine at-risk U.S. cities could range from
$72 million to $2.3 billion and, if every urban area in
the conterminous states became tota