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of pathways
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Received: 10 July 2015 / Accepted: 26 November 2015 / Published online: 26 February 2016

� Springer International Publishing Switzerland (outside the USA) 2016

Abstract Insects are among the world’s most eco-

logically and economically important invasive spe-

cies. Here we assemble inventories of native and non-

native species from 20 world regions and contrast

relative numbers among these species assemblages.

Multivariate ordination indicates that the distribution

of species among insect orders is completely different

between native and non-native assemblages. Some

orders, such as the Psocoptera, Dictyoptera, Sipho-

naptera, Thysanoptera, and Hemiptera, are always

over-represented in the non-native compared to native

assemblages. Other orders, such as the Plecoptera,

Trichoptera, Ephemeroptera, Odonata, Mecoptera and

Microcoryphila, are consistently under-represented in

non-native assemblages. These patterns most likely

arise both as a result of variation among taxa in their

association with invasion pathways responsible for

transporting species among world regions, as well as

variation in life-history traits that affect establishment

potential. However, our results indicate that species

compositions associated with invasiveness are funda-

mentally different from compositions related to insu-

larity, indicating that colonization of islands selects

for a different group of insect taxa than does selection

for successful invaders. Native and non-native assem-

blage compositions were also related, to a lesser

extent, to latitude of the region sampled. Together,

these results illustrate the dominant role of invasion
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pathways in shaping the composition of non-native

insect assemblages. They also emphasize the differ-

ence between natural background colonization of

islands and anthropogenic colonization events, and

imply that biological invasions are not a simple subset

of a long-standing ecological process.

Keywords Biological invasion � Establishment �
Fauna � Island � Introduction pathway � Insect order �
Multivariate analysis

Introduction

Insects are the most diverse class in the animal

kingdom, and similarly non-native insect species

outnumber all other invading animal species. The

Insecta also includes some of the most notorious

damaging invaders. Species such as the Argentine ant,

Linepithema humile, the Colorado potato beetle,

Leptinotarsa decemlineata, the Asian tiger mosquito,

Stegomyia albopicta, and the emerald ash borer,

Agrilus planipennis are infamous for their ecological

and economic impacts (Kenis et al. 2009; Kettunen

et al. 2009; Herms and McCullough 2014). As a group,

insects are also widely known for their extensive life-

history and ecological diversity. Insects have evolved

to exploit nearly every major biome, with the excep-

tion of most marine areas (but see Cheng 1976), and

play a diversity of ecological roles such as herbivores,

predators and detritivores.

Considering the tremendous variation in insect

ecology and life history, it would be useful to under-

stand which types of insects are the most common

invaders. This is an important question given the need

to improve forecasting of future invasions and identify

which invading species are likely to have ecological

and/or economic impacts (Ricciardi et al. 2013; Sim-

berloff et al. 2013). Improved forecasting will enable

impacts to be more efficiently managed by targeting

prevention and surveillance efforts (Hulme et al. 2008;

Lee and Chown 2009; Blackburn et al. 2014).

The frequency with which different groups of

insects has invaded can be expected to reflect both

their invasiveness and their tendencies to become

associated with invasion pathways. The invasiveness

of a species reflects the extent to which a species’ life

history traits predispose it to successfully invade

(Richardson and Pyšek 2006). For example, a species

that is highly specific to a single host organism may be

unlikely to invade if that host is not present, while a

more polyphagous species might have greater success

as an invader (Hazell et al. 2008). Other characteris-

tics, such as body size, have been found to be

associated with invasion success (Lawton et al.

1986; Gaston et al. 2001).

What characteristics might set effective colonists

apart from those that are less successful has been a

long-standing topic in ecology and biogeography.

Concepts such as the taxon cycle, which emphasize

ecological and evolutionary interactions between col-

onizing and resident species (Ricklefs and Berming-

ham 2002), and disharmony, which goes to the heart of

the characteristics of successful long-distance coloniz-

ers (Carlquist 1965), reflect this interest in the

colonization process. Work in this area has surged

given the need to understand and forecast the charac-

teristics of successful invaders and the environments

that might be most receptive to new invaders (Puth and

Post 2005; Richardson and Pyšek 2006; Blackburn

et al. 2011; Pyšek et al. 2012). In particular, much focus

has been given to the extent to which various traits and

the extent of their plasticity might be useful to forecast

and to understand differential success in crossing

various barriers to invasion and in subsequently having

an impact (e.g., Daehler 2003; Chown et al. 2007,

2012; van Kleunen et al. 2010; Jarošı́k et al. 2015).

The probability that a species may invade a new

region is also strongly affected by the extent to which

it may become linked to invasion pathways. Many

global insect invasion pathways have been identified

and these include trade in agricultural products,

movement of plant parts by international travelers,

shipments of stored grain, trade in living plants,

hitchhiking (e.g. on the outside of shipping containers)

and wood packing material (Kiritani and Yamamura
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2003; Brockerhoff et al. 2006; Liebhold et al. 2006,

2012). Individual insect species vary considerably in

the extent to which they are transported by these

various pathways and this profoundly influences the

likelihood that they may invade a new region (Kiritani

and Yamamura 2003; Brockerhoff et al. 2014;

Yamanaka et al. 2015).

Here we compile data on the composition of insect

assemblages from several different parts of the world

and characterize these assemblages based upon the

numbers of species in each insect order. We then use

these data to address, for the first time in the literature,

the following questions: (1) Do the compositions of

non-native insect assemblages differ consistently from

native assemblages? (2) Are there certain insect orders

that are consistently over-represented and others that

are under-represented in non-native assemblages

compared to native assemblages? (3) Is the composi-

tion of native insect assemblages on islands more

similar to non-native assemblages than are assem-

blages in mainland areas?

Methods

Numbers of insect species in each order were derived

from a series of species inventories obtained from 20

regions from a variety of sources (Table 1). These

data consisted of species frequencies for each order in

both native and non-native assemblages in the

following continental regions: Europe, France, Italy,

North America, Portugal, and Spain. The same data

were obtained for 12 islands: the Canary Islands,

Corsica, Great Britain, the Hawaiian Islands, Japan

(excluding Ogasawara and Okinawa Islands), Oga-

sawara Islands, Okinawa Islands, Madeira, Malta,

New Zealand (excluding the Kermadec, Chatham and

sub-Antarctic islands), Sardinia, Sicily. Data for

Europe included the same species from Great Britain,

Corsica, France, Italy, Madeira, Malta, Portugal,

Sardinia, Sicily and Spain. Data on native and non-

native species for North America were limited to

species established in the USA and Canada (not

including Mexico or Hawaiian Islands). We also

compiled counts by order for native and non-native

insect species from 25 Southern Ocean Islands

described in Chown et al. (1998), and subsequently

updated (Chown and Convey 2016). These islands are

generally small (areas ranging 1–7200 km2) and most

are sub-Antarctic (latitudes ranging 37.1�–54.6�S).

Rather than consider each Southern Ocean Island as

replicate regions, we pooled data from all 25 islands to

generate the number of species by order across all

islands. We also assembled comparable data for the

non-native assemblage in the Galápagos Islands and

all world native insect species. In compiling these

data, species were included regardless of whether

introductions were considered accidental or inten-

tional (e.g., biological control agents).

In comparing numbers of species in each insect

order among assemblages, we limited analyses to the

20 most common (in terms of total numbers in the

world) orders: Coleoptera, Hymenoptera, Diptera,

Lepidoptera, Hemiptera, Orthoptera, Trichoptera,

Dictyoptera, Thysanoptera, Odonata, Psocoptera,

Ephemeroptera, Plecoptera, Phasmatodea, Dermap-

tera, Strepsiptera, Microcoryphia, Mecoptera, Zygen-

toma, Embioptera.

Non-metric multidimensional scaling (NMDS) was

employed to characterize differences among all (both

native and non-native) assemblages based upon the

distribution of species among orders (Kenkel and

Orlóci 1986). The fraction of all species in each

assemblage falling in a given insect order was first

square-root transformed to stabilize the scale effect.

Following multidimensional scaling, each assemblage

was plotted using their scores for the first two NMDS

axes; the position of each assemblage in this space

provided a map of taxonomic similarities and differ-

ences among assemblages. We also plotted the

position of each order which was calculated as the

centroid of all assemblages. The NMDS ordination

was based upon Bray–Curtis dissimilarity distances

and computed using the R-library vegan in the

statistical software R (Version 2.14.0, http://www.r-

project.org). In order to more fully understand the

drivers of assemblage structure, we considered the role

of latitude, calculated as the centroid of each region.

We used the ordisurf function (within the vegan

library) to contour latitude in the space defined by the

first two NMDS axes; ordisurf fits smooth surfaces

across ordination spaces using thinplate splines with

cross-validatory selection of smoothness.

Data from the Southern Ocean Islands lacked

counts for Siphonaptera and this order was excluded

from the analysis above. Counts for numbers of

Siphonaptera were available from the other 19 regions

so we performed an identical ordination using counts
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for these 19 regions (southern islands excluded) for the

20 insect orders plus numbers of Siphonaptera.

For each region, we plotted numbers of native

species versus numbers of non-native species by insect

order. On the same graph we plotted the line of

expected numbers of species under the assumption

that in the non-native assemblage, the proportion

represented per order was the same as in the native

Table 1 Sources of data on

counts of insect species by

order

a 25 Islands in the Southern

Ocean described in Chown

et al. (1998)

Region Assemblage Year compiled Source

Canary Islands Native 2013 de Jong et al. (2014)

Canary Islands Non-native 2013 Roques (2010)

Corsica Native 2013 de Jong et al. (2014)

Corsica Non-native 2013 Roques (2010)

Europe Native 2013 de Jong et al. (2014)

Europe Non-native 2013 Roques (2010)

France Native 2013 de Jong et al. (2014)

France Non-native 2013 Roques (2010)

Great Britain Native 2013 de Jong et al. (2014)

Great Britain Non-native 2013 Roques (2010)

Hawaiian Islands Native 2014 Yamanaka et al. (2015)

Hawaiian Islands Non-native 2014 Yamanaka et al. (2015)

Italy Native 2013 de Jong et al. (2014)

Italy Non-native 2013 Roques (2010)

Japan Native 2014 Yamanaka et al. (2015)

Japan Non-native 2014 Yamanaka et al. (2015)

Madeira Native 2013 de Jong et al. (2014)

Madeira Non-native 2013 Roques (2010)

Malta Native 2013 de Jong et al. (2014)

Malta Non-native 2013 Roques (2010)

North America Native 2014 Yamanaka et al. (2015)

North America Non-native 2014 Yamanaka et al. (2015)

New Zealand Native 1998 Gordon (2010)

New Zealand Non-native 2009 Gordon (2010)

Ogasawara Islands Native 2014 Yamanaka et al. (2015)

Ogasawara Islands Non-native 2014 Yamanaka et al. (2015)

Okinawa Islands Native 2014 Yamanaka et al. (2015)

Okinawa Islands Non-native 2014 Yamanaka et al. (2015)

Portugal Native 2013 de Jong et al. (2014)

Portugal Non-native 2013 Roques (2010)

Sardinia Native 2013 de Jong et al. (2014)

Sardinia Non-native 2013 Roques (2010)

Sicily Native 2013 de Jong et al. (2014)

Sicily Non-native 2013 Roques (2010)

Southern Islandsa Native 2013 Chown and Convey (2016)

Southern Islandsa Non-native 2013 Chown and Convey (2016)

Spain Native 2013 de Jong et al. (2014)

Spain Non-native 2013 Roques (2010)

Galápagos Islands Non-native 2005 Causton et al. (2006)

World Native 1999 Arnett (2000)
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assemblage. We also plotted the 95 % prediction

interval for this assumption based on the bionomial

distribution (p = non-native/native numbers of spe-

cies). Orders were considered under- or over-repre-

sented in the non-native assemblage when they fell

outside of the 95 % prediction interval. For each order

in each region, we also computed the difference

between the expected and observed numbers and

plotted the distribution of these differences.

Results

Ordination using NMDS indicated that the taxonomic

distribution of non-native species was completely

distinct from that of native assemblages (Fig. 1a);

scores on the first NMDS axis for natives were

consistently greater than those for non-natives and

there was no overlap. For both native and non-native

assemblages, there did not appear to be any consistent

difference between island (e.g., Okinawa, Hawaii) and

mainland (e.g., Europe, North America) regions with

respect to the first NMDS axis.

Loadings on NMDS1 were very low for Psocoptera,

Dictyoptera, Thysanoptera and Hemiptera and very

high for the aquatic orders, Plecoptera, Trichoptera,

Ephemeroptera and Odonata as well as for the largely

terrestrial orders Mecoptera and Microcoryphila

(Fig. 1b). Given that the first NMDS axis represents

the difference between native and non-native assem-

blages, this implies that relatively large numbers of

Psocoptera, Dictyoptera, Siphonaptera, Thysanoptera

and Hemiptera species are characteristic of non-native

assemblages and relatively large numbers of Ple-

coptera, Trichoptera, Ephemeroptera, Odonata,

Mecoptera and Microcoryphia are characteristic of

native assemblages. Ordination with data excluding

the Southern Ocean Islands but including counts of

Siphonaptera (Figs. S1 and S2) yielded very similar

patterns and the Siphonaptera fell on the far left,

indicating that they are particularly abundant in non-

native assemblages.

Values of NMDS2 did not appear to differentiate

native from non-native assemblages. However,

NMDS2 was associated with the latitude of each

region, with high-latitude regions yielding high

NMDS2 scores and more equatorial regions having

low scores (Fig. 1c). The association of NMDS2 with

latitude was more conspicuous for native assemblages

(right-hand portion of NMDS space: Pearson correla-

tion coefficient (q) = 0.770, p\ 0.0001) than that for

non-native assemblages (left-hand portion of NMDS

space: q = 0.356, p\ 0.135).

Loadings for each order on NMDS2 were very

low for Orthoptera and Odonata and very high for

Psocoptera, Mecoptera, Ephemeroptera, Plecoptera

and Trichoptera. Given the association of NMDS2

with latitude (Fig. 1c), it follows that Orthoptera and

Odonata species are particularly diverse in equatorial

regions and Psocoptera, Mecoptera, Ephemeroptera,

Plecoptera and Trichoptera are particularly diverse at

higher-latitude regions. The Mecoptera, Ephe-

meroptera, Plecoptera and Trichoptera were clustered

in the upper right corner of the NDMDS space,

whereas Psocoptera were in the upper left. This

would suggest that the former orders are neither

common in non-native assemblages nor equatorial

regions, whereas the Psocoptera are common in non-

native communities, particularly in high-latitude

regions.

While the total range of NMDS1 and NMDS2

values were comparable between native and non-

native assemblages, there appeared to be more clus-

tering of points in the NMDS space for native

assemblages (Fig. 1a). This clustering appeared to

reflect geographic contagion—e.g., native faunas of

continental European regions were clustered together.

The lack of a similar clustering within non-native

assemblages suggests that these alien assemblages are

more unique, perhaps reflecting differences in domi-

nant pathways.

Plots of numbers of native versus non-native

species in each region (Fig. 2) indicate that some

insect orders are proportionately more diverse in non-

native assemblages than in native assemblages (these

fall above and outside the 95 % prediction interval).

Conversely other orders are of exceptionally low

diversity in non-native assemblages (these fall below

and outside the 95 % prediction interval). While the

dominance of the various orders in each assemblage

varied considerably, there are some consistent trends.

First, certain orders tend to be the most diverse in

almost every assemblage. As might be expected based

on known global species richness, the Coleoptera,

Lepidoptera, Diptera, Hymenoptera and Hemiptera

tend to be the dominant orders, in both native or non-

native assemblages. However, the Hemiptera, Pso-

coptera, Thysanoptera and Dictyoptera tend to be
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over-represented in the non-native assemblages (they

fall above the prediction intervals in Fig. 2), whereas

the aquatic orders, Plecoptera, Ephemeroptera and

Trichoptera tend to be under-represented (they fall

below the prediction intervals in Fig. 2). This is in

general agreement with associations seen in the

NMDS1 axis (Fig. 1).

To further resolve how the relative abundance of

each order varies between native and non-native

assemblages, we used box and whisker plots to
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Fig. 1 Non-metric Multidimensional scaling ordination

(NMDS) of numbers of insects in each order among native

and non-native assemblages (data for Siphonaptera were

excluded. See Figs. S1 and S2 for comparable analysis that

includes Siphonaptera data) a Scatterplot of NMDS scores for

each native (‘‘N’’) and alien (A) assemblage. Region abbrevi-

ations: Great Britain: ‘Brit’, Canary Islands: ‘Canar’, Corsica:

‘Cors’, Europe: ‘Eur’, France: ‘Fran’, Hawaiian Islands:

‘Hawa’, Italy: ‘Ital’, Japan: ‘Jap’, Madeira: ‘Mad’, Malta:

‘Malt’, North America: ‘N.Amer’, New Zealand: ‘NZ’ Ogas-N’,

Ogasawara Islands: ‘Ogas-A’, Okinawa Islands: ‘Okin’, Portu-

gal: ‘Port’, Sardinia: ‘Sard’, Sicily: ‘Sic’, Southern Ocean

Islands: ‘S.Isl’, Spain: ‘Spain’, Galápagos Islands: ‘Galap’,

World: ‘world’. Green dots correspond to islands and red dots

are mainland regions. b Scatterplot of NMDS loadings for each

insect order. Insect orders are abbreviated by the first three

characters of their name. c Contour of latitude across NMDS

space
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(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

(m) (n) (o) (p)

(q) (r) (s)

Fig. 2 Scatterplots of numbers of native versus non-native

species in each of 19 world regions. Solid line corresponds to the

number of non-native species expected under the assumption

that the fraction of all non-native species in a given order is the

same as the fraction among all native species in that same order.

Shaded area represents 95 % prediction interval under the

assumption that the ratio of non-native to native species in each

order is the same as for all insect species
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display the differences between observed numbers of

species and values expected if the numbers of species

were proportionally the same in both the non-native

and native assemblage (Fig. 3). These plots indicate

that the Hemiptera, Dictyoptera, Thysanoptera and

Siphonaptera were consistently more diverse in the

non-native compared with native assemblages in the

same region while the opposite was true for the

Diptera, Odonata, Ephemeroptera, Plecoptera and

Mecoptera.

Discussion

Predicting future invasions has long been a goal of

invasion ecology (e.g., Elton 1958; Kolar and Lodge

2001). Considerable work has been conducted inves-

tigating traits that are associated with invasion

success, though most of this work has focused on

plants (e.g., Baker 1965; Rejmánek and Richardson

1996; Daehler 2003; Pyšek and Richardson 2007; van

Kleunen et al. 2010) and has identified reproductive

potential, size, latitude of origin and a variety of other

factors to be associated with invasion success. Com-

plementary work on plants also illustrated that there is

a taxonomic and phylogenetic pattern among the most

successful global invaders; some plant families

include disproportionally greater or lower numbers

of invasive species than others (Daehler 1998; Pyšek

1998; Diez et al. 2008), and these differences may be

linked to traits typical of individual families related to

establishment, reproduction or dispersal (Pyšek 1998).

Introduction pathways, in particular international

trade in horticultural plants as the most important

one for plants (e.g., Reichard and White 2001), also

create variation in propagule pressure that differs

among higher taxa based on human preferences

(Lambdon et al. 2008; Pyšek et al. 2011).
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the fraction among all native
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Much less is known, however, about traits promot-

ing invasion success in insects. Lawton et al. (1986)

compared the frequency of insect invasions in Great

Britain and observed that insect orders (e.g., Hemi-

ptera) comprised of mostly small insects were dispro-

portionately over-represented among non-native

species compared to orders that tend to have larger

insects (e.g., Lepidoptera and Coleoptera). They

concluded that this pattern was consistent with theo-

retical predictions (Leigh 1981) of greater invasion

success for species with greater intrinsic rates of

population growth, r, and greater carrying capacities,

k because they also inferred that smaller insects would

have greater values of r and k. The pattern was also

born out for insects invading the sub-Antarctic Marion

Island (Gaston et al. 2001).

Crawley et al. (1986) analyzed historical insect

biological control agents and found that establish-

ment was generally associated with adult longevity

and to a lesser extent with fecundity and inversely

with body size. DeBach (1965) also analyzed histor-

ical introductions of biological control agents and

found that host specialists were more likely to

establish than generalists. Simberloff (1989) theo-

rized that insect species that reproduce asexually or

exhibit a haplodiploid sex determination would be

less subject to adverse impacts from Allee effects and

inbreeding during initial colonization and therefore

be more likely to establish. He found some confir-

matory evidence for such associations by analyzing

historical records for attempted introductions of

biological control agents.

More recently several works have focused on

variation in characteristics associated with growth

and development. For example, work on the closely

related springtails has suggested that egg develop-

ment rates are faster in non-native than in native

species, and that survival is much greater at high

temperatures compared with native species (Janion

et al. 2010). A recent analysis of 100 pairs of non-

invasive and invasive non-native insect species

demonstrated that the invasive species have signif-

icantly higher thermal developmental thresholds than

the non-invasive ones but tend to develop faster

(Jarošı́k et al. 2015). By contrast, non-native species

may have lower thermal requirements for completion

of development.

These effects of life history traits on invasion

success may explain, in part, why some insect orders

are more or less frequently represented in non-native

assemblages. However the exceptional diversity of

certain orders in non-native assemblages may also

result from their association with known invasion

pathways and consequently elevated propagule pres-

sure (Simberloff 1986).

A good example is provided by the Hemiptera. This

order is consistently over-represented in non-native

assemblages (Figs. 1b, 2, 3). This may be due, in part,

because many Hemiptera exhibit asexual reproduc-

tion. Mate-finding failure is well known to cause a

strong Allee effect that can greatly limit establishment

in sexually reproducing insects (Liebhold and Tobin

2008). Indeed, it has long been maintained that

parthenogenesis is an important characteristic of

species invading the Southern Ocean Islands (Frenot

et al. 2005). A further explanation for the over-

representation of Hemiptera in non-native assem-

blages is related to their association with invasion

pathways, specifically their ease of transport on

imported plants. Liebhold et al. (2012) reported that

the Hemiptera accounted for about 60 % of all insect

specimens intercepted by border inspectors on plants

imported to the USA during the period 2003–2010,

and that plant imports were the pathway by which over

90 % of established damaging non-native sap-feeding

insect species were initially transported to the USA.

Similar characterizations of the plant import pathway

exist for other world regions (Kiritani and Yamamura

2003; Kenis et al. 2007; Smith et al. 2007; Roques

et al. 2009) indicating the dominance of this pathway

worldwide. Thysanoptera are also commonly associ-

ated with imported plants and a large fraction of

species are parthenogenetic; both factors may explain

their over-representation in the alien assemblages

(Figs. 2, 3).

The consistent over-representation of Psocoptera

(Figs. 1b, 2) is perhaps more of a mystery. Most port

inspection data do not indicate that this group is

commonly associated with imported commodities

(McCullough et al. 2006; Kenis et al. 2007) though

one study of insects intercepted at ports entering

Puerto Rico (Jenkins et al. 2014) indicated that the

fraction of Psocoptera among all interceptions was

greater than would be expected from the proportion of

Psocoptera among all world insect species. Psocoptera

are small insects feeding on fungi and algae and are

believed to primarily be transported to New World

regions on stored food products (Schneider 2010). A
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large fraction of psocids is also known to be

parthenogenetic (Mockford 1971) and, as for the

Hemiptera, this may also contribute to their success as

invaders.

The Dictyoptera and Siphonaptera were also gen-

erally over-represented in the non-native assemblages.

It is easy to imagine that this is a result of their close

association with human civilization, which would

facilitate their inter-continental transport. Within the

Dictyoptera, the termites (Isoptera) and cockroaches

(Blattodea) are often associated with human-made

objects, can be easily transported and find suitable re-

sources facilitating establishment. Cockroaches are

particularly noteworthy invaders, and there are reports

of these species accompanying early human colonists

(Peck and Roth 1992). Evans (2012) noted that

virtually all termite species that are successful

invaders share three characteristics: utilization of

wood for food, nesting in wood, and a high capacity

to generate secondary reproductives. These character-

istics combine to increase probability of transportation

of viable propagules in wood subsequently transported

by humans. High propagule pressure most likely also

explains the dominance of Siphonaptera in alien

assemblages. Being parasites of both humans and

livestock, they most likely have been moved around

the world for centuries (Vázquez and Simberloff

2001). Sadler (1990) presented evidence that Sipho-

naptera were transported through the North Atlantic

region by Norse warriors as early as the medieval

period.

The Diptera, Odonata, Ephemeroptera, Plecoptera

and Mecoptera are consistently under-represented in

non-native assemblages (Fig. 3). The pathways of

introduction of alien dipteran species are probably

more diverse than for other taxa, combining hitchhik-

ing in mosquitos, trade of horticultural plants and

imported vegetable and fruit crops, stored products

and animal husbandry, but also a few intentional

introductions for biological control (Skuhravá et al.

2010). There may be many reasons for the under-

representation of the four other orders but the fact that

most are exclusively aquatic in their habitats suggests

that their paucity in non-native assemblages is due to a

lack of pathways, more than a lack of suitable habitats.

Karatayev et al. (2009) noted the general rarity of

invasions by aquatic insects and proposed several

hypotheses to explain this phenomenon. A dominant

reason may be the lack of pathways that facilitate

transport of these species, though ballast water has

been identified as a pathway for a marine splash midge

(Failla et al. 2015). Furthermore, most aquatic species

in these groups exist for very brief periods as free-

living adults, also decreasing their chances for move-

ment and establishment (Karatayev et al. 2009).

Patterns of species diversity among orders reported

here are generally similar to those reported in studies

of non-native insect assemblages from individual

regions (Sailer 1978; Vázquez and Simberloff 2001;

Kiritani and Yamamura 2003; Kenis et al. 2007;

Roques et al. 2009; Yamanaka et al. 2015). The

current study, however, provides a novel global

overview of variation in these patterns. A unique

observation made here is that for all world regions the

distribution among insect orders of non-native assem-

blages is consistently different from that of native

assemblages (Fig. 1a).

Furthermore, these differences in the taxonomic

composition between native and non-native assem-

blages are completely distinct from those that

differentiate island from mainland assemblages

(Fig. 1a). The NMDS1 axis clearly differentiates

native from non-native assemblages but this same

axis is not associated with insularity; island assem-

blages of both native and non-native insects are

distributed across the range of NMDS1 values.

Thus, the characteristics of insect taxa that enable

them to establish as non-native species are com-

pletely different from the characteristics that make

particular groups successful colonizers of islands, a

hypothesis that was previously suggested (Leston

1957), but refuted by Simberloff (1986). Superfi-

cially, there are reasons to believe that invasions and

colonization of islands represent similar processes

and therefore certain life history traits might

promote both. However, historical colonization of

islands has largely occurred via natural dispersal,

while invasion is facilitated via pathways resulting

from human activity, which differ both in form and

in rate from the background natural processes

(Gaston et al. 2003; Hulme et al. 2008). The fact

that these two processes generate assemblages with

such vastly different taxonomic composition sug-

gests that variation in association with invasion

pathways plays a dominant role in selecting invad-

ing assemblages, emphasizing the importance of

pathway management (Hulme 2009; Lee and Chown

2009). It also demonstrates that biological invasions
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are not a simple subset of a long-standing ecological

process.

In practice, it is difficult to completely differentiate

the effects of pathway associations from the effects of

natural history traits affecting establishment success

as causes of variation among taxa in their relative

representation in non-native versus native assem-

blages. For example, the Hemiptera are known to be

strongly associated with plant imports, a pathway of

known importance (Kiritani and Yamamura 2003;

Liebhold et al. 2012), but their parthogenetic repro-

ductive systems may also contribute to establishment

and consequently explain their dominance in non-

native assemblages. However, there are contravening

examples where sexual invaders appear to displace

ecologically similar, asexual congeners (Garnas et al.

2016). It is possible that additional studies might

provide further insight into this problem. In the case of

insect invasions, comparison of native versus non-

native assemblages at the family level may provide

useful information identifying the primary drivers of

invasions.

A surprising result from our analysis was the

presence of a distinct effect of latitude on the

taxonomic composition of both native and non-native

assemblages (Fig. 1c). Latitudinal gradients in diver-

sity are well known in insects but these gradients may

vary among different groups of insects (Kouki et al.

1994; Price et al. 1998; Boyero 2002). This variation

among taxa in latitudinal variation in diversity may be

the root cause of our observed association between

assemblage composition and latitude (Fig. 1c).

The analyses reported here are based on global lists

of native and non-native species in various regions, but

these lists may be incomplete for a variety of reasons.

Some regions have been intensely sampled and their

native faunas consequently well described (e.g., Great

Britain) although even these lists may include a few

gaps. For example, we had to remove the order

Phthiraptera from our analysis because the data we

obtained from Fauna Europaea (de Jong et al. 2014)

are noticeably incomplete for some European coun-

tries (e.g., France and Great Britain for which no

native lice are mentioned at all). Other regions have

received less attention and there may be proportion-

ately more undescribed species (e.g., New Zealand).

Furthermore, there may be variation among world

regions in the intensity with which non-native species

are surveyed and reported.
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Kouki J, Niemelä P, Viitasaari M (1994) Reversed latitudinal

gradient in species richness of sawflies (Hymenoptera,

Symphyta). Ann Zool Fenn 31:83–88
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