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Abstract Globalisation has resulted in the move-
ment of organisms outside their natural range, often
with negative ecological and economic consequences.
As cities are hubs of anthropogenic activities, with
both highly transformed and disturbed environments,
these areas are often the first point of entry for alien
species. We compiled a global database of cities with
more than one million inhabitants that data had on
alien species occurrence. We then identified the most
prominent pathways of introduction and vectors of
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spread of alien species in these cities. Most species
were intentionally introduced to cities and were
released or escaped from confinement. The majority
of alien species then spread within cities through
natural means (primarily unaided dispersal). Pathway
prominence varied across the taxonomic groups of
alien species: the most prominent pathway for plants
and vertebrates was the escape pathway; for inverte-
brates the stowaway and contaminant pathways were
most likely to facilitate introductions. For some
organisms, pathway prominence varied with the
geographical and climatic characteristics of the city.
The characteristics of the cities also influenced the
prominence of vectors of spread for alien species.
Preventing the natural spread of alien species within
cities, and into adjacent natural environments will be,
at best, difficult. To prevent invasions, both the
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intentional and unintentional introduction of poten-
tially harmful alien species to cities must be prevented.
The pathways of introduction and vectors of spread
identified here should be prioritised for management.

Keywords Biological invasions - Pathways of
introduction - Prioritisation - Urban invasions -
Vectors of spread

Introduction

The increase in world trade, travel and tourism has
resulted in a plethora of mechanisms for organisms to
be transported outside of their natural ranges (Wilson
et al. 2009; Blackburn et al. 2011; Gallardo and
Aldridge 2013; Essl et al. 2015; Gotzek et al. 2015).
The negative ecological, economic and social impli-
cations of the establishment of alien species are widely
recognised (Pimentel et al. 2001; Kenis et al. 2009;
Vila et al. 2010). Once introduced to a new location,
alien species (sensu Richardson et al. 2000) must
overcome a series of barriers to successfully invade
these environments (Blackburn et al. 2011). The
framework proposed by Blackburn et al. (2011)
depicts an introduction—naturalization—invasion con-
tinuum. The “transport” and “introduction” stages of
the invasion continuum refer to the initial dispersal of
an alien species to a new location (Puth and Post 2005;
Blackburn et al. 2011). Initial dispersal is imperative
as the sequential stages of the invasion continuum are
contingent upon this stage (Puth and Post 2005;
Blackburn et al. 2011). Strategies that prevent the
introduction of alien species often prove to be more
cost effective than those that respond to incursions
(Hulme 2006; Pysek and Richardson 2010; Kum-
schick and Richardson 2013; Faulkner et al. 2016a).
McGeoch et al. (2016) suggest that to effectively
manage invasions, the prioritisation of species, their
pathways of introduction, and the sites which are most
at risk of invasion is essential.

The most prevalent and well-developed prioritisa-
tion approach is one that focuses prevention and
management efforts on specific, high-risk species.
This approach identifies alien species (often using
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traits that may be related to invasion success) which
are likely to have negative environmental and socio-
economic impacts where introduced (McGeoch et al.
2016). However, for unintentional introductions, this
approach is not feasible. This is because it is difficult
to predict which species will arrive, as there are a vast
number of species that could be unintentionally
introduced, and as the biology and life history of
species potentially introduced are sometimes poorly
known (Leung et al. 2014; McGeoch et al. 2016).

Site-based prioritisation focuses on sites that are
susceptible (i.e., most exposed to invasions) and
sensitive (i.e., most vulnerable to impacts of inva-
sions), as determined by their geographical, ecological
and climatic characteristics (McGeoch et al. 2016).
Because of concentrated anthropogenic activities,
cities are characterised by high levels of disturbance,
high transport intensity, and high environmental
heterogeneity (Hansen and Clevenger 2005); they
are thus both susceptible and sensitive to invasions.

Pathways of introduction are the processes that lead
to the introduction of an alien species from one
geographical location to another (Richardson et al.
2010). The pathway approach focuses on identifying
the pathways that facilitate the introduction of alien
species, with the aim of reducing the number of alien
species (i.e., colonisation pressure) and individuals
(i.e., propagule pressure) introduced (Hulme et al.
2008; Reaser et al. 2008; Katsanevakis et al. 2013;
Pergl et al. 2017). As specific taxa do not need to be
identified (Katsanevakis et al. 2013), this approach is
particularly valuable where taxon-specific control
efforts are not possible, for example, for unintentional
introductions (Woodford et al. 2016). However, due to
the voluminous nature of the pathways and their
economic importance, implementation can be legisla-
tively and practically difficult. Therefore, to imple-
ment this approach successfully the prioritisation of
the pathways of introduction is fundamental. The
Convention on Biological Diversity (CBD), which
assigns global priorities and guidelines regarding
invasive alien species through Aichi Target 9, requires
parties (countries) to identify and prioritise their
pathways of introduction by 2020 (Blackie and
Sunderland 2015; Scalera et al. 2016).

Recent studies have described and categorised the
pathways of introduction (Hulme et al. 2008; Essl et al.
2015; Faulkner et al. 2016a), but most of these studies
have either focused on how alien species are
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introduced to natural systems or have evaluated
pathways at larger scales (globally or nationally)
(Hansen and Clevenger 2005; Katsanevakis et al.
2013). Far less attention has been given to urban
invasions and how species are being introduced to and
spreading within cities. Cities present a complex
network of vectors that facilitate alien species move-
ment—both within these environments, and subse-
quently into surrounding, natural areas (von der Lippe
and Kowarik 2008; McLean et al. 2017). In this study
the term ‘pathways of introduction’ refers to the
processes that lead to the introduction of an alien
species to a city, whereas ‘vectors of spread’ refers to
the processes through which alien species spread after
introduction to a city.

We identify the prominent pathways of introduc-
tion and vectors of spread for cities and evaluate
whether these pathways and vectors vary across (1)
taxonomic groups, and for cities with different (2)
geographical and (3) climatic characteristics. By
identifying the most prominent pathways of introduc-
tion and vectors of spread in urban environments we
hope to inform management decisions concerning the
prevention of the introduction and spread of alien
species.

Methods
Data collection

To evaluate the prominence of the pathways of
introduction and the vectors of spread in cities, we
(1) selected cities to use as study sites, (2) obtained
information on the geographical and climatic charac-
teristics of the cities, (3) identified the alien species
present in each city, and (4) determined the pathways
of introduction and vectors of spread of these species.

Selection of cities

Human population affects the pressures exerted on
cities to provide natural and economic resources for
inhabitants. Therefore, human population estimates
were used to select cities. Only cities with a population
of > 1,000,000 were selected for this study (i.e. 498
cities; Demographia 2014, UN 2014). Furthermore, as
we are using alien species occurrence data from the
Global Biodiversity Information Facility (GBIF)

(GBIF 2016—Accessed 1 December 2016), cities in
countries not affiliated to the GBIF were excluded to
reduce data biases. Lastly, we excluded all cities with
no alien species records. Based on these characteris-
tics, 167 cities were selected (Fig. 1).

City characteristics

We collected geographical and climatic data for the
selected cities. Coastal and inland cities were identi-
fied to ascertain the differences in the prominence of
pathways of introduction and vectors of spread for
cities with or without maritime ports. Climate affects
the establishment of alien species in new locations
(Ficetola et al. 2009), therefore we categorised cities
into broad climate zones (equatorial, arid, warm
temperate and snow climates) according to the
Koppen—Geiger climate classification (Kottek et al.
2006).

Alien species selection and distribution

Alien species records were extracted from the Global
Invasive Species Database (GISD), an online inven-
tory of invasive alien species. The database provides
information on the pathways of introduction and
vectors of spread of the listed species, categorised
using standardised classification systems (GISD
2016—accessed 8 June 2016). We extracted all alien
species records for which information on the pathway
of introduction was available in the GISD (1124
records). In the GISD, information regarding the
introduction location of the alien species was recorded
for only a portion (282 records) of the species and was
inconsistently recorded (i.e., in some cases countries
were listed, but in other cases cities or provinces).
Therefore, to ascertain the introduced range of the
alien species in the GISD, we searched for each
species in the Global Register of Introduced and
Invasive Species (GRIIS) (2016—accessed 15
November 2016). The GRIIS database provides the
introduced range of alien species at country level.
Because of this coarse classification, some species
were listed as either native or alien to specific
countries (e.g., Acacia mearnsii in Australia) without
further details provided in the database. In these cases,
we recorded species as present in cities based on
known introduced populations present in the particular
city. We then downloaded occurrence data for each

@ Springer
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Fig. 1 Map of the global cities selected for the analysis of pathways of introduction and invasion. The selected cities had more than one
million inhabitants, were in countries affiliated to the Global Biodiversity Information Facility, and had data on alien species occurrence

species’ introduced range from the GBIF (2016—
accessed 1 December 2016), assuming that records of
species in their native range would thus be excluded
from our dataset. Furthermore, we excluded all
occurrence records for which the source of the record
was unknown in GBIF. We mapped the occurrence
records from the alien species’ introduced ranges
using ArcGIS ArcMap 9.3 (ESRI 2006) and identified
the alien species that have been introduced to our
preselected cities. A total of 255 alien species were
recorded as present in our preselected cities.

Pathway and vector data collection

Hulme et al. (2008) developed a framework which
outlines, based on varying levels of human mediation,
six principal pathways of introduction (release,
escape, contaminant, stowaway, corridor and
unaided). This framework has since been modified to
form the hierarchical classification system that has
been adopted by the CBD (Scalera et al. 2016)
(Table 1). Alien species records containing pathway

@ Springer

information (1124 records) were extracted from the
GISD and were classified using the CBD’s hierarchi-
cal system. We recorded all potential pathways of
introduction for alien species present in our selected
cities. Additionally, the GISD provides information
regarding vectors of spread (local dispersal methods)
of alien species in introduced locations (GISD 2016).
Some pathway sub-category names in the GISD data
overlapped with those of the listed vectors; however,
here we dealt with pathway and vector data separately.
We renamed vectors for ecologically accurate inter-
pretation (e.g., natural dispersal, endo- and exozoo-
chory can all be considered as natural dispersal,
therefore we renamed natural dispersal as unaided
dispersal—see Table 2), and we classified vectors as
intentional, unintentional and natural to emphasise the
importance of human-mediation (Scalera et al. 2016).
However, water currents were not so easily discerned.
The GISD does not specify if water bodies are natural
or man-made systems, and as such we classified water
currents as unintentional or natural dispersal to
account for this uncertainty (Table 2). We recorded
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Table 1 List of the six

Ao Pathway abbreviation
principal pathways of

Pathway name

introduction and the sub- R
categories, used in this
study, within each pathway
category as recognized in
the CBD scheme (Hulme
et al. 2008; Scalera et al.
2016)

Release.nature
Biol.control
Eros.dune.stab
Fishery.wild
Hunting.wild
Lands.flora.fauna
E

Agriculture
Aqua.mariculture
Bot.zoo.aquaria
Farmed animals
Forestry

Fur farms
Horticulture
Ornamental.purp
Pet.terr.species
Other.contam
Research
Live.food.bait

S

Container.bulk
Hitchhikers.plane
Hitchhikers.boat
Machinery.equip
People.luggage
Ballast.water
Hull.fouling
Vehicles
Other.transport
Fish.aqauculture
Org.pack.mat

C
Waterways.seas

Unknown

Release

Release in use for nature

Biological control

Erosion control and dune stabilisation
Fishery in the wild

Hunting in the wild

Landscape; flora and fauna improvement
Escape

Agriculture

Aquaculture or mariculture

Botanical gardens; zoos or aquaria
Farmed Animals

Forestry

Fur Farms

Horticulture

Ornamental purposes

Pet; aquarium; or terrarium species
Other escape from confinement
Research (in facilities)

Live food and live bait
Transport—Stowaway

Container or bulk

Hitchhikers on a plane

Hitchhikers on a ship or boat
Machinery or equipment

People and their luggage

Ship or boat ballast water

Ship or boat hull fouling

Vehicles

Other means of transport

Angling, fishing, aquaculture equipment
Organic packing material

Corridors

Interconnected waterways; basins or seas

Unknown

all potential vectors of spread for alien species present
in our selected cities.

Analysis

We classified the alien species as invertebrates (42
species), plants (152 species), and vertebrates (61
species) to investigate whether the prominence of the
pathways varies across taxonomic groups (see Online
Resource 1—Supplementary Statistics for the number

of species sub-groups of alien species in each
taxonomic group). We then merged the pathway and
vector datasets with the geographical and climatic
information contained in the cities database (see
Online Resource 2 for full dataset).

The pathway and vector data were tabulated to
yield counts of the number of alien species whose
introduction or spread has been facilitated by the
various pathways and vectors. However, prior to
conducting statistical analyses, inconsistent records

@ Springer
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Table 2 List of the vectors

Vector abbreviations Vector name (original name) Classification
of spread and abbreviations.
Listed are the vectors as Ornament Ornamental Intentional
;ir;ilrrzg iﬁg;ﬁgiﬁfa ith Unaided Unaided (natural dispersal) Natural
original names as they Water.curr Water currents Unintentional/natural
appear in the GISD (2016) Wind.disp Wind dispersed Natural
in parentheses. Vectors Road.veh Road vehicles Unintentional
were classified as . . . . .
“intentional”, Hab.mater Transportation of habitat material Unintentional
“unintentional” and Agriculture Agriculture Intentional
“natural” based on the Boats Boats Unintentional
degree of human-mediation Other Other Unknown
Mach.equip Translocation of machinery or equipment Unintentional
Endozoo Endozoochory (consumption or excretion) Natural
Gard.esc Garden escapes or waste Unintentional
Disturb Disturbance Unintentional
Exozoo Exozoochory (on animals) Natural
Clth.foot Clothing or footwear Unintentional
Hike.wear Hikers clothing or boots Unintentional
Off-rd.veh Off-road vehicles Unintentional
Aquacul Aquaculture Intentional
Esc.confin Escape from confinement Intentional
Resr.share Resource sharing Unintentional
Acclim Acclimatization societies Intentional
Forestry Forestry Intentional
Horticul Horticulture Intentional
Intentional Intentional release Intentional
Veg.rep Vegetative reproduction Unintentional
Forg.resor Foraging for resources Unintentional
Land.fauna Landscape and fauna improvement Intentional
Live.food Live food trade Intentional
Nurs.trade Nursery trade Intentional

were removed from the dataset. For example, all
records lacking species-level identification were
excluded from the analyses (e.g., all Didemnum spp.
and Pinus spp. were listed at a genus-level). We also
excluded all species which were not present in the
GRIIS and GBIF databases, as well as fungi, viruses
and other pathogens (only plants and animals were
included). Based on the data available in the GISD at
the time of data collection, no species had moved
unaided from one non-native region to another (Saul
et al. 2016) and, therefore, the unaided pathway was
excluded from the statistical analyses. Also excluded
were species for which pathway of introduction was
“unknown”. Statistical analyses were only performed
at the pathway category level and not at the subcat-
egory level. The vectors of spread are not applicable

@ Springer

for all taxonomic groups (e.g., nursery trade and
vegetative reproduction are only applicable for
plants). Therefore, including taxonomic group in the
analyses of the vectors of spread led to many zero
counts, and resulted in problems with the statistical
models (e.g., algorithms did not converge). Taxo-
nomic group was, therefore, not included as a variable
in the statistical analyses of the vectors of spread.

Pearson’s Chi squared tests were used to determine
if the number of species that were introduced through
the pathways, and that dispersed through the vectors of
spread varied significantly from what would be
expected based on chance alone (Crawley 2007).

To test the association between pathways of
introduction (and vectors of spread) and the different
factors (i.e., taxonomic groups, location and climate)
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or combinations of factors, the counts of species were
analysed as contingency tables using log-linear mod-
els (Poisson error distribution and log-link, see
Crawley 2007).

We classified the data using supervised machine
learning techniques (Classification and Regression
Tree analysis using the “Rpart” package in R;
Therneau et al. (2015)) to identify the most prominent
pathways of introduction for cities and to produce a
decision tree. We selected tree-based model analyses
as these are non-parametric, and output trees are
simple and easy to interpret (Mohri et al. 2012).
Furthermore, a variety of options are available for both
continuous and categorical data. This study used
taxonomic groups and the geographical and climatic
characteristics of cities to predict which pathways of
introduction were most likely to facilitate the intro-
duction of alien species. Prior to conducting the
analysis, we excluded all species for which pathways
were “unknown”, as well as species introduced
through the corridor pathway (only one species
record). We split the data into two equal subsets
(i.e., the training dataset to build the model, and the
testing dataset to validate the model). The training
dataset was classified using binary recursive splitting;
a process whereby the data are split into subgroups
based on two potential outcomes, to produce a tree.
This process was repeated until the tree was fully
grown and the most likely pathways of introduction
were identified. However, this can result in over-fitting
of the data and as such can lead to inaccuracy in
predictions. To minimise over-fitting of the output
tree, we pruned the fully grown tree (Mohri et al.
2012). We used the testing dataset to validate the
model and generated a confusion matrix to test the
prediction accuracy of the model (see Online Resource
1—Supplementary Statistics).

All statistical analyses were conducted in R version
3.2.3 (R Core Team 2015).

Results

Pathway and vector prominence

For both, pathways of introduction (x> = 2779,
df =4, p<0.001) and vectors of spread

(x> = 5749, df =28, p <0.001), species counts
varied significantly from what would be expected by

chance alone, indicating that some pathways and
vectors facilitate the introduction and spread of
species more than others. The escape and release
pathways (intentional introductions) were more likely
to facilitate the introduction of alien species. Alien
species spread through natural means once introduced,
with the most likely vectors of spread being unaided
dispersal, endozoochory, and exozoochory (Figs. 2
and 4).

Taxonomic groups (invertebrate, plants, vertebrates)

There was a significant difference in the association
between pathways and taxonomic group (Table 3).
Escape and release were the most prominent pathways
for plants and vertebrates (Figs. 2, 3). For inverte-
brates, the most prominent pathway was the stowaway
pathway. Plant species were most likely intentionally
introduced to cities for horticulture, while most
invertebrates were introduced as stowaways on ships
(through hull fouling, the release of ballast water or as
a hitchhiker on the ship itself) (Fig. 3). Although not
analysed statistically, unaided dispersal was the most
prominent vector of spread for vertebrates and inver-
tebrates. While unaided was also prominent for plants,
endozoochory and water currents were the most
prominent vectors of spread for these organisms
(Fig. 4).

Location (coastal, inland)

We found a significant difference in the association
between the pathways and city location (coastal and
inland) but the patterns varied across taxonomic
groups (Table 3). For invertebrates in coastal and

Table 3 The results from the log-linear models testing the
differences in the associations between pathways (5 categories)
and factors (taxonomic group—3 categories, location—2 cat-
egories, climate—7 categories,), and combinations of factors.
The analyses show signification differences in associations
between pathways and factors, as well as between pathways
and a combination of factors

2

Factor x df )4
Taxonomic group 901.1 8 < 0.001%*
Location: taxonomic group 28.3 8 < 0.001%*
Climate: taxonomic group 68.6 48 < 0.05%

* Significant difference in the association between pathways
and factor

@ Springer
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Fig. 2 The number of alien species introduced through the
principal pathways of introduction for different taxonomic
groups (invertebrates, plants and vertebrates). Species intro-
duced through multiple pathways were counted for all pathways
facilitating introduction. We found that counts for the pathways
varied significantly from what was expected based on chance
alone (3% = 2779, df = 4, p < 0.001)

inland cities the stowaway pathway was the most
prominent pathway (Fig. 5). Most invertebrates were
unintentionally introduced to coastal cities as hitch-
hikers on ships or boats. The escape and release

Research

Waterways.seas |
Org.pack.material |
Unknown

Fur farms
Farmed animals
Hitchhikers. plane
Other.contam
People.luggage
Other transport
Live.food.bait
Hull fouling
Fishery.wild
Hunting, wild
Container.bulk
Ballast.water
Forestry
Agqua.mariculture
Release.nature
Biol.control
Ornamental.purp
Bot.zoo.aquaria
Fish.aguaculture
Eros.dune.stab
Hitchhikers.boat
Machinery.equip
Vehicles
Pet.terr.species
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Pathways of Introductions - Subcategories

W

pathways were prominent for vertebrates in both
coastal and inland cities (Fig. 5). Most vertebrates
were introduced through the pet trade and for
landscape/flora and fauna improvement. The most
important pathway for plants, regardless of the
location of a city, was the escape pathway (Fig. 5),
with the majority of plants most likely introduced for
horticulture (Fig. 3).

There was a significant difference in the association
between the vectors of spread within a city and
whether a city is coastal or inland (Table 4). However,
regardless of the location of a city, the most prominent
vector of spread within a city was through natural
vectors (unaided dispersal) (Fig. 6).

Climate

We found a significant difference in the association
between the pathways, climate and taxonomic group
(Table 3). The prominence of the pathways differed
for cities with different climates but the pattern varies
depending on the taxonomic group. The escape

[] invertebrate
] plant

B vertebrate

Agriculture
Lands.flora.fauna

|{

Horticulture

|
200

== PO

[ | |
400 600 800

Number of Introductions

Fig. 3 The number of alien species introduced to cities through
the pathways of introduction (subcategories of the CBD
classification) for different taxonomic groups (invertebrates,
plants and vertebrates). Species introduced through multiple
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pathways were counted for all pathways facilitating introduc-
tion. The full list of pathway subcategory names and abbrevi-
ations can be located in Table 1
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Fig. 4 The number of alien invertebrate, plant and vertebrate species spreading through the vectors of spread. Species spreading
through multiple vectors were counted for all relevant vectors (see Table 2 for full list of vector names and abbreviations)

pathway was the most prominent pathway of intro-
duction for plants regardless of the climate zone of a
city. For vertebrates in cities with different climate
zones, the most prominent pathways of introduction
were either the escape or release pathways. The
patterns observed for invertebrates varied across
climate zones, with the stowaway, release and con-
taminant pathways being the most likely pathways to
facilitate the introduction of alien species to cities with
different climates.

There was a significant difference in the association
between vectors and climate (Table 4). The pattern
observed showed that in most climate zones unaided
dispersal was the most prominent vector of spread.
However, for cities with equatorial climates, endo-
zoochory was the most prominent vector and for arid-

snow climates, alien species are most often spread for
ornamental purposes.

Prominence of pathways based on city
characteristics

The results obtained from our model showed that the
pathways most likely to facilitate the introduction of
alien species depend on the taxonomic group of the
alien species (Fig. 7). However, for some taxonomic
groups, different pathways were more likely to
facilitate the introduction of alien species to cities
with different geographical and climatic characteris-
tics. In the case of plants, depending on the climatic
zone and whether ports were present in the city, the
escape and release pathways were the most prominent
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Fig. 5 The number of alien
species introduced to coastal
and inland cities through the
pathways of introduction for
different taxonomic groups
(invertebrates, plants and
vertebrates). We found a
significant difference in the
association between
pathways of introduction,
taxonomic group and
whether cities were located
along the coast or inland
(' =28.df =38,

p < 0.001)
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Number of introductions
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L
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Table 4 The results from the log-linear models testing the
association between vectors (29 categories) and factors (loca-
tion—2 categories, climate—7 categories). Taxonomic groups
were excluded from our analysis. Results from the analysis
show significant associations between vector and factors

Intentional

2

Factor X df )4
Location 63.6 28 < 0.001*
Climate 2514 168 < 0.001*

* Significant difference in the association between vectors and
factors

pathways. For invertebrates, the prominence of the
pathways differed according to the presence of a port
with alien species most likely being introduced
through the contaminant and stowaway pathways
(Fig. 7). The prominence of the pathways of intro-
duction for vertebrate alien species depended on the
location of the city, the city’s climate and whether
ports where present in the city. Therefore, depending
on the characteristics of the city, the escape and release
pathways were the most likely to facilitate the
introduction of alien vertebrate species (Fig. 7). The
results of the accuracy test showed that the prediction
accuracy for the pathways of introduction were low in
all cases (close to 50% in the case of escape and
release, and lower in the other cases—see Online
Resource 1 Supplementary Statistics). The introduc-
tion of alien species through pathways of introduction
is a result of numerous complex factors (Pergl et al.
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Unintentional

Pathways of Introduction

2017). The inaccuracy of predictions could be a result
of insufficient predictors in the model to accurately
predict the most probable pathways of introduction.

Discussion

The identification and prioritisation of pathways that
facilitate the introduction of species in cities is
essential for an effective response to biological
invasions. This study focused on identifying the
pathways most likely to facilitate the introduction of
alien species to cities and the vectors of spread through
which these species most probably move after intro-
duction. We found that the intentional introduction of
alien species to cities is more prominent than
unintentional introductions, but that the subsequent
spread of alien species occurs through natural mech-
anisms. Therefore, identifying and prioritising the
pathways through which alien species are introduced
to cities, and reducing the number of species intro-
duced through the prioritised pathways, is pivotal for
an effective response to biological invasions.

Even though the accuracy of the decision tree
produced in this study is low, the results from the
model predictions showed similar overall patterns as
observed for contingency analyses for the prominence
of pathways of introduction. We found that the most
prominent pathway of introduction for plants was the
escape pathway, regardless of the characteristics of a
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Fig. 6 The number of alien species spreading within coastal
and inland cities through the vectors of spread (see Table 2 for
full list of vector names and abbreviations). Species spreading
through multiple vectors were recorded for all relevant vectors

city. Most plants that have escaped from cultivation
were likely imported for the horticultural industry, and
due to the substantial nature of this industry, it is likely
that the escape pathway will continue to be important
(Burt et al. 2007; Dehnen-Schmutz et al. 2007; Novoa
et al. 2015; Visser et al. 2016; Faulkner et al. 2016a;
Cronin et al. 2017). This is despite voluntary codes of
practice for the horticultural industry outlined by the
International Plant Protection Convention (IPCC) and
the CBD (Schrader and Unger 2003), and the regula-
tory frame-works in place in some countries (e.g.,
South Africa, the National Environmental: Biodiver-
sity Act No. 10 of 2004). A lack of awareness
regarding invasive alien plants persists among some
horticulturalists (suppliers and consumers) potentially
leading to the continued sale of invasive plants (Drew
et al. 2010; Cronin et al. 2017). This needs to be
addressed to prevent the sale of harmful alien plant

of spread. We found a significant difference in the association
between the vectors of spread and whether a city was coastal or
inland (x* = 5749, df = 28, p < 0.001)

species. Although this study highlights the escape
pathway as the most prominent pathway of introduc-
tion for plants, a study conducted by Pergl et al. (2017)
showed that alien plant species introduced through the
release, corridor and unaided pathways were most
likely to have ecological impacts.

The patterns observed in the prominence of path-
ways for invertebrates showed that different pathways
should be targeted for prevention and management
responses based on a city’s characteristics. For exam-
ple, the stowaway pathway should be prioritised for
management in cities with maritime ports while the
contaminant (unintentional) pathway should be pri-
oritised for cities without ports. Invertebrates were
predominantly introduced as stowaways on ships or
boats to cities with ports. To effectively respond to
aquatic invertebrate introductions in cities with ports,
coordinated strategies need to be implemented to
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Fig. 7 The decision tree produced using the training dataset
shows, at terminal nodes, the most likely pathways to facilitate
the introduction of alien species based on the characteristics of
the cities and the taxonomic group of the alien species. The
numbers below the terminal nodes indicate the number of

strategically and effectively prevent introductions
(Kolzsch and Blasius 2011; Bacon et al. 2012;
Faulkner et al. 2016b; Cope et al. 2016).

Similar to the case of invertebrates, management
strategies for alien vertebrate species need to be based
on the prominent pathways of introduction determined
by the characteristics of the city. The intentional
(escape and release) pathways are most prominent
regardless of the characteristics of a city. Alien
vertebrate species are predominantly introduced for
the pet trade (Brown 2006; Kraus 2007). The increas-
ing popularity of the pet trade will likely mean that this
pathway will continue to be important for the intro-
duction of alien vertebrate species. The management
of the pet-trade industry hinges on the regulation of
species through permits. The problem with permit
issuing is that permits centre on voluntary compliance
to guidelines and codes of practice (van Wilgen et al.
2008; Essl et al. 2015; Hulme 2015). Permits are only
required for owners to be in possession of said species
but do not stipulate disposal procedures in the event
that the pet owners no longer wish to retain their pets
(van Wilgen et al. 2010). In some instances, owners

@ Springer

species recorded for the particular pathway in relation to the
total number of species recorded for cities with those particular
characteristics across all pathways. The climate zones follow
our categorisation system (A = equatorial, B = arid,
C = warm temperate and D = snow—Kottek et al. 2006)

release or dispose of pets if their value decreases, or if
they tire of taking care of these pets (van Wilgen et al.
2010). Follow-up procedures regarding the codes of
best practice depend on the legislation and implemen-
tation of these codes in individual countries. There
needs to be stricter traceability and accountability for
negligence concerning the release or disposal of alien
vertebrate species kept as pets (Hulme et al. 2008).
Alternatively, a tax or levy could be charged to fund
the control of escaped exotics. However, this can
potentially be disadvantageous to the pet trade indus-
try, as the incurred cost could discourage consumers
from purchasing exotic pet species.

Conclusion

To curb the introduction of alien species we recom-
mend that prevention strategies take into consideration
all the complex factors that influence alien species
introductions (Pergl et al. 2017). The decision tree
presented here provides decision makers with a
starting point to prioritise the pathways of introduction
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for management based on the taxonomic group of
interest as well as the different characteristics of the
city; however, further detailed research will be
required for decision makers to assign priorities to
alien species and the pathways of introduction.
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Online Resource 1 — Supplementary Statistics

Fig. 1: The number of species within each sub-group for the taxonomic groups
(arthropod=8, annelid=3, bryozoan=1, insect=18, mollusc=9, seastar=1, tunicate=3, aquatic
plant=17, grass=18, herb=35, shrub=23, succulent=2, tree=26, tree-shrub=11, vine=11, vine-
climber=5, aquatic plant-succulent=1, climber=2, bird=14, fish=24, mammal=16, reptile=4,

amphibian=2).
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Fig. 2: The number of alien species occupying different environments (terrestrial=20,
freshwater=6, marine=14, freshwater-terrestrial=8, marine-brackish-freshwater=1, marine-
terrestrial=1).
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CART analysis — supplementary statistics

Table 1: The results of the confusion matrix produced in the CART analysis showing the
prediction accuracy of the model produced. Prediction accuracy was calculated as the
percentage of correct prediction in relation to the total number of observations for each
pathway.

Predicted True observations Prediction
results Contaminant  Escape Release Stowaway | Accuracy
(%)
Contaminant | 8 10 12 18 16.7
Escape 178 926 423 367 48.9
Release 5 38 42 5 46.7
Stowaway 32 64 26 49 28.7

“all records for “unknown” pathways were removed prior to analysis
“corridor pathway was excluded from analysis as there was only 1 record





