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Abstract

The introduction and establishment of alien 
species is one of the many profound influ-
ences of ongoing anthropogenic global envi-
ronmental change. Invasion biology has 
emerged as the interdisciplinary study of the 
patterns, processes and consequences of the 
redistribution of biodiversity across all envi-
ronments and spatio-temporal scales. The 
modern discipline hinges on the knowledge 
that biological invasions cannot be defined 
and studied solely by their final outcome of 
establishing alien species but rather as a 
sequential series of stages, or barriers, that 
all alien species transit: the ‘invasion path-
way’. Some of the most important influences 
for a species transiting these sequential 
stages (i.e. transport, introduction, estab-
lishment and spread) are event-level effects, 
which vary independently of species and 
location, such as the number of individuals 
released in any given location (propagule 
pressure). The number of studies of biologi-
cal invasions has increased exponentially 
over the past two decades, and we now have 
a significant body of research on different 

aspects of the invasion process. In particu-
lar, the hierarchical nature of the invasion 
pathway has lent itself strongly to modern 
statistical methods in hierarchical model-
ling. Now, the science behind invasive spe-
cies management must continue to develop 
innovative ways of using this accumulated 
knowledge for delivering actionable man-
agement procedures.

Introduction

Human populations have had a profound 
impact on all natural environments and the 
biological diversity they contain and sup-
port (Magurran, 2016). Alongside massive 
population growth, the continued rapid 
urbanization and globalization of human 
technology, transport and trade are all 
increasing this impact. In response, new sci-
entific disciplines have emerged to evaluate 
the patterns, processes and consequences 
of  human-induced global environmental 
change (Costanza et al., 2007). One such dis-
cipline is invasion biology: the study of spe-
cies (populations and individuals) that have 
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been redistributed outside their native 
 geographic ranges as a result of human- 
mediated translocation (hereafter termed 
‘alien species’). Alien species can be trans-
ported to their new recipient locations 
intentionally through deliberate introduc-
tion or accidentally through unintentional 
‘stowaway’ and/or escape (Hulme, 2009).

Throughout human history the trans-
location of species has greatly benefited 
human welfare and livelihood. Today, there 
are many tens-of-thousands of alien species 
that are used in foodstuffs (farmed, culti-
vated and harvested), as commercial materi-
als (timber, packaging, clothing, derivatives 
and pharmaceuticals), and as ornamentals 
(garden plants, pets and commensal spe-
cies). In rare cases (and not without contro-
versy) alien species have also been promoted 
to assist species conservation (Schlaepfer 
et al., 2011) and for responding to biodiver-
sity loss through anthropogenic climate 
change (i.e. via assisted translocation; 
McLachlan et  al., 2007). Nevertheless, the 
ledger of the effects of alien species also has 
a long (arguably longer) debit column. Inva-
sive alien species (IAS) act as a massive drain 
on global resources (Early et  al., 2016). 
Recent assessments suggest that they cost 
the economy of the UK at least £1.7 billion 
per annum (Williams et al., 2010) and that 
of the EU at least €12.5 billion per annum 
(pa) and probably substantially more. Esti-
mates of economic costs for other regions 
are similarly high (Pimentel et  al., 2000). 
These economic debits stem from the loss of 
productivity in agriculture, aquaculture and 
forestry; mitigation and control costs asso-
ciated with new building construction, 
energy utilities and transportation infra-
structure; and the costs of surveillance, 
quarantine and eradication efforts designed 
to prevent known invasive alien species’ 
establishment in new regions (Kettunen 
et al., 2008). Alien species are also one of the 
major drivers of biodiversity loss worldwide. 
IAS have contributed to the extinction of 
more plants and animals since 1500 ad than 
any process other than habitat loss (Bellard 
et al., 2016). The widespread establishment 
of the same sets of alien species around the 

world erodes evolutionarily distinct commu-
nities (floras and faunas) by the process of 
biotic homogenization ( Lockwood and 
 McKinney, 2001). The ongoing establish-
ment of new alien species, from almost all 
major taxa (Seebens et  al., 2017), suggests 
that society is facing increasing economic 
and ecological costs from IAS in the coming 
decades (Essl et al., 2011).

The great variety of alien species, the 
widespread locations in which they have 
been released and become invasive pests, 
and the range of negative impacts arising 
from these pests has spawned a major 
research effort designed to understand (i.e. 
quantify and clarify) the invasion process, 
and provide the robust evidence-based activ-
ities needed to control and mitigate their 
impacts (Lockwood et al., 2013).

The Invasion Pathway

The genesis of invasion biology as a scientific 
discipline is debatable but is often argued to 
have started with the publication of Charles 
Elton’s book The Ecology of Invasions of 
 Animals and Plants (Elton, 1958). The field 
nevertheless languished for a quarter of a 
century or so after this publication, surviv-
ing mostly within the applied work of 
 entomologists, rangeland ecologists, weed 
scientists and wildlife biologists (Baker, 
1974; Davis, 2006). This situation began to 
change when the Scientific Committee on 
Problems in the Environment (SCOPE) pub-
lished a series of books and articles on the 
subject in the early 1980s (Drake et al., 1989; 
Davis, 2006). The SCOPE participants iden-
tified three questions for invasion biology to 
answer:

1. What factors determine whether a spe-
cies becomes an invader or not?
2. What site properties determine whether 
an ecological system will resist or be prone 
to invasions?
3. How should management systems be 
developed to best advantage given the 
knowledge gained from studying questions 
1 and 2?
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Although the SCOPE programme led to 
many national initiatives and influential 
edited volumes (Simberloff, 2011), the first 
few decades of research into biological 
 invasions following SCOPE were character-
ized by a failure to make significant progress 
in addressing these questions in either 
an  explanatory or a predictive manner 
( Williamson, 1993, 1999).

This scientific drought ended with the 
widespread recognition that biological inva-
sions should not be defined and studied 
solely by their final outcome of producing 
alien species, but rather as a sequential 
series of stages, or barriers, that alien spe-
cies transit (Williamson, 1993). These stages 
– commonly categorized as transport, intro-
duction, establishment and spread (Fig. 1.1) 
– constitute the invasion pathway (also 
known as the invasion process). Only a 
(native) species that successfully overcomes 
all of the biogeographical, social, demo-
graphic, environmental and dispersal barri-
ers, throughout the invasion stages, will 
become an invasive alien species (Blackburn 
et al., 2011). These stages differ in the nature 
of the barriers imposed, and therefore the 

mechanisms required to overcome them. 
Notably, each stage generates a different set 
of hypotheses for how a species might tran-
sition through it (Kolar and Lodge, 2001). 
Partitioning the process of invasion into 
these stages required the testing of ideas 
about which species succeed at each stage in 
the process and which fail.

Transport

Changes in the mode and frequency by 
which species are transported have greatly 
affected temporal patterns in the sources 
and subsequent distribution of alien species. 
Early human transportation by foot, horse 
and sailing ship have been replaced by high-
speed – and high-volume – rail, truck, ship 
and plane transport (Essl et  al., 2015). The 
networks these transportation vectors 
travel have themselves expanded exponen-
tially over the past century, making the spe-
cies native to newly ‘opened’ regions subject 
to becoming transported out as aliens and 
making the regions themselves subject to 

Fig. 1.1. A depiction of the sequential series of stages or barriers that define the invasion pathway. This 
framework identifies that the invasion process can be divided into a series of stages and that in each 
stage there are barriers that need to be overcome for a species or population to pass on to the next 
stage. Modified from Blackburn et al. (2011).
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becoming invaded (Seebens et al., 2015). The 
technological advancement of transporta-
tion and the globalization of trade has thus 
resulted in a massive expansion of the range 
of taxa moved by transport vectors and the 
speed with which these species are moved 
from their origin to their recipient locations 
(Ruiz and Carlton, 2003; Essl et  al., 2015). 
Commodities such as fresh produce (e.g. 
fruit, vegetables and flowers), pets (e.g. 
 turtles, scorpions and groupers), and orna-
mentals (e.g. aquatic plants, marine algae 
and live coral) can now be sent from nearly 
anywhere to nearly anywhere else in the 
world in less than 24 hours. Along with 
these commodities come their transmissible 
pests and diseases, and the smaller species 
that stowaway either on the commodity 
itself or in its packaging. It is clear when 
analysing different periods of invasion biol-
ogy that different taxa and regions predomi-
nate, and that these temporal patterns 
strongly reflect changes and advances in 
global trade (Dyer et al., 2017). Recognition 
of the dynamic and expansive mechanisms 
of alien species transport forced invasion 
biologists to develop research programmes 
centred on the locations and types of species 
most likely to be entrained, and the causes 
and consequences of transport and vector 
dynamics (e.g. Essl et  al., 2015; Turbelin 
et al., 2017).

Introduction

Not all individuals (or species) that are 
transported outside of their native range 
are  introduced (released) into the recipient 
(alien) range. In some cases they do not sur-
vive transportation and thus never leave the 
vector (e.g. ship ballast, cargo hold), and in 
other cases they are contained in captivity 
once off-loaded into the alien range (e.g. 
pets, ornamental plants). Although these 
contained species still pose a potential inva-
sion risk (Hulme, 2011; Cassey and Hogg, 
2015), they cannot establish until they are 
introduced into the recipient environment. 
The factors that determine which species 

make up the pool that are initially entrained 
in a transportation vector are poorly under-
stood. Similarly, there is a paucity of research 
into the characteristics that facilitate either 
their survival within the vector until release 
or eventual release from captivity.

The introduction stage represents a 
 critical target for the successful manage-
ment of alien species, yet we lack an appro-
priate level of understanding of its dynamics. 
Transport and introduction are sometimes 
combined in the same stage for theoretical 
or practical analytical reasons (Leung et al., 
2012), which might have contributed to our 
limited understanding of the introduction 
stage. It is crucial, however, that we disag-
gregate these two stages, because transiting 
from transported to introduced breaks the 
major containment barrier for alien species 
(e.g. captivity), and potentially allows estab-
lishment (Hulme, 2011; Cassey and Hogg, 
2015). Despite the sparseness of research on 
the likelihood of introduction, the shared 
conclusion across transport vectors and taxa 
is that increasing trade volumes of a com-
modity increases the likelihood of an 
 introduction (García-Díaz et  al., 2017). 
Interestingly, this finding links well with the 
propagule pressure hypothesis explaining 
species’ success in the next stage, establish-
ment (see also Chapter 16, this volume). 
Species’ traits effectively play a role in facili-
tating whether a species transits from trans-
port to introduction (Wonham et al., 2001; 
Su et  al., 2016; Vall-llosera and Cassey, 
2017). Unfortunately, there remains a sub-
stantial knowledge gap regarding this 
aspect. The introduction of alien species is a 
multi-faceted process compounded by a 
multitude of factors including human behav-
iours (e.g. reasons why people release pets or 
dispose of unwanted ornamental plants into 
natural habitats) (Cohen et  al., 2007; 
Dehnen-Schmutz et al., 2007). Accordingly, 
deciphering the function of different factors 
in determining the likelihood of introduc-
tions is a challenging task requiring a multi-
disciplinary research agenda incorporating 
elements from the ecological, economical 
and social sciences.
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Establishment

The majority of research effort on the inva-
sion pathway, to date, has been focused on 
the factors affecting the successful estab-
lishment of alien populations. Whether or 
not an introduction results in a population 
becoming self-sustaining depends on the 
intersection of three broad categories of 
driver: species-, location- and event-level 
characteristics (Duncan et  al., 2003). The 
first two of these categories echo the first 
two questions of the SCOPE programme 
above. Species-level factors include hypoth-
eses on how life history, evolutionary his-
tory and genetic diversity influence the 
probability that a nascent alien population 
will become self-sustaining. The location-
level characteristics include the myriad 
hypotheses on how (and if) disturbance 
leaves locations more likely to be invaded, 
and the role of inter-specific interactions in 
determining the fate of a recently intro-
duced alien population (competition, preda-
tion, mutualism), among others. The 
event-level category reflects barriers that 
vary independently of species and location, 
such as the number of individuals released 
in any given location (e.g. propagule pres-
sure; Lockwood et  al., 2005; Simberloff, 
2009b). The event-level category was not 
identified and thus not addressed within the 
SCOPE programme (Blackburn et al., 2015). 
Hypotheses for establishment success now 
tend to partition along the lines of these 
three categories or the intersection between 
them. For example, underlying the variabil-
ity in species, events and environments is 
the common relationship between a species 
ability to survive in a new location (abiotic 
and biotic tolerances) and the demographic 
capability of the population to increase (R0; 
e.g. Cassey et al., 2014).

Spread

Not all established alien species spread 
widely across their available range but some 

manage to occupy vast expanses, even occa-
sionally spreading over entire continents 
(Lockwood et  al., 2013). Key hypotheses 
invoke the role of landscape-level habitat 
patterns, the presence and strength of inter-
specific interactions, and species traits that 
promote dispersal and phenotypic evolution 
or plasticity. An interesting phenomenon at 
this stage relates to those species that have 
apparent lag periods between establishment 
and spread, or so-called sleeper-species 
(Crooks, 2005; Aikio et  al., 2010; Aagaard 
and Lockwood, 2014). It is currently 
unknown whether these species-by- 
environment combinations are different 
from alien populations that initially expand 
and spread. Similarly perplexing is why some 
species, once established and spreading 
(seemingly beyond a small-population extir-
pation threshold), suddenly decline and ‘dis-
appear’ (i.e. ‘boom and bust’; Simberloff and 
Gibbons, 2004; Cooling et al., 2011; Aagaard 
and Lockwood, 2016). In both these cases, 
local adaptation may be involved. In the first 
case of lag periods, the alien species might 
require a period of time to adapt to the new 
environment and, in the case of boom and 
bust, some feature of the new environment 
(e.g. a predator or pathogen) might become 
adapted to the alien (Blackburn and Ewen, 
2017), with negative consequences. Hypoth-
eses concerning evolutionary and disease 
dynamics are likely to be fruitful avenues to 
explore and improve understanding of alien 
species spread (or lack thereof). They will 
need to explain, however, why aliens are dis-
placing native species that have apparently 
had orders of magnitude more generations 
to perfect their responses to local environ-
mental conditions (i.e. the so-called ‘para-
dox of invasion’; Sax and Brown, 2000; 
Fridley et al., 2007).

Impacts

The aspect of alien species invasions that 
first garnered attention to the field was their 
realized ecological and economic impact. 
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Most recent conceptualizations of the inva-
sion pathway, however, conspicuously avoid 
invoking impact as an invasion stage (e.g. 
Blackburn et al., 2011; Jeschke et al., 2013). 
There are three reasons for this decision. 
First, the presence and degree of impact is 
inevitably shaped by human perception, 
especially when it is defined using socio- 
economic metrics (Lockwood et  al., 2013). 
This prohibits the designation of ‘impact’ as 
a purely biological phenomenon, and thus 
makes difficult the task of formulating test-
able hypotheses around what ecological or 
evolutionary conditions favour high versus 
low impact (Thomsen et al., 2011a). Second, 
even when impact is defined as a purely eco-
logical outcome of an alien invasion, it has 
proven difficult to define it in a consistent 
and thus testable manner. Recognizing 
existing differences in human perspectives, 
when addressing socio-economic impacts, is 
vital for framing the discussion on alien 
 species in the broader society. Third, alien 
species can have impacts at any stage of the 
invasion pathway (Jeschke et al., 2014).

In a wide-ranging review of impact 
hypotheses, Ricciardi et  al. (2013) defined 
impact as any measurable change to the 
properties of an ecosystem by an alien spe-
cies. These properties can be measured at 
any biological scale of organization from 
genes to ecosystem functions, and the 
change imposed by the alien species can be 
either positive or negative as measured on 
an ecological (and not socio-economic) scale. 
Thus, for example, a zebra mussel popula-
tion established as an alien within a river 
basin may increase water clarity, or it may 
over-grow native mussels at the same loca-
tion and decrease their populations, some-
times to the point of local extinction 
(Strayer, 2009). Whether either of these 
measurable ecological changes are ‘good’ or 
‘bad’ depends exclusively on the values one 
brings to this judgement (Lockwood et  al., 
2013). By defining impact in a purely eco-
logical context, Ricciardi et al. (2013) allowed 
for hypotheses on ecological impact to be 
generated and rigorously tested.

Even with this definition in place, there 
remain several hurdles to understanding 

when and where alien species impose eco-
logical impacts. The first was recognized by 
Parker et al. (1999) when they disaggregated 
mechanisms of impact into three classes: 
those that are (i) regulated by the abundance 
of the alien species; (ii) the geographical 
range size of the alien; or (iii) the per-capita 
effect of the alien on co-occurring species or 
the ecosystem. There have been several syn-
thetic reviews of alien species impacts in 
recent years; however, most have not 
attempted to identify which of these factors 
most influences impact levels across species 
or ecosystems, in part because not all classes 
of mechanism are equally easy to measure 
(e.g. Vilà et al., 2011; Maggi et al., 2015). A 
second hurdle comes from recognizing that 
invasive alien species may have some popu-
lations that have high impact and others 
that have low or even no impact (Cameron 
et  al., 2016). In addition, these levels of 
impact are not always static through time, 
raising the possibility that a single alien pop-
ulation can manifest impacts in a single eco-
system that range from acute to minimal 
depending on how long it has been resident 
there (Strayer et al., 2006).

At least 13 hypotheses have been devel-
oped to explain why some alien species have 
strong impacts on co-occurring species, 
often dominating entire assemblages, while 
others remain relatively benign. The hypo-
theses proffered thus far reflect those 
 commonly evoked to explain variation in 
establishment success and community ecol-
ogy (Ricciardi et al., 2013). Thus, impacts are 
supposed to vary according to traits of the 
alien species itself, its functional distinctive-
ness relative to co-occurring native species, 
the level of disturbance and environmental 
heterogeneity of the invaded ecosystem, and 
the strength and number of inter-specific 
interactions (Ricciardi et  al., 2013). These 
hypotheses are not mutually exclusive, and 
in most instances where an alien population 
imposes large impacts on ecosystems more 
than one mechanism appears to be working 
simultaneously (Thomsen et  al., 2011b). 
More recently, there has been interest in 
documenting whether spread and impact 
are always correlated with one another, and 
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if so, what is the shape of this relationship 
(Yokomizo et al., 2009).

If an alien population shows strong and 
negative impacts, defined either ecologically 
or socio-economically (or both), then inva-
sion biologists have sought ways to inform 
the process of eradicating or controlling 
them. The science behind invasive species 
management must develop ways of using 
the accumulated knowledge from testing 
hypotheses of invasion from above into 
actionable management procedures (Dibble 
et al., 2013). As one might expect, the degree 
to which managers have been successful at 
realizing measurable success in eradication 
or control of invasive species is mixed 
( Dibble et al., 2013).

Eradication of established alien species is 
difficult and costly, and for widespread spe-
cies can be simply impossible (Myers et  al., 
2000). No widespread continental population 
of an established vertebrate invasive alien 
species has ever been successfully eradicated, 
although human-mediated extinctions of 
many native species suggest that it is possi-
ble. Nevertheless, eradications of small or 
geographically circumscribed populations are 
a successful management tool and, combined 
with sufficient planning and resources 
(including public and political support), can 
be effectively implemented (Howald et  al., 
2007). When eradication is infeasible, man-
agers move toward a programme of control 
whereby the invasive alien population is 
reduced in size or extent to protect valued 
assets (Simberloff, 2009a). These assets may 
be ecologically valuable, such as reducing the 
impacts of invasive plants or vertebrates 
within protected areas, or they may be eco-
nomically or socially valuable, such as when 
reducing the populations of alien insect pests 
on crops. Future research in the implementa-
tion and conduct of new and sometimes con-
troversial technologies for the eradication 
and control of alien populations (e.g. gene-
editing approaches; Piaggio et al., 2017) will 
need to be developed, in concert with meth-
ods to circumvent potential sociological 
 conflicts that potentially render invasions 
‘wicked problems’ for management (Ricciardi 
et al., 2017).

The Trail Beyond

Invasion biology has come of age, in leaps 
and bounds, in recent years. Just over two 
decades ago, leading practitioners were pos-
iting that the field might simply be inher-
ently unpredictable (Williamson, 1999). 
Since then the widespread adoption of the 
pathway model, the recognition that differ-
ent drivers apply at different stages, and the 
incorporation of propagule pressure as a 
null model for establishment success, has 
brought us to the point where invasion biol-
ogy as a predictive science can be envisioned 
(if not yet realized). Studies of biological 
invasions have increased exponentially over 
the last two decades (Simberloff, 2011; 
Lockwood et al., 2013). The ongoing acceler-
ation in the establishment of alien species 
has led to (and been identified by) an explo-
sion of data on the occurrence and spread of 
alien populations (Dyer et  al., 2016, 2017; 
Seebens et al., 2017), and robust research in 
biosecurity planning and preparedness 
(Bacon et al., 2012; Banks et al., 2015; Cope 
et  al., 2016). We have seen a flowering of 
hypotheses proposed to explain the distri-
butions – and success or failure – of alien 
species, structured to align with the concep-
tual advances in partitioning of the invasion 
process; 35 of these hypotheses are featured 
in Chapter 7, and 12 hypotheses are out-
lined in detail in Chapters 8–16 of this vol-
ume. The challenges facing invasion biology 
have evolved and changed.

Biological invasions are inherently com-
plex. They intersect the effects of human 
history, societal imperatives, environmental 
vagaries and evolutionary histories. It is 
likely that the stages on the invasion path-
way (and the way we manage them) each 
have complex explanations and are deter-
mined by multiple drivers. As such, we do 
not expect single simple explanations for 
any given stage. Nevertheless, we also do 
not expect every hypothesis in invasion biol-
ogy to be correct. Some will be viable, 
whereas others are zombies: dead but not 
buried. The key now is to distinguish 
between the two so we can be shorn of the 
dead. Much of invasion biology is based on 
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observational data from unplanned and 
poorly designed ‘experiments in nature’ (as 
defined by Diamond and Case, 1986). In the 
past, this restricted our science to the analy-
sis of small comparative datasets and com-
parisons of single (anecdotal) studies. This is 
no longer the case. We are now confronted 
with an increasingly large (in space and 
time) set of catalogues, compendiums and 
globally vast databases of research on bio-
logical invaders. Given that we have a sig-
nificant body of studies on different aspects 
of the invasion process, one good way to 
move forward is to interrogate this informa-
tion attempting to identify consensus, or 
key aspects of variation, in our existing 
knowledge.

Developments in statistical approaches 
led by medical science means that we have 
the research structures in place to examine 
bodies of evidence in favour of hypotheses in 
a formative, logical and quantitative man-
ner. Systematic meta-analyses provide one 
particular tool, which can be usefully adopted 
for assessing and contrasting the strength of 
statistical effect-sizes across a range of stud-
ies, including the overwhelming variety of 
alien species, invaded locations and ecologi-
cal outcomes (e.g. Sorte et  al., 2010; Vilà 
et  al., 2011). In addition, the hierarchical 
nature of the invasion pathway lends itself 
strongly to modern statistical methods in 
hierarchical modelling. Such approaches can 
be adopted to test for heterogeneity in the 
strength of effect sizes, assisting in deter-
mining which moderator variables underlie 
observed variability in invasion stage out-
come. Quantitative meta-analyses can also 
be useful for resolving whether certain 
results (effects) are confounded by the 
potential pseudo-replication of dominant 
authors within the field, or of multiple stud-
ies being conducted on ‘well-worn’ datasets 
(e.g. Hulme et al., 2013). A key area for devel-
opment may involve refining the questions 
on which meta-analytical methods are 
brought to bear. So, for example, we may find 
that studies that we collectively consider as 
addressing the same idea actually concern 
several (albeit related) hypotheses (the 
hierarchy- of-hypotheses approach outlined 

in Chapters 2 and 6, this volume). Alter-
nately, complex definitions for common 
hypotheses can lead to a wide variety of mea-
surements for the same underlying trait, 
such as the case for IAS impact (Kumschick 
et al., 2015). The growing number of studies 
using proxy measurements for interpreting 
the relationship between propagule pressure 
and the different successful transitions in 
the invasion pathway are a good example of 
this as well (Wonham et  al., 2013). Clear 
refinement of the hypotheses and analysis of 
the underlying heterogeneity in these stud-
ies is an obvious benefit of robust and repro-
ducible quantitative syntheses, which will 
define the way we address invasion biology 
in future years.
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