




Invading Ecological Networks

Until now, biological invasions have been conceptualised and studied mainly as a
linear process: from introduction to establishment to spread. This volume charts a
new course for the field, drawing on key developments in network ecology and
complexity science. It defines an agenda for Invasion Science 2.0 by providing
new framings and classification of research topics and by offering tentative
solutions to vexing problems. In particular, it conceptualises a transformative
ecosystem as an open adaptive network with critical transitions and turnover,
with resident species learning heuristically and fine-tuning their niches and roles in
a multiplayer eco-evolutionary game. It erects signposts pertaining to network
interactions, structures, stability, dynamics, scaling and invasibility. It is not a recipe
book or a road map, but an atlas of possibilities: a ‘hitchhiker’s guide’.
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Imagin’d rather oft than elsewhere seen,
That stone, or like to that which here below
Philosophers in vain so long have sought,
In vain, though by their powerful Art they bind
Volatile Hermes, and call up unbound
In various shapes old Proteus from the Sea,
Drain’d through a Limbec to his native form.

John Milton, Paradise Lost, III, 599–605
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Preface

The I Ching or Book of Changes, published about three thousand years
ago, is among the oldest of the Chinese classics. It posits that all things are
interlinked and changing, and therefore that the state of any system is in
constant flux and transition, while the rules of change are observable in
the midst of the diverse patterns of flux exhibited in the interlinked
natural world. Indeed, our planet’s biosphere, comprising all living things
and their interactions, is experiencing unprecedented change, most of it
attributable to humans. This rapid change has created a wave of selection,
transforming global ecosystems and moulding their structures and func-
tions. Within a few decades we could have entirely new climates and
radically altered species compositions and distributions – the emergence
of novel networks of biotic interactions extending across multiple scales.
The agenda in ecology, however, is largely mired in thoughts of restoring
balance and equilibrium. We hope that this book will stimulate readers to
think deeply about the concept and ramifications of constant change in
our natural world and to ponder the rules of change in our rapidly
changing ecosystems.
Alien species, those that have been moved to new areas through

human actions, are both drivers and the passengers of the current global
change. Although many introduced species fail to establish footholds in
new regions, many flourish in their new homes to such an extent that
they transform recipient ecosystems. The novel experiences and non-
equilibrial dynamics associated with biological invasions, and the com-
plex responses of recipient ecosystems, provide us with a natural experi-
ment to gain an understanding of the rules of change in this emerging
transformative ecology. We envisage that the transformative structure
and function of an open adaptive ecosystem, driven by eco-evolutionary
processes, biological invasions and other drivers of change, will become
the mainstay of ecology.
Species do not live alone but share their spaces with many others, both

long-time residents and newcomers, the latter often dumped in their



new homes without co-evolved partners by human activities. Introduced
species and the changes they cause to biotic interactions are both key
drivers of community succession and assembly. Along the conceptual
spectrum of an ecological community, Frederic Clements (1916) pro-
posed the metaphor of a superorganism evolving towards a stable ‘climax
state’. He further argued that ‘climax’ formations could arise, grow,
mature, die and reproduce. In opposing the ideas of Clements, Henry
Gleason (1926) depicted ecological communities as artefacts shaped by
these residing species which happened as merely a coincidence and
behave in an individualistic manner. Ecological communities are, of
course, neither a superorganism nor an artefact, but an entangled web
of biotic interactions. As Charles Darwin (1859) so eloquently portrayed
at the end of On the Origin of Species,

It is interesting to contemplate a tangled bank, clothed with many plants of
many kinds, with birds singing on the bushes, with various insects flitting about,
and with worms crawling through the damp earth, and to reflect that these
elaborately constructed forms, so different from each other, and dependent
upon each other in so complex a manner, have all been produced by laws
acting around us.

We view ‘ecological networks’ as entangled webs of distinct, interde-
pendent and complex biotic interactions among co-occurring species in a
landscape; such webs are also called ecological interaction networks. They
are the veins of an ecological community, with the emphasis on the
strength and structure of biotic interactions rather than the identity of its
residing species. To describe an ecological network, we need to delineate
its boundaries, enumerate the resident species and define and elucidate the
entangled interactions. When asked to define the boundary of an eco-
logical community, Samuel Scheiner quipped, ‘That’s where an ecologist
stops the car.’ Although dispersal barriers, such as rivers, gorges or fences,
do create clear edge effects on the distribution of biodiversity, their
boundaries seldom coincide neatly with those of ecological networks. As
is the case in the concepts of meta-population and meta-community,
smaller ecological networks can be connected to form, or are embedded
within, much bigger spatial networks – meta-networks. Importantly,
delimiting the boundary of ecological networks not only affects how we
label a species, resident or alien, but also defines the complexity and impact
of the entangled biotic interactions.
Network ecology focusses on understanding the functions that emerge

from the complexity of biotic interactions; each residing species is thus
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conscripted into a community by virtue of its functional traits (typically
invoking Eltonian niches), not by its identity per se. Mark Davis and
colleagues (2011) have argued that we should judge a species not by its
origin but rather by its functional roles in an ecosystem. Such views,
when considered from the perspective of network ecology and conser-
vation science, represent a paradigm shift from the classic species-centric
view towards one focussed on the safeguarding ecosystem functioning
and services in the Anthropocene. All crises beget opportunities. Faced
with massive ongoing extinctions and failed conservation attempts, such
as the Aichi Biodiversity Targets, Chris Thomas (2017) called for ecolo-
gists to embrace opportunities created by biological invasions and other
facets of global change to deal with anticipated species losses. Such
challenges force us to confront critical questions. Can we replace a
community of native species with one comprising a mixture of native
and alien species while ensuring the same or even more desirable func-
tioning and services? What makes an alien species different from a
resident native species?
Ecological networks are far more than just ensembles of co-occurring

species. Species interact with each other in a network not simply through
trait matching; Dan Janzen (1985) coined the term ‘ecological fitting’ for
this. Species also co-adapt and co-evolve relentlessly, as J. N. Thompson
puts it (2013). This is not a jigsaw puzzle, but a melting pot. It is messy
and unpredictable. We cannot simplify the ways of change in an eco-
logical network as actions and reactions. As Robert Holt opined, parsi-
mony is the rule of reasoning, but not necessarily the way of nature.
Ecological networks, to us, are therefore multi-agent, complex and
adaptive systems. Ecosystems facing biological invasions are, conse-
quently, ideal models for studying the structure and function of an open,
complex, adaptive and dynamic network.
The young and vibrant discipline of invasion science has a wide range of

focal research agendas and uses diverse approaches to address theoretical
and practical issues. The field is, however, converging on a few unifying
frameworks that serve to unite and clarify concepts and define the most
pressing questions (Wilson et al. 2020). One of the most widely accepted
frameworks in invasion science is a species-centric linear scheme that
conceptualises barriers as mediators of progression of the species through
different invasion stages (Richardson et al. 2000). Building on the mantra
of this barrier construct, a unified framework for invasion biology was
proposed to elucidate the factors that drive this progression along a linear
introduction–naturalisation–invasion continuum (Blackburn et al. 2011).
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This has served as a roadmap for both theoretical and applied studies.
Management-focussed work has sought effective intervention strategies to
curb or slow progression along the invasion continuum. In adopting this
invasion construct, substantial effort has gone into applying correlative
statistics to identify the functional traits that allow species, or groups of
species, to overcome different barriers. Macroecological approaches are
often applied to compare, for example, the niches of alien species in
their invaded versus their native ranges; the traits of aliens and those of
ecologically similar native species; or to identify traits and environmental
factors associated with alien species of contrasting invasion stages. Such
research has, to some extent, unified management practices and has
yielded reasonable, albeit often unsatisfying, insights into invasion dynam-
ics. This invader-centric phase is unpacked when we describe what we
term Invasion Science 1.0 in Chapter 1.
The other chapters of this book explore the potential of a new agenda

for invasion science, and perhaps also for global change biology more
broadly. In particular, we try to build on tentative steps taken to address
key questions pertaining to biological invasions using concepts and tools
developed in the fields of network science for complex systems. In a
complex system, feedback loops can push a network towards a state of
paradox – although patterns derived from observations are highly struc-
tured in retrospective views (e.g., invasive traits can be clearly identified
from comparative studies), predictions based on such observed structures
often perform poorly and have high levels of uncertainty. This is akin to
weather forecasts, earthquake predictions or shares in the stock market.
Retrospectively, clear patterns emerge from interpolation, but forward
extrapolation normally fails. In this new paradigm, we explore such
failures, expose their potential causes and propose a way forward.
In tackling the state of paradox facing Invasion Science 1.0, in line

with rapid advances in community, network, evolutionary and systems
ecology, we tentatively suggested in our earlier book Invasion Dynamics
the need to shift the metaphor of biological invasions from one based on
the linear invasion continuum scheme to one that invokes complex
adaptive networks (Hui and Richardson 2017). In the section of our
book titled ‘Invasion Science 2050’ we suggested that such a restructur-
ing is ‘not just a call for next-generation quantitative methodologies to
improve detection and measurement of feedback loops in ecology’ but
also ‘an appeal for a paradigm shift in ecology and invasion science to
embrace adaptive cycles and network thinking’. As the first step in this
direction we offered a tentative blueprint of Invasion Science 2.0 in a
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paper titled ‘How to Invade an Ecological Network’ (Hui and Richardson
2019). There, we unpacked the practical difficulties and challenges that
emerge when seeking to marry concepts and tools from network ecology
and invasion ecology. We also demonstrated the potential of this
network–invasion synergy by providing a simple generic model. This
book expands substantially on this thesis.
We plan to expand our vision for Invasion Science 2050 (Hui and

Richardson 2017, 2019) and elucidate the core conceptual issues that
need to be considered in the transition towards Invasion Science 2.0.
After cherry-picking the key concepts of Invasion Science 1.0 in
Chapter 1, the remaining six chapters of the book expand on six core
concepts that are essential for understanding how ecological networks
harbour numerous interacting species, adapt and respond to biological
invasions, as well as the role of each species, native or alien, in this
complex multiplayer game. In a nutshell, we hope to show how biotic
interactions operate as the building blocks of ecological networks
(Chapter 2); the emergence of network complexity and architecture
(Chapter 3); how biological invasions modify and break the network
complexity–stability relationship, and push the system regime towards
marginal instability (Chapter 4); network dynamics, as well as invasion
performance, at marginal instability; (Chapter 5); how the response of
network structure and function to biological invasions plays out over
ranges of spatial and temporal scales (Chapter 6); and finally to ponder on
the concept of network invasibility as the sweet-spots in the functional
trait space to achieve elevated invasion performance in an adaptive
ecological network (Chapter 7).
In 1889, King Oscar II of Sweden established a prize for the n-body

problem in mathematics and physics,

Given a system of arbitrarily many mass points which attract each other
according to Newton’s laws, try to find, under the assumption that no two
points ever collide, a representation of the coordinates of each point as a series in
a variable which is some known function of time and for all of whose values the
series converges uniformly.

We now face a similar but perhaps even more complex n-species
problem in ecology. To paraphrase King Oscar II’s letter: given an
ecological network of arbitrarily many species which engage with each
other according to trait-mediated density-dependent inter- and intras-
pecific biotic interactions, under the assumptions that new species can
invade this ecological network and that the resident species can become
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extinct or be extirpated, we need to predict, for a meaningful time span,
the population dynamics of each species, including both the invaders and
those resident species, and the evolutionary dynamics of their functional
traits. This is the subject of our book. It is not a recipe book, but a
hitchhiker’s guide, a cloud atlas, to the adventures of future ecology.
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1 � Invasion Science 1.0

This [invasion] velocity is proportional to the square root of the intensity
of selective advantage and to the standard deviation of scattering in
each generation.

(Fisher 1937)

1.1 Welcome to the Anthropocene
At the time of writing this book, we have witnessed an extreme case of
biological invasion. A virus, through an evolutionary leap, has jumped
onto a new host species, Homo sapiens, and has taken advantage of the
new host’s ambitions and mobility in the zealous phase of globalisation,
causing a worldwide pandemic and economic meltdown. The 2019 cor-
onavirus outbreak (COVID-19) is a showcase of the core of invasion
science. A list of questions spring to mind. Why this particular virus, and
not others? Why now? How fast can it spread? How is its spread
mediated by climatic and other environmental factors? What are its
vectors and pathways of transmission? Which regions and populations
are most susceptible? How much damage can it cause to public health
and economies? What factors cause substantial variation in mortality
between human populations in different countries? How can we control
it? Can we forecast and prevent future outbreaks of emerging infectious
diseases? While the whole world scrambles to make sense of COVID-19
and to combat the biggest crisis for humanity since World War II
(WWII), we embark on a journey to address these questions to cover
many more taxa and situations – the invasion of any biological organism
into novel environments.
All species have the means to shift their progeny, either via direct

movement or through vector-mediated dispersal. The incentive to move
has driven Earth’s biota to cover all possible niches, from the Antarctic to
the Arctic, from the Himalayas to the Mariana Trench. Most propagules,



however, move slowly and over short distances. On very rare occasions
do propagules catch a ride on ocean rafts or hurricanes, or become
attached to a seabird. Such propensity and limitation of dispersal are
key factors behind the world’s distinct biotic zones. This process of
natural dispersal and spread of species was altered by early hominids.
Hunter-gatherer societies had deep knowledge of the animals and plants
around them and started to cultivate many species to ensure a sustainable
supply of food and fibre. When humans began colonising the entire
planet, cultivated plants and animals moved with them, the result being a
growing list of species able to thrive in human-dominated environments,
with the capacity to transform landscapes. Not only did humans inten-
tionally move many species with them to supply their needs, but their
movements also resulted in the accidental movement of many species.
These include species associated with useful organisms, such as yeasts,
viruses and other microorganisms, and many other types of pest and
weed that simply ‘hitched a ride’ on diverse means of transport. Human
selection has resulted in a rather unique assemblage of species, distinct
from those that occur in natural communities and which are filtered by
natural selection.
Human-mediated movement of species has accelerated dramatically in

the era of globalisation, in terms of quantity, distance and speed.
Technological innovations have revolutionised ways in which we trans-
port goods. Stretching from Xi’an to Rome, the Silk Road connected
the Eurasian supercontinent as early as the first century BC, carrying
goods on the backs of horses and camels. Islamic merchants created
the Spice Route in the seventh century, thereby connecting the
Mediterranean Sea and the Indian Ocean. Global trade started in earnest
in the Age of Discovery, when European explorers connected East and
West with the Americas in the fifteenth century. Global trade scaled up
after the first Industrial Revolution in the eighteenth and nineteenth
centuries when global production chains began compartmentalising (e.g.
meat export from South America). The trajectory has been interrupted
only by two World Wars and the COVID-19 pandemic. After WWII,
globalisation resumed its march with the mainstream transport of cars,
ships and planes (global export totalling US$62 billion in 1950), only
being slowed temporarily by the Iron Curtain during the Cold War.
A milestone of this globalisation was the launch of the World Trade
Organisation in 1995, when global exports reached US$5 trillion.
Globalisation then soared over the next two decades, with bumps along
the way during the 2008 recession and the COVID-19 pandemic,
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reaching close to US$19 trillion in 2014. Real gross domestic product
(GDP) per capita in the United States in 2014 was four times the size it
was in 1950. The human population increased from 2.5 billion in
1950 to 7 billion in 2012 (Figure 1.1), and is projected to reach 10 billion
in 2050. Not only has our ecological footprint overshot the planet’s
carrying capacity, but there are also emerging global crises that are
threatening the whole of humanity (e.g. climate change, biodiversity loss
and the pandemic).
With the rising dominance of humans in the biosphere, previously

characteristic floras and faunas in regional biotic zones have been mixed
and reshuffled, resulting in a major homogenisation of the world’s biota.
The accumulation of non-native species across the globe is continuing
with no sign of a slowing of the rate of new records of naturalisation and
invasion (Seebens et al. 2017). Putting aside biases in taxonomy and
sampling effort, the trend in the global rate of new records of established
non-native species is overwhelming (Figure 1.2). Geographic and taxo-
nomic variations in the dynamics and rate of non-native establishment
reflect the role and history of regional countries in global trade. With the
rise of global trade, the rate of establishment of non-native species has
increased steadily, as stowaways, contaminants and pets since 1800, and
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Figure 1.1 Global GDP, in international dollars (2011 price), and world population,
in the past two millennia. Based on data from ourworldindata.org under CC-BY
Licence.
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accelerated further after 1950 – with the sole exception of mammals and
fishes, which exhibit a hump-shaped curve, perhaps due to the regula-
tions on farming for the game and fur industry. The establishment of
non-native plant species has maintained a high rate since 1900
(Figure 1.2), coinciding with acclimatisation and colonisation activities
in European diasporas. Technology has enabled us to move species
around the world in new ways, quickly and in huge numbers; and
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Figure 1.2 Global temporal trends in the rates of first records of the establishment of
non-native species. Global temporal trends in first record rates (dots) for all species
(a) and taxonomic groups (b–q) with the total number of established non-native
species during the respective time periods given in parentheses. Data after 2000 (grey
dots) are incomplete because of the delay between sampling and publication, and
therefore not included in the analysis. As first record rates were recorded on a
regional scale, species may be included multiple times in one plot. (a) First record
rates are the number of first records per year during 1500–2014. (b–q) First record
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taxonomic groups. The trend is indicated by a running median with a 25-year
moving window (red line). For visualisation, 50-year periods are distinguished by
white/grey shading. From Seebens et al. (2017) under CC-BY Licence.
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changing fashions, fads and desires of human societies are continuously
modifying and expanding the catalogue of translocated species – not just
for essential goods but also for peculiar luxuries and hobbies. We need
new ways of categorising and managing the new assemblages of biota
that occur in different environments. Not only do we need to under-
stand how many species are moved around the world by humans, but we
also need to understand how these species interact with other species and
how the added species and the changes that they bring affect the
functioning of ecosystems, and thereby influence our well-being, both
positively and negatively.
Biological invasions are by no means the only driver of the massive

global-scale environmental changes that we are seeing. Invasive species
interact in complex ways with other key builders and shapers of novel
ecosystems such as agriculture, urbanisation, altered biogeochemical
cycles, excessive carbon emission and pollution. For instance, of the
documented 291 records of plant species extinction (Le Roux et al.
2019), agriculture, urbanisation, grazing, habitat degradation and destruc-
tion, together with biological invasions, are found to be implicated. The
exact role of each of these factors is difficult to discern in most cases, but
each surely has its own distinct temporal pattern and role to play
(Figure 1.3). With these burgeoning factors affecting the planet’s bio-
sphere, we are witnessing pervasive alterations to physical systems, disturb-
ance regimes and biogeochemical cycles, leading to a downward spiral in
the integrity and health of ecosystems, accompanied by biodiversity loss
and ecosystem transformation. In some cases, biological invasions are
directly responsible for the decline of native biota, e.g. native plant species
in Mediterranean-type ecosystems have been severely affected by non-
native plants, particularly by Australian acacias (Figure 1.4; Gaertner et al.
2009). Recent reviews on the role of biological invasions in reducing the
biodiversity of recipient ecosystems overwhelmingly support this view of
the detrimental role of invasive species, more so at local than regional
levels (Figure 1.5; Chase et al. 2018). These forces of change sometimes
reinforce each other at different spatial and temporal scales, often with lags,
leading to complex and intertwined challenges to the well-being of
humanity and ecosystems (Díaz et al. 2015; Essl et al. 2015a). On this
wagon of humanity, many hitchhiker species proliferate, creating harmful
impacts on human well-being. The huge number of species that have been
transported by us in different quantities and rates, intentionally or not,
directly or not, define the subject and context of invasion science (Pyšek
et al. 2020a).
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Figure 1.4 Effect size (95% Cl) of invasion on species richness for different (a) unit
sizes and (b) taxonomical groups in Mediterranean-type ecosystems. Q-test shows
significant different effect sizes (heterogeneity) between unit sizes and
between species. From Gaertner et al. (2009), reproduced with permission.
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Figure 1.3 Primary drivers of plant extinctions over the last 300 years shown as area
graphs to visualise the temporal changes in the relative contribution of the
11 identified primary extinction causes. Data from Le Roux et al. (2019).
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1.2 The Making of a Discipline
Although the human-mediated translocation of species has been docu-
mented anecdotally since antiquity, the concept of biological invasions is a
very recent construct. Many naturalists in the 1800s wrote of non-native
species, but it was only in the mid-1900s that the scale of human-mediated
movements of species and the growing importance of the implications of
such movement became apparent. Pioneers of ecology in the nineteenth
century – among them Charles Darwin, Augustin and his son Alphonse de
Candolle, Joseph Dalton Hooker and Charles Lyell – explored the role
and performance of a small number of non-native species in competition
with indigenous ones. Lyell (1832) wrote,

Figure 1.5 Results of a meta-analysis of scale-dependent responses to a number of
different ecological drivers. Points represent the log response ratio comparing species
richness in control to treatments in a given comparison measured at the smallest
(x-value) and largest (y-value) scale. The solid line indicates the 1:1 line expected if
effect sizes were not scale dependent. Points above and below this line indicate effect
sizes that are larger or smaller, respectively, as scale increases; points in the upper left
and lower right quadrants represent cases where the direction of change shifted from
positive to negative, or vice versa, with increasing scale. The dashed line indicates the
best fit correlation, which is significantly different than the 1:1 line (P < 0.01),
indicating that overall, effect sizes tend to be larger at smaller scales than at larger
scales. Colours for points indicate categorisations into different ecological drivers.
From Chase et al. (2018), reproduced with permission.
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every species which has spread itself from a small point over a wide area, must, in
like manner, have marked its progress by the diminution, or entire extirpation,
of some other, and must maintain its ground by a successful struggle against the
encroachments of other plants and animals.

Such appreciation of invasive spread leading to species extinctions
predates the rise of global change biology in the late twentieth century
(Wilkinson 2002). When writing about the European thistle cardoon,
Cynara cardunculus, in his journal of research into the geology and natural
history of the various countries visited by HMS Beagle, Darwin (1839)
commented,

I doubt whether any case is on record, of an invasion on so grand a scale of one
plant over the aborigines [of South America].

Following these early accounts of non-native species, many ecologists
in the early twentieth century began synthesising the scattered know-
ledge of the ecology of non-natives, unknowingly taking the first
tentative steps towards creating a framework for conceptualising bio-
logical invasions. Albert Thellung, in his 1912 Habilitation thesis La
Flore Adventice de Montpellier, offered an early population-based defin-
ition of naturalisation which implied the notion of penetration of
environmental barriers. He also devised concepts to classify the non-
native flora of Montpellier in France according to their degree of
naturalisation, introduction pathways and residence time (Kowarik
and Pyšek 2012). Unfortunately, such work did not have much, if
any, influence on the emerging field of ecology, and the ideas were
only rediscovered in the late twentieth century, as the underpinning
concepts of invasion science began coming under intense scrutiny.
Charles Elton’s (1958) classic book The Ecology of Invasions by Animals

and Plants is recognised as a milestone in the development of the field
now known as invasion science (Richardson and Pyšek 2007, 2008).
Already expressed in Elton’s (1927) book on Animal Ecology, the Eltonian
niche is an important concept for formulating a species’ position in an
ecological network using its functional traits, as will be elaborated in later
chapters. Following this line of thinking, Elton (1958) speculated that
island assemblages are filtered for a small portion of colonisers, which
subsequently cannot fully explore the island’s resources and are therefore
more susceptible to invasions than those on the mainland. However,
the publication of Elton’s book was not immediately followed by a
significant rallying of research effort. Unlike some other books on
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environmental topics, Elton’s book on invasions had a negligible impact
on public perceptions and launched no major actions (Hobbs and
Richardson 2010). At about the same time as Elton’s book appeared,
geneticists began synthesising concepts pertaining to the evolution and
genetics of colonising species (Baker and Stebbins 1965). These insights
provided crucial stepping stones to the development of the central tenets
of invasion science, including the determinants of invasion success, life-
history trade-offs, generalist versus specialist strategies, general-purpose
genotypes, adaptive phenotypic plasticity, mating systems and the influ-
ence of bottlenecks on genetic variation (Barrett 2015). Perhaps the most
important linkage of Elton’s (1958) classic volume to the theme of our
book is his notion that decreased diversity leads to decreased stability.
This complexity–stability relationship has stimulated long-lasting debates
in ecology with substantial inputs from many figures in the field, includ-
ing Robert MacArthur, Robert May and G. Evelyn Hutchinson. As will
be shown in Chapter 4, ecological networks facing biological invasions
typically violate this relationship but simultaneously reveal their trajec-
tory of transition and turnover.
In 1980, the third international conference on mediterranean-type

ecosystems, termed MEDECOS, was held in Stellenbosch, South Africa.
The invasion of fynbos vegetation by non-native trees, a prominent
topic of discussion at this meeting, conflicted with the dominant
view of the time, which was that human-induced disturbance was the
prerequisite for invasion into pristine ecosystems. A proposal drafted at
the Stellenbosch meeting led to an international programme on the
ecology of biological invasions under the auspices of the Scientific
Committee on Problems of the Environment (SCOPE) (Mooney 1998).
Its first five-year plan (1982–1986) revisited Elton’s key assumptions
and generalisations, reviewed the status of invasions worldwide and
addressed three key questions relating to invasiveness, invasibility and
management. The SCOPE programme attracted some of the world’s top
ecologists and comprised national, regional and thematic groups covering
all aspects of invasions (Drake et al. 1989). Through the SCOPE pro-
gramme, invasion science has firmly established itself as an exciting and
relevant research field within global change biology (Simberloff 2011). In
1996, an influential conference in Trondheim, Norway, concluded that
invasions had become one of the most significant threats to global
biodiversity and called for a global strategy to address the problem
(Mooney 1999; Sandlund et al. 1999). This led to the launch of the
Global Invasive Species Programme (GISP Phase 1) in 1997, with more
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transdisciplinary goals than the SCOPE programme, acknowledging the
need for work on economic valuation, stakeholder participation and path-
way analysis and management (Mooney et al. 2005). The Convention
on Biological Diversity (CBD), Article 8(h), calls on member govern-
ments to control, eradicate or prevent the introduction of those
non-native species that threaten ecosystems, habitats or species. In
2000, the IUCN published their guidelines for the prevention of bio-
diversity loss caused by non-native invasive species. The 1990s saw the
blossoming of invasion science, with the number of publications growing
rapidly in all related fields (Vaz et al. 2017). In 2018 the Intergovernmental
Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES)
launched a thematic assessment of invasive non-native species and
their control.
Invasion science, as is the case with any emerging discipline, has exhibited

different phases. From 1950 to 1990, studies on biological invasions were
rather sparse, with fewer than ten publications per year according to the ISI
Web of Science. In 1999, the journal Biological Invasions was launched, with
its founding editor James T. Carlton (1999) stating,

[the aim of] Biological Invasions [the journal] . . . is to seek the threads that bind
for an evolutionary and ecological understanding of invasions across terrestrial,
fresh water, and salt water environments. Specifically, we [the journal] offer a
portal for research on the patterns and processes of invasions across the broadest
menu: the ecological consequences of invasions as they are deduced by experi-
mentation, the factors that influence transport, inoculation, establishment, and
persistence of non-native species, the mechanisms that control the abundance
and distribution of invasions, and the genetic consequences of invasions.

The period 1990 to 2010 saw the rapid rise of invasion science and its
multidisciplinary tentacles (Richardson et al. 2011; Vaz et al. 2017).
During this phase, competing concepts, hypotheses, models and know-
ledge frameworks have been proposed and debated, and consensus has
been reached on many fronts; we call this ‘Invasion Science 1.0’.
Knowledge systems developed during this period accumulated mainly
through individual case studies and comparative studies, with the focus
being on the invader itself. Developments in the study of invasions at this
time must be considered within the context of the intellectual landscape
of the day. Indeed, following the Clements–Gleason debate, the
Gleasonian individualistic notion that species function independently
from the influence of others was implicitly accepted by most researchers
as the foundation on which to build frameworks and concepts about
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ecological communities (Mascaro et al. 2013). As a result, Invasion
Science 1.0 sought synergies mainly with population ecology, initially,
and macroecology, more recently. The toolbox assimilated via this route
served the field reasonably well, until problems began emerging early in
the new millennium. As detailed later in this chapter, the growing
frustration from contextual complexity and the lack of genuine predict-
ability in invasion science, tentatively due to Gleason’s individualistic
view, has driven many to search for alternatives, especially with the rise
of network science, and call for the synergy between invasion science and
community and network ecology; we call this ‘Invasion Science 2.0’ –
the focus of this book. To start off, however, we use the rest of this
chapter to delve into Invasion Science 1.0 and discuss its key concepts,
achievements and shortcomings.

1.3 A Unified Invasion Framework
With the flourishing of invasion science in the new millennium, a
number of frameworks emerged that were grasped by researchers to
guide research on the ecology and management of invasions (Wilson
et al. 2020a). Several protocols were proposed to synthesise the current
understanding of invasiveness and invasibility into simple flow-chart
models for assessing the risk of newly introduced species becoming
invasive. The Australian Weed Assessment scheme (originally proposed
by Pheloung et al. 1999) has been the most widely applied of these
protocols. Phase 2 of GISP (2006–2010) set out to improve the scientific
basis for decision-making to enhance the ability to manage invasive
species; assess the impacts of invasions on major economic sectors; and
create a supportive environment for the improved management of inva-
sions. This initiative stimulated many new directions in research to
elucidate the multiple dimensions of the impacts of invasive species and
to utilise existing knowledge and incorporate new ideas and methodolo-
gies to inform options for management (e.g., Richardson et al. 2000;
Clout and Williams 2009; Wilson et al. 2017). Substantial progress was
made towards deriving general models of invasion, such as the ‘unified
framework for biological invasions’ (Blackburn et al. 2011), which
sought to merge insights from many previous attempts to conceptualise
key aspects of invasion dynamics for all taxa (Figure 1.6; Table 1.1). This
model, reinforcing the utility of conceptualising the many processes
implicated in the phenomena of biological invasions using a series of
barriers along an introduction–naturalisation–invasion continuum, has
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been widely applied (Wilson et al. 2020b). It provided an objective
framework for linking theoretical and applied aspects in invasion science,
and reinforced the foundations for a standard lexicon of terms for the
field of invasion science (Richardson et al. 2011).

1.4 Pathways and Propagules
The premise of any biological invasion is the introduction of non-native
propagules via invasion pathways that are required to breach ecological
barriers and physical distance. Elton (1958) summarised his view in a
chapter called ‘The Invasion of the Continents’, on pathways and the
breakdown of geographic isolation through human-induced movement
of organisms around the world. He likened the continents to great tanks
of water, connected by narrow tubing blocked by taps. Using this
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Figure 1.6 The unified framework for biological invasions. The framework
recognizes that: the invasion process can be divided into a series of stages; that in each
stage there are barriers that need to be overcome for a species or population to pass
on to the next stage; that species are referred to by different terms depending on the
stage in the invasion process they have reached; and that different management
interventions are feasible at different stages. Different parts of this framework
emphasise views of invasions that focus on individuals, populations, processes or
species. The unfilled block arrows describe the movement of species along the
invasion framework with respect to the barriers; alphanumeric codes associated with
the arrows relate to the categorisation of species with respect to the invasion pathway
given in Table 1.1. From Blackburn et al. (2011); reproduced with permission.
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analogy, he conceptualised the processes of biological invasions as inter-
linked tanks of propagule sources via introduction tubes (Figure 1.7),

Fill these tanks with different mixtures of a hundred thousand different chemical
substances in solution. . . then turn on each tap for a minute each day. . . the
substances would slowly diffuse from one tank to another. If the tubes were
narrow and thousands of miles long, the process would be very slow. It might
take quite a long time before the system came into final equilibrium, and when
this happened a great many of the substances would have been recombined and,
as specific compounds, disappeared from the mixture, with new ones from other
tanks taking their places. The tanks are the continents, the tubes represent
human transport along lines of commerce.

Table 1.1 A categorisation scheme for populations in the unified framework
of biological invasions. From Blackburn et al. (2011).

Category Definition

A Not transported beyond limits of native range
B1 Individuals transported beyond limits of native range, and in captivity or

quarantine (i.e., individuals provided with conditions suitable for
them, but explicit measures of containment are in place)

B2 Individuals transported beyond limits of native range, and in cultivation
(i.e., individuals provided with conditions suitable for them but
explicit measures to prevent dispersal are limited at best)

B3 Individuals transported beyond limits of native range, and directly
released into novel environment

C0 Individuals released into the wild (i.e., outside of captivity or
cultivation) in location where introduced, but incapable of surviving
for a significant period

C1 Individuals surviving in the wild (i.e., outside of captivity or cultivation)
in location where introduced, no reproduction

C2 Individuals surviving in the wild in location where introduced,
reproduction occurring, but population not self-sustaining

C3 Individuals surviving in the wild in location where introduced,
reproduction occurring and population self-sustaining

D1 Self-sustaining population in the wild, with individuals surviving a
significant distance from the original point of introduction

D2 Self-sustaining population in the wild, with individuals surviving and
reproducing a significant distance from the original point of
introduction

E Fully invasive species, with individuals dispersing, surviving and
reproducing at multiple sites across a greater or lesser spectrum of
habitats and extent of occurrence
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Six such introduction tubes, now known as invasion pathways, have
been described (Table 1.2; Hulme et al. 2008) and adopted by the
CBD. Invasion management targeting surveillance, mitigation and rapid
response can efficiently target related invasion pathways and associated
non-native taxa, before the species can gain foothold in new territories.
Except for the unaided pathway of natural dispersal, the rest reflect clear
management negligence and surveillance gaps that should be targeted by
various different agencies (Hulme 2015). When combined with the
unified framework (Section 1.3), biological invasions via different path-
ways were found to have different levels of invasion performance (Wilson
et al. 2009). For instance, of those non-native plant species introduced
to Central Europe, the pathways of release and contamination have
resulted in higher than expected proportions of naturalised and invasive
species, whereas the pathways of escape and stowaway do not (Pyšek
et al. 2011). Each pathway also faces its own cataloguing issues as
multiple pathways can be involved in one invasion, while the contribu-
tion of each pathway to non-native species introduction varies in terms
of geographic, taxonomic and temporal contexts (Essl et al. 2015b).

Figure 1.7 Elton’s vision of global biological invasions across continents via
invasion pathways. Artwork by Lorraine Blumer. Copyright: DSI-NRF Centre of
Excellence for Invasion Biology. Reproduced with permission.
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Table 1.2 Six invasion pathways and related policy issues. Several key science
and policy issues that should be considered if invasion pathways are to be
successfully managed to prevent the introduction of invasive non-native species.
From Hulme (2015) with modified examples.

Pathway Example Science issues Policy issues

Release The Asian Carp was
introduced to the
southern United
States to clean
commercial ponds
in the 1970s but
considered invasive
by US FWS in
2006 and
threatening the
Great Lakes
ecosystem.

Improved risk
assessment tools to
quantify the
likelihood of
economic,
environmental and
social impact of
species with no
prior history of
introduction
outside their native
range.

Legislation that holds
parties undertaking
assisted
colonisation
responsible for any
costs arising from
the impacts and
management of
such introductions
(e.g., assurance
bonds).

Escape Wild pet trade, for
example, Burmese
python Python
bivittatus (Kuhl) in
Florida.

Identify current
commercial
activities affecting
risk management
in the wild pet
trade, reasons for
non-compliance
and ways to
change such
behaviours.

Promote a whitelist
approach to the
trade in wild pet
species, based on
sound risk
assessment yet also
offering significant
commercial
benefits.

Contaminant As a result of
adult beetles or
larvae hidden in
wooden pallets on
a ship, the
Polyphagous Shot
Hole Borer
Euwallacea
fornicatus is rapidly
killing trees in
South Africa by
transmitting the
fungus Fusarium
euwallaceae.

Enhanced next-
generation DNA
tools and
biosystematic data
to allow rapid
screening of live
commodities for
cryptic pathogens
and parasites.

Extend existing
policies on risk
prevention of
emerging diseases
to address the
threats posed to
biodiversity and
ecosystem
function.

(cont.)
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For example, the invasion of marine species in Western Europe is
predominantly driven by shipping and aquaculture, whereas in the
Eastern Mediterranean countries marine invasions are largely the result
of the human-mediated opening of corridors, in this case largely the Suez
Canal (Figure 1.8a). After WWII, aquaculture gradually declined as an

Table 1.2 (cont.)

Pathway Example Science issues Policy issues

Stowaway Tourists might carry
SARS-CoV-2
and cause the
COVID-19
pandemic.

Analyse the risks from
increasing tourist
numbers, changes
in countries of
origin of tourists
and shifts in
location and types
of tourism
activities.

Robust codes of
practice for tourism
operators, aiming
to prevent the
introduction and
movement of
invasive non-native
species.

Corridor Canal development,
for example,
rabbitfish Siganus
luridus introduced
through Suez
Canal.

Better prediction of
the invaders that
might be facilitated
by corridors, the
potential costs of
future impacts and
the value of
practical measures
to mitigate impacts.

International
legislation to
support
environmental risk
assessments of
major
infrastructure
projects that
include
transboundary
consequences.

Unaided Lyme disease
outbreak in
Canada from
bacteria Borrelia
burgdorferi
transmitted
through bites by
immature
blacklegged ticks
(the vector has
extended its
northern range
potentially due to
climate change).

New modelling tools
to predict how
wind and sea
currents as well as
extreme weather
events can lead to
long-distance
dispersal of non-
native species.

Polluter pays
principle applied
where countries fail
to contain or
eradicate an
invasive non-native
species with
potential to cause
detrimental
impacts should it
spread beyond
national borders.
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Figure 1.8 Geographic, taxonomic and temporal variation in the importance of the
main pathways of introduction for non-native (a) marine species, (b) freshwater
species or (c) terrestrial arthropods in Europe. The size of the pie charts indicates the
approximate numbers of non-native species per recipient country of first
introduction. Temporal trends of new introductions (the right panels) are given as
black lines (the right axes). The pathway ‘Suez Canal’ (a) refers to Red Sea species
that moved unaided into the Mediterranean via the Suez Canal. From Essl et al.
(2015b), reproduced with permission.
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important pathway for freshwater invasions, while the pathway through
the pet trade, terrarium and aquarium is on the rise (Figure 1.8b). The
release of non-native terrestrial arthropods for biocontrol was a reason-
able practice in Europe until 2000 (green belt in Figure 1.8c), probably
due to the implementation of the EPPO (European and Mediterranean
Plant Protection Organization) standard in 1999.
In reality, multiple pathways can facilitate invasions from different

source areas at different stages, while propagules are transferred through
these pathways at different rates and times in different contexts. This
web of pathways facilitates recurrent bridgehead effects of invasions and
gives rise to a pathway network. For instance, three quarters of the non-
native ant species intercepted by US air and maritime ports between
1914 and 2013 are from countries into which the species were previ-
ously introduced, via similar or other pathways from its native range
(Figure 1.9; Bertelsmeier et al. 2018). This further increases the genetic
diversity of the introduced species and potentially improves their inva-
sion performance in their new homes. However, a fully-fledged
Pathway Network Analysis for most types of biological invasions is still
not feasible because of limited data availability and resolution problems.
Comprehensive pathway network analyses are undertaken to trace
disease-related, protein-coding genes with gene expression data; these
analyses use powerful statistical approaches and software developed to
identify critical pathways for drug design and disease treatment (Khatri
et al. 2012). Such pathway network analyses may be feasible in invasion
science when the field has fully embraced data science and informatics,
and when new methods are in place to collect and manage large
volumes of high-resolution data and geographic and taxonomic cover-
age at a pace relevant to management.
The total number of non-native propagules introduced to an

area through a pathway network, known as the propagule pressure
(Lockwood et al. 2005), is the best-supported driver of invasion
establishment and success. Although invasion performance is often
caused by a chain of demographic actions (Gurevitch et al. 2011),
early demographic advantage can provide a long-lasting boost to
invasion dynamics, and often leaves an imprint on subsequent inva-
sion dynamics (related to transient dynamics; Stott et al. 2011;
Caswell 2019). Propagule pressure typically trumps any niche pro-
cesses and filters imposed in the recipient ecosystems (Carr et al.
2019). According to a recent meta-analysis (Cassey et al. 2018), the
relationship between propagule pressure and non-native population
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establishment success is consistently strong, showing a logistic form
against the log-transformed propagule size (Figure 1.10). Such a
saturation shape resembles the relationship between population via-
bility and initial population size (McGraw and Furedi 2005), suggest-
ing a mirror image between invasion and extinction (Figure 1.11;
Colautti et al. 2017). As such, biological invasions are better formu-
lated as an open and non-equilibrial system (Hui and Richardson
2019). Constant propagule influx is crucial to erase the genetic
bottleneck anticipated for most invasive species as only a small sample
of propagules are actually introduced (Simberloff 2009), although the
impact of such obvious genetic bottlenecks on establishment might be
weaker than previously thought because of rapid local adaptation
(Dlugosch and Parker 2008).
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Figure 1.9 Percentage of primary v. secondary introductions of the most frequently
intercepted ant species in the United States. The proportion of interceptions from
the species’ native countries is shown above the x-axis (in grey) and the proportion
of interceptions from countries in the non-native range below the x-axis (in colour).
The colour code indicates the origin of the secondarily intercepted species. Species
were visually grouped on the x-axis according to their native range (Dataset S1). Af,
Africa; As, Asia; Eu, Europe; N. Am, North America; L. Am, Latin America;
Oc, Oceania. From Bertelsmeier et al. (2018); reproduced with permission.
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1.5 Invasion Dynamics
With invasion pathways and propagule pressure clarified, many researchers
have focused their efforts on investigating the behaviour and mechanisms
underlying the diverse forms of invasion dynamics. Invasion dynamics are
highly stochastic and context dependent, making attempts to synthesise
knowledge and predict particular cases challenging to say the least (Pyšek
et al 2020b). This is not only a result of the spatiotemporal complexity of
any given ecosystems but also the stochastic nature of invasive spread
itself. The two demographic processes involved in spreading – growth
and dispersal – both contribute to demographic stochasticity and con-
textual dependence (Hui et al. 2011b). Demographic rates such as
the population growth rate of an invader can be scale-dependent and
often exhibit specific spatial covariance structures in the invaded range
(Gurevitch et al. 2016; Hui et al. 2017). The dispersal of an invader,
often depicted as the dispersal kernel (probability distribution of
dispersal distance), can also be anisotropic and reflect context-dependent
movement strategies (e.g., good-stay, bad-disperse dispersal behaviour;

Figure 1.10 Estimated relationship of establishment success with propagule pressure
and 95% credible interval (shaded). Dashed lines are individual experimental
relationships based on a logistic model with random variation in the intercept and
slope among individual experiments. Data points are raw data from 14 relationships
from 11 studies that experimentally tested associations between propagule pressure
and establishment probability. From Cassey et al. (2018), under CC-BY Licence.
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Hui et al. 2012). The availability of natural enemies and dispersal barriers,
as well as the novel ecological and evolutionary experiences facing each
non-native organism (Schittko et al. 2020), make each turn a decision
that affects the future possibilities of its invasion performance and
dynamics. For instance, in the early 1900s when acclimatisation societies
introduced the common starling, Sturnus vulgaris, into North America,
southeastern Australia and the Western Cape of South Africa, the differ-
ent propagule pressures, geographies and climates of the three regions
resulted in distinct rates and directions of invasive spread across the three
regions (Okubo 1980: Phair et al. 2018). Despite such challenges, pro-
gress has been made that allows us to grasp the processes and mechanisms
behind a plethora of invasion dynamics (Hui and Richardson 2017).
Here we highlight only a few aspects that are especially relevant to
later chapters.
Once geographic barriers have been breached, via human facilita-

tion, non-native organisms embark on their invasion and spread in
recipient ecosystems. Patterns of invasion dynamics are diverse but
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Figure 1.11 Extinctions and invasions conceptualised ‘Through the Looking Glass’
of evolutionary ecology. Extinctions (left side) represent population decline over
time, while biological invasions (right side) represent an increase in abundance. Both
invasions and extinctions reflect a common set of elements (central column) because
subtle but influential ecological and genetic differences (outer columns) can cause
opposite population growth trajectories. From Colautti et al. (2017), reproduced
with permission.

1.5 Invasion Dynamics · 21



can be summarised into different types for convenience (Hui and
Richardson 2017), although the reality is much fuzzier around these
thematic curves. Essentially, invasion dynamics can be divided into
transient and asymptotic phases, where the former is highly flexible
but the latter more consistent, reflecting the potential within a given
habitat (see invasion curves in Figure 1.12a). In the invasion science
literature, the curve of a specific invasion is often found to have
multiple phases (Figure 1.12b), with a lag phase after introduction
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Figure 1.12 A variety of possible invasion dynamics. The invasion expansion of a
non-native species is often documented as the distance from the advancing range
front to the point of introduction over time. (a) Invasion dynamics are divided into
two phases: a transient phase that is highly context-dependent which converges
gradually to an asymptotic phase during which spread occurs at constant velocity. (b)
Invasion dynamics are divided into a lag phase (no expansion for a period after
introduction), and then slow and fast phases during which expansion occurs at a
constant velocity. (c) A typical logistic curve for highly mobile species with an
acceleration phase and a saturation phase as invasible space is occupied. (d) Boom-
and-bust invasions are often caused by the collapse of local demographic processes,
or by the encounter of an efficient natural enemy that has switched to target the
non-native resource species when the non-native resource reaches an
abundance threshold.

22 · Invasion Science 1.0



and before invasive expansion, and a biphasic range expansion of a
slow phase followed by a fast phase. Over a longer period, the trajec-
tory resembles a logistic curve and can be divided into acceleration
and saturation phases (Figure 1.12c). For some invaders, success is
transient, and its population size may follow a boom-and-bust trajec-
tory, eventually settling at a much lower level, while the invaded
range can percolate back from a continuous range to multiple smaller
scattered local populations (Figure 1.12d). Such diverse forms of
invasion dynamics – the duration, timing and speed of different
phases – can be explained by different constraints and limiting factors
through the invader constantly experiencing and exploring the novel
environment in its invaded range, not only behaviourally by individ-
uals of the non-native species but also ecologically and evolutionarily
by its niche dynamics.
In terms of spreading dynamics, physicists and modellers have made

great strides in elucidating the phenomenon of particle diffusion and
dispersion in a suspension matrix. The Brownian movement of pollen
grains in water, driven by the collision of numerous water molecules and
the pollen, has enjoyed the attention of many renowned physicists,
including Albert Einstein (1905). Collectively, such random movements
of particles can be studied using specific models of partial differential
equations known as reaction–diffusion models. Adolf Eugen Fick
(1829–1901) described two laws of diffusion in 1855. Fick’s first law
relates the diffusive flux to the concentration, assuming a steady state
(Fick 1855). It postulates that the flux goes from regions of high concen-
tration to regions of low concentration, with a magnitude proportional
to the concentration gradient (i.e., spatial derivative); in simplistic terms,
a solute moves from a region of high concentration to a region of low
concentration across a concentration gradient. Fick’s second law predicts
how diffusion causes the concentration to change with respect to time.
Based on Fick’s second law, Ronald Fisher (1937) developed the now
famous reaction–diffusion model which depicts the advancing wave of
advantageous genes in the context of population dynamics

∂n
∂t

¼ rn 1� nð Þ þD
∂2n
∂x2

, (1.1)

where n represents the population density and is a function of time t and
location x (thus more explicitly, n(t; x)). The left of this equation
describes the time derivative of population density. The first term on
the right depicts a simple logistic growth, with r reactivity (here, the
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intrinsic rate of growth). The second term on the right depicts diffusion
as a second order derivative of population density over space, known as
the Laplacian operator; this term describes how uneven population
densities (i.e., density gradients) in a local area are smoothed out. The
diffusion cannot even out constant gradients of densities (e.g., at
the range front), and consequently propels the population to spread along
the direction of the gradient, forming a travelling wave. Fisher (1937)
derived the travelling wave solution of the system. He concluded that the
spreading velocity ‘is proportional to the square root of the intensity of
selective advantage [r] and to the standard deviation of scattering in each
generation [σ]’, as v ¼ σ

ffiffiffiffi
2r

p
, or ‘equivalently to the square root of the

diffusion coefficient when time is measured in generation’, as v ¼ 2
ffiffiffiffiffi
rD

p
.

This milestone not only provides a way to estimate the diffusion rate
based on movement records (e.g., from ringing and mark-recapture data)
as D ¼ σ2=2 but also derives a commonly used estimate of spreading
velocity that has been the backbone of many models of spread ever since.
A classic example is by Okubo (1980) who used this model to explore the
invasive spread of common starlings, Sturnus vulgaris, in North America.
This has resulted in such developments as velocity estimates under biotic
interactions, density dependence (e.g., Allee effect), heterogeneous habi-
tats, drift/convection in environments and biotic interactions (see review
by Hui et al. 2011b).
A major challenge facing diffusion-type models is related to Reid’s

(1899) paradox of rapid northward plant migration after the last glacial
maximum. In Reid’s words, ‘the oak, to gain its present most northerly
position in northern Britain after being driven out by the cold, probably
had to travel fully six hundred miles, and this, without external aid,
would take something like a million years’ (see updated review by
Davis and Shaw 2001; Figure 1.13). This is probabilistically impossible
when estimated based on r and D measured for today’s oak populations,
while the unrealistically high levels of population growth rate and diffu-
sion rate suggest alternatives (Skellam 1951). The inability of reaction–
diffusion models to accommodate Reid’s paradox has led to a systematic
shift in paleoecology away from the use of population ecology models
that partition observed velocity into demographic factors of population
growth and dispersal in driving such range shifts (Clark et al. 1998).
Two mechanisms have received substantial support in invasion science

for explaining such an augmented spreading velocity, as anticipated by
Reid’s paradox. First, the forms of dispersal kernels can be diverse. While
the standard deviation of dispersal distances is only a representative shape
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metric for Gaussian-type kernels, it fails to capture the ‘average’ for
highly skewed, often fat-tailed, dispersal kernels. For instance, extremely
rare dispersal events of non-native species over large distances can occur,
often mediated by human activities that skew the dispersal kernel (e.g.,
Suarez et al. 2001). To accommodate rare long-distance dispersal events,
models with stratified dispersal kernels (i.e., a combination of different
modes of dispersal) have been proposed, especially to explain biphasic
range expansion (Figure 1.12b; Shigesada and Kawasaki 1995). More
explicit modelling, however, needs to implement realistic dispersal
kernels directly. This can be handled flexibly by using integral equations.
Integral equations have a long history in mathematics (Fredholm 1903);
they were first applied in invasion ecology by Van den Bosch (1992) and
Kot et al. (1996). A generic form of an integrodifference equation is

n x; t þ 1ð Þ ¼
ð
k x; yð Þf n y; tð Þð Þn y; tð Þdy: (1.2)

Figure 1.13 Ranges, as indicated by pollen percentages in sediment, of spruce (Picea)
and oak (Quercus) in eastern North America at intervals during the late Quaternary.
The continental ice sheet is shown in blue; pollen proportions are shown in shades of
green. The shoreline is not drawn to reflect changes in sea level. (a) Spruce pollen
representing three extant species plus the extinct P. critchfieldii. More recent data
show that spruce was abundant further south in the Mississippi valley during the Last
Glacial Maximum than shown here. Both southern and northern range boundaries
of spruce shifted northward. (b) Oak pollen representing some or all of the 27 extant
Quercus species in eastern North America. Oak expanded from the southeast but
continued to grow near locations of full-glacial refuges. From Davis and Shaw
(2001); reproduced with permission.
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where the population density n x; t þ 1ð Þ at time t þ 1 in location x can
be calculated as the integral (or the summation) of propagules from all
possible locations in the previous time step n y; tð Þ multiplied by the per-
capita population growth rate during one time step f n y; tð Þð Þ, and
weighted by the dispersal kernel k x; yð Þ that depicts the chance of a
propagule moving from location y to location x within one time step.
A vector format of such equations is easily extended to accommodate
population structures of species with complex life-cycles and life
stage-dependent dispersal modes. In such models, dispersal kernels are
typically implemented as only distance dependent k dð Þ, with the distance
d ¼ x� yk k, while more realistic movement can be captured directly by
considering explicitly the beginning and end locations, y and x
respectively. One important way to boost up the rate of spread comes
with the realisation that the movement of most organisms, especially
those that disperse via means other than gravity, follows the pattern of
Lévy flights (e.g., k dð Þ e d�3=2 in Figure 1.14 for the common starling).
Unlike Gaussian-type kernels with finite mean and variance, such a
power-law dispersal kernel is of infinite variance, meaning that the
movement can have diverse characteristic length, and is highly flexible
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Figure 1.14 The inverse power function of the dispersal kernel for all movements of
European starling Sturnus vulgaris within Britain during the breeding season.
Dispersal kernels are produced using a 2 km distance class; that is, all records are
binned to the dispersal distance class of < 2 km, 2–4 km, 4–6 km, and so on. From
Hui et al. (2012); reproduced with permission.
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