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Foreword

I have spent a good portion of my life studying invasive plant biology and
ecology with the goal of developing effective management strategies and pro-
grams. Though most of my work has been in North America, I have had the
good fortune to travel the world to see the ecological responses and impacts
of invasive plants under a variety of climatic and environmental conditions.
In one of my international trips to southern China with Dr. David Clements
(primary editor of this book) and Dr. Leslie Weston (chapter author), we
observed the devastating effects of the invasive mile-a-minute weed (Mikania
micrantha) on a wide variety of crops and the extensive invasion of southern
China forests by Crofton weed Ageratina adenophora (or Eupatorium ade-
nophorum). My visit to China and other areas of the world demonstrated to
me the importance of a global understanding of the ecology and impacts of
invasive plants to better prevent, understand, manage, and develop appropri-
ate policies to reduce their environmental and economic effects.

This book provides the most comprehensive global perspective on inva-
sive plants ever published. Its coordination by the editors is a monumental
effort, considering the number of authors and their wide range of languages
and regions in the world. The task, however, was well worth the effort as the
book gives a perspective of invasive plants from nearly every continent on the
globe, apart from Antarctica. The authors represent many of the leading inva-
sive plant experts and authorities from 23 countries of North, South, and
Central America, Europe, Asia, Africa, and Australia. The book is primarily
organized by large land areas or continents but has special chapters on the
uniqueness of island and mountain plant invasions, as well as invasion pro-
cesses, history of global spread, climate change, impacts, advances in man-
agement, global strategies, and thoughts on the future. The chapters on global
regions provide exceptional coverage of pathways of introduction; distribu-
tions with respect to countries or climatic zones; plant traits and life histories
that increase invasion success; impacts, both economic and environmental;
and policies and legislation important to each region. Having a fascination
with history, I found the historical perspective of invasive plant introductions
in a variety of continents and countries particularly interesting. These should
provide valuable insights on future introductions and spread.

The authors give an outstanding global perspective of invasive plants from
each region, which is critical to understanding invasive plants even at a local
level. For example, Ulex europaeus is native to cooler maritime regions in the
western coastal areas of continental Europe and the British Isles. It has
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become invasive in many regions of the world in a similar habitat, including
the California coast, South and Central America, and Australia and New
Zealand. Most interesting, it is also invasive in a climatic band on the moun-
tain of Mauna Kea in Hawaii. This band shares a similar climate to its native
range. By understanding the global distribution of this and other species, it is
far easier to predict susceptible environments. This is also true for predicting
environments where a species may not be invasive. In California, Lantana
camara is a widely planted garden ornamental throughout the state, and
Melaleuca quinquenervia is a common street tree in the southern region of
the state. Both species are not problematic in California, yet this book
describes their invasion into many other regions of the world or even within
other areas of the United States as bearing more harmful consequences. The
similarity in the climatic zones where these species have invaded provides
insight as to why the drier Mediterranean climate of California restricts their
ability to establish. Again, a global perspective becomes critical to predicting
the potential invasiveness of a species in other regions of the world, and this
book provides that global perspective.

To make better informed decisions on how to prevent potentially harmful
introductions, what plants to prioritize, what climatic or environmental char-
acteristics may contribute to the spread and success of invasive plants, and
what local, regional, and global policies or legislation are necessary to miti-
gate against their impacts, I firmly believe it is critical to understand plant
invasions on a global level. From my own limited firsthand experiences
studying invasive plants outside the United States, I greatly expand my appre-
ciation for the larger picture regarding individual invasive plant species and
threatened ecosystems. After reading through the various chapters of this
book, I was so impressed by the tremendous amount of valuable information
from so many regions of the world. I could not help but wish that such a vol-
ume had been available when I was a student or even during my career as a
faculty member. This would have been among my most valuable references
on invasive plants, and I believe it will be an important book in the personal
library of many others.

University of California, Davis Joseph M. DiTomaso
Davis, CA, USA
March 30, 2021



Preface

When Charles Elton published his ground-breaking book The Ecology of
Invasions by Animals and Plants in 1958, he raised the alarm that “A hundred
years of faster and bigger transport has kept up and intensified this bombard-
ment of every country by foreign species, brought accidentally or on purpose,
by vessel and by air and overland from places that used to be isolated.”
Although Elton’s book essentially marked the beginning of the modern field
of invasion biology, it took decades for the fledgling discipline to be taken
seriously. Even today, there is a movement within academia labelled “inva-
sive species denialism,” arguing that invasion biologists and practitioners
tend to exaggerate the harms caused by these species. Meanwhile, regardless
of their impacts, these invasions continue at a staggering rate and are truly
worldwide in scope as documented in the chapters of this present volume,
highlighting global plant invasions.

Given the intrinsic variation in species biology, it is clear that different
plant species will vary greatly in their ability to damage and invade various
ecosystems, such as natural ecosystems, agroecosystems, or urban environ-
ments. Thus, there is a need to carefully assess the impacts of invasive spe-
cies, avoiding exaggeration but at the same time providing important
information on impacts, as detailed in this volume. Even since 1958, much
has changed in our relationship with invasive species as globalization and
dramatically increased economic growth in certain regions have made the
intentional and unintentional transport of invasive species more rampant.
Moreover, the specter of global climate change has exacerbated invasion
potential, as we have witnessed an accelerated increase in global mean tem-
perature along with other climatic factors that promote the spread of these
species. Intrinsically, these species are well-adapted to ride on human coat-
tails and follow us around the globe and thrive where we generate available
niches for them. However, this comes at a cost to many sensitive natural eco-
systems comprised of plant and animal communities as products of thousands
or millions of years of coevolution. Many species have gone extinct as a
result of invasive species, and many of these plants have altered ecosystem
functions and reduced the value of ecosystem services. Ecosystem services
are sometimes difficult to quantify or visualize, but to add to these compro-
mised ecosystem services, there are considerable quantifiable economic costs
of invasive species to agriculture, forestry, recreation, urban property values,
and other sectors, even impacting iconic cultural landmarks. A full accounting

vii
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of these costs also includes the exorbitant expenses in managing these inva-
sive pests year in, year out, as they grow and spread “like weeds.”

This book volume represents a comprehensive overview of global plant
invasions in the early twenty-first century. The first few chapters provide an
introduction to the nature of plant invasions, defining their scope and impacts,
the dynamics of invaded plant communities, global invasion pathways, and
the role of global climate change in fostering further plant invasions. From
there, experts from every continent and world region highlight the state of
invasion in their areas, with chapters covering plant invasions in Asia,
Australia, Europe, North America, South America, Central America, Africa,
island regions, and mountainous regions. The subsequent three chapters turn
to how to respond to the challenge of global plant invasions, examining biotic
and economic impacts, advances in management, and the design of global
strategies for managing invasive species. In the final chapter, well-known
invasion biologist, Daniel Simberloff, addresses the question of whether we
are heading to a “future planet of weeds” and what this means for the well-
being of our planet and ourselves.

The subject of global plant invasions is very broad and complex, with
every world region facing specific issues around particular invasive species.
Yet many of the issues are common to many geographic regions, and many
invasive plant species have spread via human agency across multiple conti-
nents — including lantana, knotweed species, gorse, mile-a-minute weed,
water hyacinth, parthenium, prickly pear, ragweed, giant reed, cordgrasses,
Siam weed, Himalayan balsam, and mesquite. Thus, there is value in having
these global portraits of plant invasions collected in a single volume, pro-
vided by expert scientists from across the world who have seen firsthand the
impacts and challenges posed by these species. This book provides a compre-
hensive tool in the hands of undergraduate students and graduate students,
invasion biologists from academic and government institutions, nongovern-
ment organizations, policy-makers, and numerous other agencies developing
strategies and actions to manage invasive plants on local and global levels.
The field of invasion biology is still a young seedling, and this book is full of
suggestions for further research and development of this emerging field.

We are very grateful to all the authors for their excellent contributions — it
has been a privilege to work with each one of them. We also thank the staff at
Springer Nature for their kind support, the external reviewers for providing
helpful feedback on the chapter manuscripts, and our families for their
encouragement and patience through the long but fruitful process of putting
this book together.

Langley, BC, Canada David R. Clements
Vancouver, BC, Canada Mahesh K. Upadhyaya
Kathmandu, Nepal Srijana Joshi

Fresno, CA, USA Anil Shrestha



Joseph DiTomaso shows how adventitious roots form to help facilitate rapid spreading of
mile-a-minute weed (Mikania micrantha) in Yunnan Province, China. Photo credit: David
Clements



Contents

1 Global Plant InvasionsontheRise . ....................... 1
David R. Clements, Mahesh K. Upadhyaya, Srijana Joshi,
and Anil Shrestha

2 Invasion of Plant Communities . .. ........................ 29
Stephen L. Young, Sarah Kimball, and Stephen J. Novak

3 Development of Pathways of Global Plant Invasions

inSpaceand Time. ......... ... ... ... ... ... ... ... ... ..., 53
Hanno Seebens, Franz Essl, Philip E. Hulme, and Mark van
Kleunen

4 Plant Invasions, Rising CO,, and Global Climate Change . . . .. 71

Lewis H. Ziska

5 PlantInvasionsinAsia . ........... ... ... ... ... ... . . . ... 89
Bharat B. Shrestha, Arne B. R. Witt, Shicai Shen,
Anzar A. Khuroo, Uttam B. Shrestha, and Alireza Naqinezhad

6 A Historical Perspective on Plant Invasion in Australia . . . . . .. 129
Razia S. Shaik, Saliya Gurusinghe, Leslie A. Weston,
and Paul O. Downey

7 European Plant Invasions. . .............................. 151
Petr PySek, Jan Pergl, Wayne Dawson, Franz Essl,
Holger Kreft, Patrick Weigelt, Marten Winter,
and Mark van Kleunen

8 Plant Invasions in North America...................... ... 167
Laura Weber Ploughe and Jeffrey S. Dukes

9 Plant Invasions in South America ......................... 187
Rafael D. Zenni, Ileana Herrera, Michele de Sa Dechoum,
Silvia Renate Ziller, Ana Carolina Lacerda de Matos,
Cecilia I. Nuafiez, Martin A. Nuifiez, and Anibal Pauchard

10 Biological Invasions by Plants in Continental
Central America ... .......... ... ... ... ... . ... ... 209
Eduardo Chacén-Madrigal, Gerardo Avalos, Florian Hofhansl,
Indiana Coronado, Lilian Ferrufino-Acosta, AnalLu MacVean,
and Dagoberto Rodriguez

Xi



xii

Contents

11

12

13

14

15

16

17

Plant InvasionsinAfrica ................................ 225
David M. Richardson, Arne B. R. Witt, Jan Pergl,

Wayne Dawson, Franz Essl, Holger Kreft, Mark van Kleunen,

Patrick Weigelt, Marten Winter, and Petr Pysek

Island Plant Invasions. . . ............. ... .. .. ... ...... 253
Kelsey C. Brock and Curtis C. Daehler

Plant Invasions in Mountains. . .. ......................... 279
Srijana Joshi, Bharat Babu Shrestha, Lily Shrestha,
Irfan Rashid, and Steve Adkins

Biotic and Economic Impacts of Plant Invasions. . ........... 301
Rajesh K. Rai, Lily Shrestha, Srijana Joshi,
and David R. Clements

Advances in the Management of Invasive Plants. ............ 317
Katharina Dehnen-Schmutz and Ana Novoa

Moving Toward Global Strategies for Managing

Invasive Alien Species. .. ......... ... .. ... .. ... .. .. 331
Laura A. Meyerson, Anibal Pauchard, Giuseppe Brundu,

James T. Carlton, José L. Hierro, Christoph Kueffer,

Maharaj K. Pandit, Petr Pysek, David M. Richardson,

and Jasmin G. Packer



®

Check for
updates

Global Plant Invasions on the Rise

David R. Clements, Mahesh K. Upadhyaya,
Srijana Joshi, and Anil Shrestha

Abstract

The data available on the extent of global plant
invasion shows a sharp increase in cases and
associated costs over the last several decades.
Indeed, most of the mixing of the planet’s
flora due to human agency has occurred in the
last 200 years. As in the case of rapidly emerg-
ing human pandemics that demand timely
action, there have been urgent calls to stem the
tide of plant invasions and prevent further
spread and associated environmental and
socioeconomic  impacts. However, the
response to most actual and potential plant
invasions is far from simple. Naturalized
plants have a broad range of impacts, such that
a response specific to the particular plant spe-
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cies and habitat is often advisable, along with
a meaningful dialog among stakeholders.
Given the massive scale in changes of the flora
in various regions, many naturalized species
with minimal impacts are best left alone,
whereas other naturalized species that have
massive impacts warrant management to pre-
vent further, often irreversible, effects on eco-
systems. There exists a considerable array of
invasive plants in this category, most of which
are truly global, distributed on multiple conti-
nents. Of these high-impact invasive plant
species, 37 are on the list of the International
Union for Conservation of Nature (IUCN) 100
worst invasive alien species. Most of these
high-impact species continue to spread in their
non-native ranges, including sensitive island
and mountain habitats. They also cause a
range of socioeconomic impacts on agricul-
ture, forestry, transportation, infrastructure,
and cultural values. If current trends in plant
invasions continue and are exacerbated by
increasing global trade and climate change,
many challenges lie ahead. We cannot turn
back the clock to recover natural habitats free
of invasive plants in most cases, but there are
still ways of promoting ecosystem health
through reducing populations of high-impact
invasive plants and promoting holistic
approaches to planet healing.

D. R. Clements et al. (eds.), Global Plant Invasions, https://doi.org/10.1007/978-3-030-89684-3_1
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1.1 Introduction

Many global issues are in ascendance at this point
in world history, and there can be little doubt that
global plant invasions are on the rise with rates
exacerbated by many other forces operating at a
global scale, such as climate change and ever-
expanding world trade (Meyerson and Mooney
2007; Ziska et al. 2019; Hulme 2021a). Diagne
et al. (2021) estimated a worldwide mean annual
cost of biological invasions of $26.8 billion USD
between 1970 and 2017, which by 2017 had
reached $162.70 billion USD annually, showing
a continual increase with no signs of leveling off.
These estimates included the costs of damage
due to invasive species and their necessary man-
agement, with both likely grossly underestimated
due to lack of available data. There are challenges
associated in accurately estimating such costs,
but more broadly, there is a need for more
research on invasive species generally, and inva-
sive plant species specifically, in order to better
understand their biology and ecology, as well as
their environmental and economic impacts (see
Chap 14 for a more detailed assessment). Better-
informed international strategies and policies can
be developed to tackle this global problem (see
Chap 16). In the meantime, it is clear that proac-
tive actions are required immediately to prevent
the seemingly inevitable progression towards a
“planet of weeds” (Quammen 1998; van Kleunen
et al. 2015; Pysek et al. 2017, 2020; Seebens
et al. 2018; Chap 17).

Seebens et al. (2017) analyzed the first reports
of species invasions over the past 200 years and
found that 37% of these were reported between
1970 and 2014, with no signs of slowing down.
Many species in more recent invasions had never
been observed to be invasive previously, thus the
pool of potential invaders is also on the rise

(Seebens et al. 2018). Seebens et al. (2021) used
a modeling approach to predict establishment of
naturalized alien invasive species and estimated
that, by 2050, their total number would increase
globally by 36%. Thus, we can anticipate con-
tinual species invasions for the foreseeable future,
despite our efforts to stem the tide through the
development of better management and surveil-
lance. The pace of globalization is much greater
than the efforts to manage invasive species
(Seebens et al. 2017; see also Chaps 2 and 16). At
the same time, economic costs associated with
the damage and management of invasive species
are on the rise (Diagne et al. 2021).

Recent pandemics, most notably the SARS-
CoV-2 pandemic that emerged in 2020, serve as a
strong wake-up call on the extent of globalization
and profound risks associated with it. Invasion
biologists have made important connections
between invasive species and pandemics caused
by human pathogens. Vila et al. (2021) called
global pandemics “quintessential biological inva-
sion events” and argued that there is a strong par-
allel between epidemiology of pandemic
organisms and invasion biology, which investi-
gates how species are moved far from their point
of origin to various points on the globe via human
agency. In many cases the two fields are more
directly related, such as when macroscopic inva-
sive species carry pathogenic organisms, increas-
ing human transmission rates (Vila et al. 2021).
Given the close alignment between the two fields,
it makes sense to promote sharing of techniques
and approaches between them (Ogden et al.
2019). In fact, Hulme (2021b) strongly advocates
for a more unified approach to biosurveillance in
general, given the risk of failure of more dis-
jointed approaches, as we have seen with respect
to both the SARS-CoV-2 pandemic and global
species invasions. A growing body of knowledge
on invasive plants is available, but the develop-
ment of worldwide strategies for managing them
is still in its infancy, suffering from sizeable gaps
between science, management, and policy at var-
ious scales (see Chap 16).

In this chapter we provide an overview of the
state of the science of plant invasion biology and
opportunities to avoid future invasion of plants.
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We begin by presenting a brief history of the sci-
ence, together with outlining the concepts and
definitions in the field of invasion biology. This is
followed by a geographic overview, mirroring the
book chapters that cover various world regions
(Chaps 5,6, 7,8,9,10, 11, 12 and 13). Next, we
address the impacts of invasive plants and the
challenges associated with measuring these
impacts. Finally, we complete the introduction to
the status of this crucial field in our time by giv-
ing a brief horizon scan of the way forward, with
the rest of the story contained in subsequent
chapters by other experts in the field.

1.2  Overview of Invasion
Biology with a Focus
on Plant Invaders: History,
Concepts, and Definitions
1.2.1 Brief History of Invasion

Biology

The publication of The Ecology of Invasions by
Animals and Plants by Charles Elton in 1958
marked a clear beginning of the modern field of
invasion biology (Davis 2006). Even in 1958, the
pace of change due to globalization was seen as
promulgating invasion, as Elton (1958) states: “A
hundred years of faster and bigger transport has
kept up and intensified this bombardment of
every country by foreign species, brought acci-
dentally or on purpose, by vessel and by air and
overland from places that used to be isolated.” In
the book’s preface, he stated that his goals
included pulling together three streams: faunal
history, ecology, and conservation, with the latter
tending to be the overriding theme (Davis 2006).
The text was also marked by graphic battlefield
examples of invasions, likely inspired by post-
war reflections on World War II. It is also impor-
tant to note that there were invasion biologists
who preceded Elton, including Swiss Botanist
Thellug (1881-1918) whose work provided the
basis for many unifying concepts in the field
(Kowarik and Pysek 2012). Despite Elton’s con-

tribution in the 1950s, the field of invasion biol-
ogy had limited uptake by researchers until the
1980s, but from then on, citations in the field of
invasion ecology increased steadily, outpacing
citations of many other traditional ecological top-
ics (PySek et al. 2006). Some of this activity was
catalyzed by the work of Richard Mack on plant
invasions in western North America, focusing on
a conservation theme (Mack 1981; Davis 2006).
However, it was not until the 1990s that many
more scientists participated in the pursuit of inva-
sion biology research, producing a “flood of pub-
lications” that continues to this day (Davis 2006;
Richardson and PysSek 2008; Cassini 2020). By
the 1990s, policy makers were beginning to com-
prehend the magnitude of the issue, and when the
United Nations Convention on Biological
Diversity (CBD) was created at the 1992 Rio
Earth Summit, it included provisions for signato-
ries to control or eradicate invasive species
(Lindgren 2012). In February 1999, an executive
order was signed by the US President calling for
action against invasion of alien biological species
in the United States, which also set off alarm
bells around the world (Clements and Corapi
2005).

In 2008, 50 years after the publication of
Elton’s 1958 book, the field of invasion biology
had grown considerably, and the book was still
the most cited in the field, with 1516 citations
by May 2007 (Richardson and Pysek 2008).
Thus, the basic principles set out by Elton have
served the discipline well, although the species
under consideration and the theoretical under-
pinnings have radically changed since the book
was published (Richardson and Pysek 2008). As
invasive species research and management has
continued to grow from 2010 onwards, critiques
of the field have also multiplied (Blondel et al.
2014; Van der Wal et al. 2015; Cassini 2020;
Davis 2020) along with defenses of the disci-
pline (Richardson and Ricciardi 2013; Rejmanek
and Simberloff 2017; Russel and Blackburn
2017; Ricciardi and Ryan 2018). One of the
most important concerns regards the very defi-
nition of invasive species.
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1.2.2 Defining Invasive Plants

Invasive species biology is often criticized for the
lack of universal adherence to concepts and prin-
ciples (Cassini 2020). Because a wide range of
plant species may be labeled as “invasive,” it is
difficult to generalize. Weed scientists tend to
refer to invasive plants as “environmental weeds”
to distinguish them from agronomic weeds
(Sheppard et al. 2006); however, the two catego-
ries are clearly not mutually exclusive because
many “environmental weeds” also invade agro-
ecosystems, and vice versa (Thomas and Leeson
2007; Clements 2017). Colautti and Maclsaac
(2004) located the following definitions in the lit-
erature: a non-native species (Goodwin et al.
1999; Radford and Cousens 2000); a native or
non-native species that has colonized natural
habitats (Burke and Grime 1996); a widespread
non-native species (van Clef and Stiles 2001);
and a widespread non-native species that has a
negative effect on habitat (Davis and Thompson
2000; Mack et al. 2000). Blondel et al. (2014)
argued for a broader definition, referring to the
Latin term in-vadere, arguing this should be the
fundamental element in the development of inva-
sion science, regardless of whether such inva-
sions were human-mediated.

Blackburn et al. (2011) developed a unified
framework, representing a ‘“single conceptual
model that can be applied to all human-mediated
invasions” that is widely used by invasion biolo-
gists. The framework includes terms to be applied
to species at different invasion stages. “Alien spe-
cies” are species transported to areas where they
are non-native through human agency. Alien spe-
cies are classed as “casual/introduced” if they are
not reproducing in the new environment, referred
to as “naturalized/established” if they are able to
reproduce, and “invasive” once they demonstrate
the ability to spread in the new environment
(Blackburn et al. 2011). The division among the
three terms “introduced,” ‘“naturalized,” and
“invasive” is important, recognizing that many
introduced species never become naturalized,
and of these relatively few become invasive
(Richardson et al. 2000). The difference between
the self-sustaining naturalized populations and

invasive populations is somewhat subjective but
essentially requires that a species has demon-
strated the ability to disperse beyond the site of
introduction (Richardson et al. 2000; Blackburn
et al. 2011). Legal definitions of invasive species
have been developed to support their manage-
ment by governmental and nongovernmental
agencies. The legal definition employed in the
1999 US Executive Order was “an alien (or non-
native) species whose introduction does or is
likely to cause economic or environmental harm
or harm to human health” (Executive Order
13112, 1999). The International Union for
Conservation of Nature (IUCN) defined an alien
invasive species as a species “which becomes
established in natural or semi-natural ecosystems
or habitat, is an agent of change, and threatens
native biological diversity (IUCN 2000).

When a particular invasive species is high-
lighted, the big question is often “what impact
does it have?” However, impact may be difficult
to define precisely. Jeschke et al. (2014) devel-
oped seven questions to attempt to unpack inva-
sive species impact:

1. Are only unidirectional changes considered or
are bidirectional changes considered?

2. Is the definition as neutral as possible or are
human values explicitly included?

3. Is the term impact only used if the change
caused by a non-native species exceed a cer-
tain threshold, or is it used for any change?

4. Are ecological or socioeconomic changes
considered, or both?

5. Which spatio-temporal scale is considered?

6. Which taxonomic or functional groups and
levels of organization are considered?

7. Consideration of per capita change, popula-
tion density, and range?

These questions illustrate some of the dilem-
mas faced by scientists in characterizing invasive
species. For example, question 1 demonstrates
that some impacts of invasive species on an eco-
system may actually be positive, or both negative
and positive. Likewise, question 3 shows that
impacts may cover a broad range, and from a
management point of view, it may be challenging
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to choose at what point should action be taken,
especially if the threshold is not clear. The
remainder of this chapter, and indeed the rest of
the book, provides further input on these impor-
tant questions.

1.2.3 The Plant Invasion Process

Invasion scientists commonly refer to a typical
invasion history consisting of three fairly distinct
phases: (1) a lag phase after the initial invasion
when the invader is relatively uncommon and
found in isolated locations, (2) an exponential
growth phase when the species rapidly increases
both in population size and distribution, and
finally (3) a period of time up to the present when
the population and distribution have reached their
maximum extent, subject to occasional fluctua-
tions due to variation in conditions, including
attempts to manage the invasive species (Fig. 1.1).
These three phases have also been characterized
as introduction, colonization, and naturalization
phases (Radosevich et al. 2003). During the lag
phase, the invasive species may be difficult to
detect and often seen as posing limited risk
because of its low abundance. The lag phases of
invasions have been documented to range from a
few years to centuries in length (Pysek and Prach
1993; Crooks 2005; Larkin 2012). It is likely that
a variety of mechanisms account for the lag phase
including dispersal limitations, availability of
empty niches, and genetic or phenotypic changes

Fig. 1.1 Commonly
observed trend in the
abundance of non-native
species invasions over
time, illustrating three
major phases often
recognized in the
invasion process

Lag phase

Invader abundance and spread

in the invaded range (Clements and DiTommaso
2011; Espeland 2013; Perkins et al. 2013; Murren
et al. 2014). Of course, not all invasions follow
the typical trend, and many invasions are not
nearly as successful. According to Williamson’s
(1996) “Tens Rule,” only 10% of species entering
a dispersal pathway disperse, 10% of these estab-
lish in the adventive habitat, and among the spe-
cies establishing, only 10% become problematic,
i.e., the invasive species that follow the pattern in
Fig. 1.1.

Several studies have analyzed invasion history
in an attempt to predict invasion patterns better,
through examining herbarium records and vari-
ous other forensic ecology methods. Larkin
(2012) failed to detect an overriding explanation
predicting length of the lag period among several
species with periods ranging from 3 to 140 years.
Similarly, Flores-Moreno et al. (2015) followed
the fate of three invasive plants in the United
Kingdom over 200 years and found that these
species did not require time to evolve responses
to the habitat. By contrast, Fennell et al. (2014)
found greater genetic variability in seeds of giant
rhubarb (Gunnera tinctoria) in Ireland before
populations transitioned to the exponential phase.
For introduced rangeland plants in the western
United States established for periods between 41
and 86 years, Morris et al. (2013) found that
while some species followed the usual logistic
invasion curve, others showed sporadic crashes
and spikes in abundance, likely due to periodic
droughts in this relatively arid environment.

Establishment phase
(throughout the geographic area)

Exponential
growth
phase

Time since invasion



D.R.Clements et al.

Mosena et al. (2018) computed invasion curves
for ten invasive plants in western North America
and observed some were logistic while others
were more linear. They also computed propor-
tional changes in counties occupied, which
allowed them to gain more insight into the geo-
graphic spread. For example, the major range
expansion period for cheatgrass (Bromus tecto-
rum) extended from 1900 to 1950, well beyond
the 1900-1930 expansion period emphasized by
Mack (1981). Examining the invasion history of
155 tropical grasses invading Australia, van
Klinken et al. (2015) showed how 21 of these
became widespread and problematic but pre-
dicted few new invasions by grass species will
occur in Australia.

A key question behind attempts to character-
ize invasion curves and their history is whether
potentially serious invasive species can be
detected and dealt with early in the invasion
sequence. The potential for eradicating and the
cost of eradication is far more favorable in early
invasion stages, but it is difficult to predict the
seriousness of an invasion early (Daehler 2003;
Larkin 2012). In order to attempt to catch poten-
tially serious invaders early in the curve, govern-
ment agencies and others charged with managing
invasive species frequently employ (1) early
detection and rapid response (EDRR) and (2)
weed risk assessment (WRA).

EDRR advocates argue that from the precau-
tionary principle, virtually all recent or potential
invasive species should be assumed to be a seri-
ous threat (Westbrooks 2004; Crooks 2005).
Given the modest amount of funding available
for invasive weed control in California, Funk
et al. (2014) pointed out the massive savings
from controlling species as early as possible post
invasion, and this is all the more true for many
other areas around the world where funding is
even scarcer. However, because there are so many
potential invaders, WRA is a useful tool for pri-
oritizing which invaders are likely to cause the
greatest harm. WRA models make use of expert
knowledge on potential invasive species, includ-
ing a variety of measures related to the potential
for spread or impact in other geographic areas
(Pheloung et al. 1999). However, Hulme (2012)

pointed out that risk assessments are inherently
flawed due to the subjectivity of experts and high
levels of uncertainty predicting plant invasion
dynamics. McGregor et al. (2012) found that the
Australian WRA predicted naturalization well
but failed to consistently predict the extent of
spread. Hulme (2012) recommended augmenting
the WRA approach using knowledge of experts
to assess uncertainties accompanying weed pop-
ulation and human management dynamics (e.g.,
interventions to improve ecosystem resilience).
More sophisticated approaches to risk assess-
ment are currently under development, e.g., an
approach that combines information from knowl-
edge of the invasive plant species and potential
recipient ecosystems, utilizing the growing body
of knowledge available on both aspects (Probert
et al. 2020a). Furthermore, many new invasive
species are now emerging, and WRA methods
that rely on historical knowledge may no longer
be relevant because experts are unaware of risks
posed by these new invasive species (Seebens
et al. 2018). One useful approach is to look at
risks associated with particular taxonomic or
functional groups, rather than trying to assess
risk across all plant groups. Frameworks have
been developed to assess risks associated with
various plant groups, such as bamboos (Canavan
et al. 2017), Cactaceae (Novoa et al. 2015), and
conifers (Richardson and Rejmanek 2004).
Because of the nature of the lag period, man-
agers often fail to realize the high costs of inva-
sions until it is too late (Westbrooks 2004; Mack
et al. 2000). A critical question is whether or not
impacts can be predicted in advance. Van Klinken
et al. (2013, 2015) studied 155 tropical and sub-
tropical grasses in Australia to determine if
effects on natural environments, pastures, or agri-
cultural crops could be predicted. Among 155
tropical and subtropical grasses invading
Australia, the best predictors of costs were how
fast they spread and whether they were semi-
aquatic (van Klinken et al. 2013, 2015). The most
important invasion pathway for these grasses was
through intentional introduction of pasture spe-
cies to Australia (Van Klinken et al. 2015), a
pathway that has contributed to colonization by
grass species the world over (Mack et al. 2000;
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Morris et al. 2013). Similarly, horticultural intro-
ductions, which by definition are intentional, fea-
ture prominently among invasion pathways
(Reichard and White 2001; Lambdon et al. 2008;
Hulme 2009; Barbier et al. 2011). To this day,
such pathways are prominent sources of invasion,
and increased globalization and commerce tend
to exacerbate such invasions.

The study of plant invasion pathways poses
the question: How did each of the more than
13,000 naturalized plants throughout the world
(Pysek et al. 2017) arrive at their destinations?
Although over the past 500 years many different
pathways have been identified, the pathway
responsible for more than half of all plant inva-
sions has been deliberate introduction of plants
for horticulture and other forms of cultivation
(Chap 3). More broadly speaking, the three most
important pathways have been introductions for
food production, ornamental purposes, and
accidental releases (Saul et al. 2017; Pergl et al.
2020). We have witnessed three major waves of
plant invasion (di Castri 1989): the age of explo-
ration (1500-1800), the age of industrialization
(1800-1950), and the age of globalization (1950
to the present), with each succeeding wave
greater than the previous one.

1.2.4 RecentTrends and Drivers
of Plant Invasion Including
Globalization, Increased
Trade, and Climate Change

Many attempts have been made to describe the
major drivers of plant invasion. It is tempting to
ascribe most of the agency to the invasive plants
themselves, because they indeed possess many
remarkable qualities, and most invasive plant
researchers have a great deal of respect for their
subjects, even if the ultimate aim of the research
is to control or eradicate these species. However,
it is clear that in many cases, the invasive plants
should be seen more as the passengers rather than
the drivers of the invasion process (MacDougall
and Turkington 2005). In the Garry oak ecosys-
tem studied by MacDougall and Turkington
(2005), the invasive grasses benefitted from an

ecosystem already being degraded, through a dis-
turbance regime highly modified from its histori-
cal baseline state. Thus, reduced ecosystem
resistance was the major factor precipitating
change. In other settings, invader fitness could be
the major driver, or in still other situations cli-
mate dynamics could be key. Young et al. (2017)
developed a framework for looking at these three
factors: ecosystem resistance, invader fitness, and
climate dynamics simultaneously, in order to
examine the forces determining how well inva-
sive plants invade communities (see also Chap 2).

Each of the elements in the framework devised
by Young et al. (2017) involves a considerable
array of dynamic factors, and thus understanding
plant invasions, and attempting to develop a bet-
ter system of predicting them, requires an in-
depth examination of all three elements. Although
there are numerous studies of the three factors in
isolation, there is a need for integrated research
involving all three elements of the framework
(Young et al. 2017; Chap 2). It is relatively easy
to produce a map which predicts areas that are
climatically suitable for a particular plant invader,
but unless ecosystem resistance is overcome
(e.g., via anthropogenic disturbance), the plant
will not invade a particular area. By the same
token, models that predict expanding ranges of
invasive plants under climate change may under-
estimate the extent of invasion for invasive spe-
cies that evolve in response to changing
conditions along the invasion edge, thus increas-
ing invader fitness (Clements and DiTommaso
2011). Indeed, numerous recent studies are
revealing that invasive plants can evolve rela-
tively rapidly to changing climatic conditions and
that this ability represents a major challenge to
their management (Ziska et al. 2019; Clements
and Jones 2021a, b).

Humanity ignores the critical linkage between
invasive species and climate change at its peril
(Seebens et al. 2015; Ziska et al. 2019; Chap 4).
It is important to recognize the particular impact
of climate change on invasive plants due to the
interaction between CO, levels and photosynthe-
sis, whereby increased CO, impacts plants both
through potential increases in photosynthesis and
global warming (Ziska et al. 2019). It is also
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important to understand that many other features
of climate change interact with invasive plants,
such as more frequent flooding, droughts, storms,
fires, and other extreme events (Colleran and
Goodall 2015; Wu and Ding 2019; Fraterrigo and
Rembelski 2021; Chap 4). Climate changes not
only promote greater spread of plant invasions
but also reduce our ability to manage them,
through reduced efficacy of herbicides and other
methods (Ziska 2020; Clements and Jones
2021a), thereby increasing the costs of manage-
ment (Rhodes and McCarl 2020).

Globalization and increasing world trade are
unquestionably driving much of the rise in plant
invasions, with global trade synonymous with the
movement of invasive species hitchhiking on
commerce, or even the subject of commerce in
many cases, e.g., the horticultural trade (Hulme
2021b). Effects of globalization on plant inva-
sions have been well documented, particularly
for countries like China where the recent increase
in economic growth and trade has resulted in
widespread introduction and proliferation of
invasive plants (Ding et al. 2008; van Kleunen
et al. 2015; Horvitz et al. 2017). Direct effects of
globalization on the rate of plant introductions
via horticultural trade are well supported by the
research (Taylor and Irwin 2004; Pysek et al.
2010; van Kleunen et al. 2018; Guo et al. 2019).
Indirect effects of globalization on invasive spe-
cies issues are more challenging to understand
and quantify. The full scope of indirect effects
includes the way that growing trade transforms
economies, making nations more likely to import
invasive species or to create an environment con-
ducive to invasion. Hulme (2021b) argues that
these indirect effects have a far greater impact
than direct effects. One striking indicator of the
overall trend since the nineteenth century is how
the increasing percentage of imports of the global
GDP closely mirrors the increasing frequency of
number of first records of alien species (Hulme
2021b). Furthermore, the relationship between
international trade and invasive species is a rap-
idly moving target, due to labile trading relation-
ships between countries, supply chain disruptions,
newly emerging modes of trade (e.g.,
e-commerce), and, as recently highlighted, pan-

demic influences (Epanchin-Niell et al. 2021).
Given how much the rise in the numbers of new
invasions is tied to globalization, Meyerson and
Mooney (2007) argue for a concomitant global-
ization of the knowledge of invasive species to
help better coordinate international efforts to deal
with invasive species.

1.3  The Geography of Plant

Invasions

By definition, plant invasions consist of changes
in geographic distribution. Earlier research on
plant invasion biology focused mostly on Europe
and North America. There was also an earlier
focus on island ecosystems, as being clearly very
vulnerable to invasions (see Chap 12).
Increasingly, however, many invasive plants have
become more global, with many species distribu-
tions now spanning several continents, highlight-
ing the need for a coordinated global approach to
their management (Hulme 2021b; Chapl6).
There are 11 invasive plants present in at least
35% of world regions within their invaded range,
with the most widely distributed species being
common sowthistle (Sonchus oleraceus) (PySek
et al. 2017). In terms of invasive ranking within
regions, lantana (Lantana camara) is at the top of
the list, occurring in 120 out of 349 regions with
data on invasive status (PySek et al. 2017), with 4
other species [apple of Sodom (Calotropis proc-
era), common water hyacinth (Eichhornia
crassipes), common sowthistle, and leucaena
(Leucaena leucocephala)] having invasive status
in over 100 regions (Pysek et al. 2017).

1.3.1 Thelnvasion State

of the World’s Continents

Prior to intercontinental introductions of plants
by humans, particularly before the first major
invasion wave in the age of exploration beginning
in 1500, the flora of each continent was relatively
unique, producing co-evolved plant communities
specific to various natural ecosystems.
Agroecosystems have featured a more universal



1 Global Plant Invasions on the Rise

flora, dating back to times when crop species
were subject to long-distance introductions.
Crops were moved along with a complement of
agricultural weeds, many of which are among the
most widespread organisms on earth (Harlan and
de Wet 1965; Krihmer 2016). The more recent
invasion by non-native plants on a global scale
has gone far beyond agriculture. These introduc-
tions include some serious agronomic weeds as
well as numerous plants that impact natural areas,
urban habitats, recreation, and even cultural mon-
uments in their invasive ranges. Many of these
invasive plants [e.g., common ragweed (Ambrosia
artemisiifolia) and mile-a-minute (Mikania
micrantha)] affect both agricultural and non-
agricultural environments (Bassett and Crompton
1975; Day et al. 2016).

Asia, the world’s largest continent occupying
30% of the world’s surface, represents a broad
target for invading plants. In recent decades,
increase in trade by orders of magnitude has pro-
vided many opportunities for invasive plants to
reach Asian countries and flourish (Chap 5).
Increases in global trade have brought numerous
tropical or subtropical invasive plants, often orig-
inating in Latin America, including many notori-
ous invaders such as Crofton weed (Ageratina
adenophora), Siam weed (Chromolaena odo-
rata), lantana, leucaena, mile-a-minute, giant
sensitive plant (Mimosa diplotricha), parthenium
weed (Parthenium hysterophorus), and common
water hyacinth (Eichhornia crassipes). Many of
these invasive plants are problematic in other
tropical or subtropical areas, such as Australia,
Africa, or the Pacific Islands. Common water
hyacinth is native to South America and found in
all the continents except Antarctica, infesting
waterways, disrupting human activities, and den-
igrating ecosystem services (Coetzee et al. 2017).
Although hundreds of non-native vascular plant
species are listed as naturalized in Asia, the num-
bers are relatively low compared to Western
Europe and North America (van Kleunen et al.
2015). For many Asian countries, very little data
is available on naturalized species. Given human
population growth and growth of commerce in
Asia, numbers of naturalized species are bound
to increase (Seebens et al. 2015; Chap 5). Because

Asian countries vary greatly in their ability to
track and manage invasive species, there is an
urgent need for better coordination of efforts
across the continent (Clements et al. 2019; Chap
5).

In contrast to Asia, Australia ranks as the
world’s smallest continent. Its invasion history is
also very different from the other continents
because Europeans only arrived and began intro-
ducing non-native species 230 years ago (Chap
6). These introductions have had profound effects
on the very unique flora and fauna that were
products of millions of years of evolution over
the time when Australia was isolated from other
land masses. By 2017, nearly 30,000 alien plant
species had been introduced to Australia, of
which 3027 were reported as naturalized (Randall
2017; Chap 6). This tidal wave of invasive plants
over the past several hundred years have had a
substantial impact on the native flora and fauna,
with particular invasive plants such as cactuses
(not native to Australia) having become “text-
book examples” of plant invasions. Prickly pear
(Opuntia inermis and O. stricta) infestation
reached 24 M hectares at its peak in Australia,
with densities reaching 16,000 plants per hectare
and seriously impeding livestock production
(Dodd 1940). Mass releases of the cactoblastis
moth (Cactoblastis cactorum) native to South
America in 1926 were eventually successful in
their management (Dodd 1940). Many cactus
species however still impact habitats throughout
the continent to this day (Novoa et al. 2015).
Reflecting Australia’s status as a developed
nation, considerable resources have been
deployed to manage invasive plants, often utiliz-
ing the best available technology (Chap 6).
Australia thus provides many useful examples to
the rest of the world, often in devising ways to
manage some of the world’s worst invasive plants
[e.g., lantana, kochia (Bassia scoparia),
Paterson’s curse (Echium plantagineum), and
many others], including innovative biosecurity
measures to prevent importation of plant species
that are likely to be highly invasive.

Although, formerly, Europe was thought of as
more of a source than a receiver of invasive
plants, particularly since the majority of invasive
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plants in North America originated in Europe
(see Chap 8), it has recently become clear that
Europe is impacted by a considerable array of
invasive plants (Chytry et al. 2008; PySek and
Hulme 2011; Rumlerova et al. 2016; Nentwig
et al. 2018; Chap 7). Seebens et al. (2021) have
predicted that Europe would see the most new
naturalized alien invasive species among the con-
tinents by 2050. Via the Global Naturalized Alien
Flora (GloNAF) database (van Kleunen et al.
2019), Pysek et al. (Chap 7) showed that of the
4139 naturalized species, the majority originated
from other parts of Europe and there are 1926
species that arrived from other continents, mostly
temperate Asia. Invasive plants introduced from
North America are causing the same kinds of
negative impacts over a broad range of habitats,
as has been seen in European introductions to
North America. The four top-ranking invasive
species with the greatest potential impacts in
Europe were silver wattle (Acacia dealbata), lan-
tana, kudzu (Pueraria lobata), and common
water hyacinth (Eichhornia crassipes) as ranked
by Pysek et al. (Chap 7). These species also have
also serious impacts elsewhere in the world.
Among all the continents, North America
boasts the highest number of naturalized plants, a
whopping 5958 species (van Kleunen et al. 2015;
Pysek et al. 2017; Seebens et al. 2021; Chap 8).
Although these species have been arriving for
centuries since the time of European coloniza-
tion, a rapid increase in plant invasion through
various pathways such as horticulture, the aquar-
ium trade, and agricultural contamination has
occurred in the past 35 years. Within North
America, levels of naturalization vary. California,
one of the most invaded world floras with 1753
invasive plant species, has the dubious distinction
of being “the world’s richest region in terms of
naturalized alien vascular plants” (Pysek et al.
2017). By contrast, Arctic regions in Canada
exhibit relatively low levels of plant invasions. As
seen in the world at large, the abundance and
diversity of invasive plants areas are often linked
to higher economic activity. Climate also plays a
significantrole in this regard. The North American
continent features a variety of climate types,
some of which are more favorable to plant inva-

sion. Despite relatively intense efforts to manage
invasive plants, there are many significant inva-
sive plants in North America [e.g., knotweeds
(Reynoutria spp.), kudzu, yellow starthistle
(Centaurea solstitialis), cheatgrass (Bromus tec-
torum), ventenata (Ventenata dubia), wild oat
(Avena fatua), and kochia)] that are still increas-
ing in terms of distribution and/or abundance and
may increase further with climate change
(Clements et al. 2016; Smith et al. 2018; Becerra
et al. 2020; Chen et al. 2020; Harron et al. 2020;
Harvey et al. 2020).

There are 9905 naturalized vascular plant spe-
cies recorded in the New World compared to
7923 species in the Old World (Pysek et al. 2017).
South America has at least 2677 known natural-
ized non-native plants (van Kleunen et al. 2015;
Pysek et al. 2019; Chap 9). It also exhibits high
levels of biodiversity, including the highest num-
ber of plant species compared to all other conti-
nents, and international biodiversity hot spots
such as the Amazon rainforest that may be very
sensitive to the impacts of plant invasions.
Although from the limited research on the extent
of invasive species and their relationship to the
diverse various habitats in the continent it is clear
that invasive species may have serious effects on
South American ecosystems, more work is
needed to better understand the extent of these
effects (Chacon et al. 2009; Herrera and Nassar
2009; Jager et al. 2013; Zenni 2015; Valduga
et al. 2016; Sandoya et al. 2017; Dechoum et al.
2018; Gantchoff et al. 2018; Baruch et al. 2019;
Heringer et al. 2019; Chap 9). Central America
has fewer known naturalized plant species than
South America; yet the total estimated at 1628
non-native plant taxa is substantial (Chap 10).
The diversity of regions within Central America
is evident in that only 3.9% of the invasive plant
species are common to all Central American
countries. As with South America, while there
are some studies quantifying naturalized invaders
in various Central American countries, more
research is needed to better understand their
impacts (Christenhusz and Toivonen 2008;
Chacén-Madrigal 2009; Lopez 2012; Bonnett
et al. 2014; Daniel and Rodriguez 2016; Chap
10). European colonizers brought non-native
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plant species both as crops and hitchhikers to
Central America. This along with habitat modifi-
cations (e.g., the transformation of landscapes by
cash crops) has made some of the most biodi-
verse habitats on earth vulnerable to invasive spe-
cies which have continued to arrive in recent
decades due to trade and globalization.

Africa, the second largest continent in both
area and population, attracts its fair share of plant
invasions, with 1139 naturalized plant species in
South Africa alone. Other African countries,
however, have considerably fewer recorded inva-
sions (e.g., 50 or fewer naturalized plant species
for Djibouti, Gambia, Malawi, and Niger (PySek
etal. 2017; van Kleunen et al. 2019; Chap 11). As
with other less technologically developed
regions, the non-naturalized flora is not very well
studied in poorer African countries. As a result,
the number of naturalized species is likely to be
underestimated for these countries, and there is a
need for more systematic surveys. South Africa,
which also has a greater number of problematic
invaders, is the only African country that has con-
sistently delivered systematic and well-funded
approaches to invasive species management (van
Wilgen et al. 2020). Among the numerous natu-
ralized plants in Africa, there are at least 20 natu-
ralized plant species that clearly earn the title as
“transformer species” (Richardson et al. 2000),
transforming natural vegetation over a consider-
able swath of Africa (Chap 11). While many of
these transformers [e.g., such as lantana (Lantana
camara), common water hyacinth (Eichhornia
crassipes), prickly pear (Opuntia stricta), giant
sensitive plant (Mimosa pigra), leucaena
(Leucaena leucocephala), and parthenium weed
(Parthenium hysterophorus)] have already been
mentioned to be present in other continents, some
species are more uniquely an issue for African
ecosystems (e.g., several species of Acacia from
Australia). With so many species that have trans-
formative impacts on African ecosystems, the
potential for the spread of new species, and vary-
ing abilities of countries in the continent to deal
with these plant invasions, a more coordinated
approach is necessary. Because the livelihoods of
so many in the continent directly depend on the
land, invasive species can have devastating

impacts on communities. For example, Pratt et al.
(2017) demonstrated that annual costs associated
with parthenium weed amounted to $50-80 mil-
lion US dollars for African smallholders produc-
ing maize in Ethiopia, Kenya, Tanzania, and
Uganda.

1.3.2 Are some Areas Particularly
Vulnerable to Invasions?

As mentioned with respect to continents like
South America, biodiversity hot spots are of great
concern with respect to ecological impacts of
invasive species. Areas with unique habitats and
high levels of endemism such as Oceanic islands
(Chap 12) or mountains (Chap 13) tend to be
highly vulnerable to invasions. In addition to
mountains, there are other terrestrial habitat
“islands” which may contain unique and vulner-
able flora and fauna, such as freshwater habitats
(Dextrase and Mandrak 2006; Kiruba-Sankar
et al. 2018; Bolpagni 2021).

The relatively small percentage of the Earth’s
total land area occupied by oceanic islands (less
than 5%) belies their contribution to global plant
diversity, comprising more than 25% of the
world’s plant diversity and home to numerous
endemic plants. For example, the Hawaiian
native vascular plant flora is more than 90%
endemic, comprised largely of plant species
found nowhere else in the world (Sakai et al.
2002). At the same time, the precipitous decline
in these Hawaiian endemic plants, with many
documented extinctions, has been clearly linked
to overwhelming numbers of invasive animals
and plants since Captain Cook “discovered” the
islands in 1778. Thus, the Hawaiian and the
numerous other remote islands represent a seri-
ous conservation crisis, with a race against time
to prevent further erosion of the native species
populations and diversity by managing invasive
species and other factors contributing to decline
such as habitat loss (Chap 12). Because such
islands are so remote, the ocean generally repre-
sents a relatively impenetrable barrier to inva-
sion, but tourism and other forms of development
have broken down this barrier in many cases
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(e.g., Hawai‘i, Fiji, Caribbean Islands, and other
popular tourist destinations). Thus, the normally
very slow rate of arrival of new species to islands
and associated gradual evolution of island flora
and fauna over long expanses of time has been
disrupted by extremely rapid transport of new
species in the modern age (Sax and Gaines 2008;
van Kleunen et al. 2015; Dawson et al. 2017;
Pysek et al. 2017; Chap 12).

It is not only the rate of change that is of con-
cern but also the types of plants that are becom-
ing naturalized on islands, creating a very
different flora with a completely different array
of plant traits. Island floras are generally dishar-
monic by comparison to mainland floras, mean-
ing they contain a unique complement of plants
with certain traits or are limited with respect to
taxonomic groupings. Naturalized plants, by con-
trast, will reflect more on the purposes for which
the plants were brought by humans (Hulme et al.
2008; Weigelt et al. 2015) and ultimately come to
represent more the world’s phylogenetic plant
species composition than the unique island spe-
cies profile (Chap 12). More often though it is
largely a single (or relatively few) invasive plant
species that overruns island habitats. Ceylon
raspberry (Rubus niveus) has infested 100 of the
585 km? comprising the island of Santiago in the
Galapagos (Renteria et al. 2012). The price tag
for eliminating it is about $10 million USD.
Miconia (Miconia calvescens) overran large
areas of Tahiti (Meyer and Florence 1996) and
similarly threatens large areas of the Hawaiian
Islands, with costs for control amounting to mil-
lions of dollars over the past several decades
(Burnett et al. 2007; Leary et al. 2014). Still the
isolation of oceanic islands presents unique
opportunities to develop sophisticated biosecu-
rity systems to prevent further invasions. In many
ways, island biosecurity and management efforts
have provided the best examples for the world to
follow. Island systems such as the Hawaiian
Islands or New Zealand have generated a pleth-
ora of research findings and ideas on managing
invasive species more proactively and strategi-
cally (Daehler et al. 2004; Hulme 2020).

The ecology of mountain invasions resembles
island invasion ecology in a variety of ways, as

mountains represent habitat islands in the main-
land seas they rise above. Mountains tend to be
more inaccessible to human habitation and thus
have often been subject to low levels of anthropo-
genic impacts by comparison to other habitats
(McDougall et al. 2011; Lembrechts et al. 2017).
Unfortunately, human interference in mountain
ecosystems is growing due to climate change,
land use change, technology, increased trade, and
global connectivity, and some of this interference
has been manifested as increased levels of inva-
sive species in mountainous regions (Chap 13).
Because invasive species, once introduced, can
spread on their own, seemingly inaccessible
places in human terms, like many mountain land-
scapes, are not at all immune to invasive species.
Seemingly small changes to infrastructure, such
as the establishment of roadways in mountains,
have been shown as a natural gateway to invasive
plants through disturbance effects and dispersal
via vehicles (McDougall et al. 2018; Rew et al.
2018). As with oceanic islands, mountain habi-
tats often cover relatively small areas and have
unique features, which make them very sensitive
to the effects of invasive species. Most manage-
ment strategies and challenges for invasive plants
occurring in mountains are similar to those in
other areas, although the remoteness and inacces-
sibility of mountain landscapes present unique
challenges for surveying for and managing
mountain invasive plants (Giljohann et al. 2011;
McDougall et al. 2018).

1.4  Assessing Invasive Plant
Impacts
1.4.1 Social, Economic,

and Environmental Impacts

Assessment of the impacts of invasive species
has often been described as one of the weakest
links in the field of invasion science (Hulme et al.
2013). Sometimes this is due to a lack of concrete
evidence to support the assumption of their dam-
aging effects (Hager and Mccoy 1998; Lavoie
2010; Vila et al. 2011; Epanchin-Niell 2017,
Diagne et al. 2021; Chap 14). Advocates attempt-
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ing to lobby for resources needed to manage
invasive species may be challenged to come up
with a clear message in the absence of good data
on impacts. It is true that information available
on social, environmental, and economic impacts
of invasive plants is relatively scarce and there is
a need for better assessment of these impacts
(Chap 14). However, through the innovative
development of new databases like InvaCost and
various other efforts to quantify impacts, agen-
cies and researchers are endeavoring to better
assess the cost of invasive species to the econ-
omy, ecosystems, and society (Blackburn et al.
2014; Hawkins et al. 2015; Pysek et al. 2017;
Bacher et al. 2018; Diagne et al. 2020, 2021;
Chap 14).

Innovative methodology and approaches to
measure and better assess biotic impacts are
being developed (Probert et al. 2020b). The biol-
ogy and ecology of most major invasive plant
species is relatively well known (e.g., Adkins and
Shabbir 2014; Day et al. 2016; Gillies et al. 2016;
Coetzee et al. 2017; Anderson 2019). However,
we are just beginning to understand these species
in enough depth to quantify their biotic impacts
and design appropriate management measures,
including consideration of their impacts on
endangered species (Bellard et al. 2016, 2017,
Foxcroft et al. 2017; Blackburn et al. 2019;
Duenas et al. 2021; Chap 14). Recently, efforts
have been made to develop a better classification
system for invasive species, to rank them accord-
ing to either socioeconomic or environmental
impacts, in order to develop a more objective
assessment for the purposes of research and man-
agement (Blackburn et al. 2014; Hawkins et al.
2015; Bacher et al. 2018; Probert et al. 2020b).
Moreover, the issues extend beyond scientific
understanding. Various stakeholders frame inva-
sive species management very differently
depending on their respective values, reflecting a
critical need for the development of better ways
to engage stakeholders to hear all points of view
and communicate the science more honestly and
effectively (Courchamp et al. 2017; Novoa et al.
2018). It is also important to recognize that the
human side of the management of invasive spe-
cies generally involves a complex “ecology” of

its own, i.e., “social-ecological systems” (Hui
and Richardson 2017; Shackleton et al. 2019).
These systems may best be seen as “complex
adaptive systems” consisting of many moving
parts, so that management is more than just ask-
ing: “What does the science say?”’ Rather, man-
agement needs to consider a more holistic,
socioeconomic response to invasion, respecting
the values of various agencies, special interest
groups, and other stakeholders, which together
make up an evolving complex system (Hui and
Richardson 2017).

One of the most important questions for many
of these stakeholders is: “Are invasive plants
really that bad?”

1.4.2 Are Invasive Plants Really
that Bad?

The two extreme views on impacts of non-native
plants are “innocent until proven guilty” and
“guilty until proven innocent.” Both scientists
and practitioners, and for that matter, the general
public, may hold either view or adhere to a posi-
tion somewhere in the middle of the two extremes
(Courchamp et al. 2017; Novoa et al. 2018;
Cassini 2020). The position a given person holds
may depend on attributes of a particular invasive
species, and hence the value of a system of clas-
sifying non-native species according to socioeco-
nomic or environmental impacts, although biases
may still arise in the classification process
(Probert et al. 2020b). Although acknowledging
that the impacts of invasive species may be diffi-
cult to assess and quantify, Simberloff et al.
(2013) maintained that regardless of impact, non-
native origin of a species is an important consid-
eration, because frequently non-native species
exhibit a lag in their impacts and/or may be hav-
ing socioeconomic or environmental impacts that
are undetected. By contrast, other scientists have
insisted that the degree of impact should be part
of the definition of an invasive species, with low
or no impact species should be classed as benign
(Davis and Thompson 2001; Davis et al. 2011).
The quest for a more realistic assessment comes
partly from a critical examination of invasive spe-
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cies biology, often coming from those who
believe non-native species are innocent until
proven guilty. This critical examination has
sometimes been referred to as “invasive species
denialism” (Ricciardi and Ryan 2018). Since the
1990s, coinciding with the growth of the field of
invasive biology, scientific articles, books, and
the popular press have been increasingly ques-
tioning the warnings by invasion biologists
(Richardson and Ricciardi 2013). This in turn is
viewed by some as a threat to the good work done
by researchers and practitioners in the field
(Russell and Blackburn 2017; Ricciardi and Ryan
2018) while to others a healthy dose of realism
serving to refine the science of invasion biology
(Sagoff 2018; Munro et al. 2019; Davis 2020).
Courchamp et al. (2017) provide some helpful
guidelines for potentially resolving some of the
issues in invasion biology, including utilizing a
dialog model for knowledge mobilization in
place of a deficit model that assumes that greater
exposure to the science from experts will eventu-
ally convince members of society that the experts
are right. The dialog model provides for two-way
discussions among scientists, government, trade
and industry stakeholders, and the general public
to address challenging issues such as how best to
classify a species as invasive.

How non-native species are classified has
implications for their management. If they are
considered “guilty until proven innocent,” more
immediate attention will be given to recent arriv-
als, with more active management recommended
for species labeled as invasive. Such a universal
stance over invasive status has been critiqued as a
knee-jerk reaction to a species being “non-native”
or “alien,” potentially leading to inappropriate
attitudes or management actions towards a given
species just because it is non-native, which may
even result in harm to the ecosystem (Zavaleta
et al. 2001; Bergstrom et al. 2009). There is a
growing body of data on how bad invasive plants
are, such as the meta-analysis by Kuebbing and
Nufiez (2018) looking at plant interactions
between 274 vascular plants in 21 habitats, find-
ing that the negative effect of non-native neigh-
bors was twice as bad for natives than for
non-natives. In defense of the validity of the

result, Kuebbing and Nufiez (2018) pointed out
that although there is disagreement on the incor-
poration of impact into the definition of invasive-
ness, it has been shown how impacts increase
with increased spread and populations (Simberloff
et al. 2013; Hulme et al. 2013). Indeed there is
evidence that much of the perceived uncertainty
in assessments of invasive species impacts is mis-
guided (Hulme et al. 2015; Wilson et al. 2016;
Pauchard et al. 2018; Courchamp et al. 2020).

The application of a classification system
based on a scientific assessment of risk or impact
(McGregor et al. 2012; Probert et al. 2020b) may
result in a more nuanced response based on “how
bad” the invasive plant is likely to be in the
invaded range. Two unified schemes have been
developed to evaluate impacts, utilizing informa-
tion from the literature and other relevant sources
on either environmental (Blackburn et al. 2014;
Hawkins et al. 2015) or socioeconomic impacts
(Bacher et al. 2018), both featuring five levels of
impact: minimal, minor, moderate, major and
massive (Table 1.1). The environmental impacts
are rooted in the mechanisms used by the
International Union for Conservation of Nature
(IUCN) Global Invasive Species Database to
evaluate invasive species impacts (Blackburn
et al. 2014), while the socioeconomic impacts are
based primarily on assessments of how the well-
being of people is affected by the invasive species
(Pejchar and Mooney 2009; Bacher et al. 2018).
Clearly, the magnitude of environmental and
socioeconomic impact will not always match for
a given species, but information from both types
of analysis is useful in formulating management
approaches (Bacher et al. 2018).

“Massive,” the highest level in these impact
assessments, involving irreversible environmen-
tal and/or socioeconomic impacts (Table 1.1)
may be difficult to appreciate without reference
to actual examples. Some good examples of truly
massive impacts of invasive plants are found
among the 37 plant species selected as part of the
list of the 100 worst invasive alien species com-
piled by the IUCN in 1999 to raise awareness of
the risks posed by such species (Lowe et al. 2000;
Luque et al. 2014; Table 1.2; Fig. 1.2). Note that
this list was never meant to encompass the top
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100 worst but rather to communicate that these
species are among the worst alien invasive spe-
cies (Luque et al. 2014). Impacts of the 37 plants
on the list range widely but commonly include

Table 1.1 Comparison of the range of impacts of inva-
sive species according to two impact classification
schemes: the IUCN Environmental Impact Classification
for Alien Taxa (EICAT) (Blackburn et al. 2014; Hawkins
et al. 2015) and the Socio-economic Impact Classification
of Alien Taxa (SEICAT) (Bacher et al. 2018)

Level of

impact Type of impact assessment
Environmental Socio-economic
Impact Impact Classification
Classification for of Alien Taxa
Alien Taxa (EICAT) (SEICAT)

Minimal Unlikely to have No deleterious
caused deleterious  impacts reported
impacts on the despite availability of
native biota or relevant studies with
abiotic environment regard to its impact

on human well-being

Minor Causes reductions  Reductions of
in the fitness of well-being can be
individuals in the detected, e.g., income
native biota but no  loss, health problems,
declines in native higher effort, or
population densities expenses to

participate in
activities

Moderate Causes decline in Negative effects on
the population well-being leading to
density of native changes in activity
species but no size, fewer people
changes to the participating in an
structure of activity, partial
communities or to  displacement,
the abiotic or biotic abandonment, or
composition of switch of activities do
communities not increase human

well-being (no
increased
opportunities due to
alien spp.)

Major Causes the local or  Local disappearance

population
extinction of at least
one native species
and leads to
reversible changes
in the structure of
communities and
the abiotic or biotic
composition of
ecosystems

of an activity from all
or part of the area
invaded by the alien
taxon; change is
likely to be reversible
within a decade after
removal or control of
the alien taxon

(continued)

Table 1.1 (continued)

Level of

impact Type of impact assessment
Environmental Socio-economic
Impact Impact Classification
Classification for of Alien Taxa
Alien Taxa (EICAT) (SEICAT)

Massive  Leads to the Local disappearance

replacement and
local extinction of
native species and
produces
irreversible changes
in the structure of
communities and
the abiotic or biotic
composition of
ecosystems

of an activity from all
or part of the area
invaded by the alien
taxon; change is
likely to be
permanent and
irreversible for at
least a decade after
removal of the alien
taxon

impacts on native flora and associated fauna,
while many also have impacts on agricultural
through similar competitive mechanisms, with
many of the species classed as fast growing
(Table 1.2). These invasive plants are primarily
perennial, with many of them consisting of
woody perennials with a tendency to form large
patches or thickets that are difficult to manage
and may cause irreversible changes to ecosystem
functions, consistent with the criteria for massive
impacts in the IUCN Environmental Impact
Classification for Alien Taxa (Table 1.1). Among
them are also some of the worst invasive plants in
non-terrestrial habitats, such as common water
hyacinth and salvinia (Salvinia molesta), with the
latter added to the top 100 worst alien invaders
list to replace the rinderpest virus that was
removed when it was declared to be eradicated
globally in 2010 (Luque et al. 2014).

1.5 The Way Forward

For most invasive plants, there is no systematic
long-term international strategy like the global
campaign mounted to eradicate the bovine rin-
derpest virus, formerly listed as one of the 100
worst alien invaders by the ITUCN (Luque et al.
2014). The eradication effort was ultimately suc-
cessful after more than a decade of concerted
action involving many agencies and a massive
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Table 1.2 The 37 plants listed in the International Union
for Conservation list of the 100 worst invasive alien spe-
cies worldwide (Lowe et al. 2000), including the later
addition of salvinia (Salvinia molesta) (Luque et al. 2014),

with impact summaries

derived from

the ISSG

(International Species Specialist Group) Global Invasive
Species Database http://www.iucngisd.org/gisd/ and per-
sonal observations of the authors

Common

name Latin name
African Spathodea
tulip tree  campanulata
Black Acacia
wattle mearnsii
Brazilian  Schinus
pepper tree  terebinthifolius
Caulerpa Caulerpa
seaweed taxifolia
Cogon Imperata
grass cylindrica

Impact summary
Evergreen tree native to
West Africa introduced
throughout the tropics,
as an invasive threat to
native vegetation in
many of the Pacific
Islands

Fast-growing nitrogen-
fixing tree native to
Australia competes
reducing native
biodiversity in parts of
Africa, Eurasia, and the
Pacific Islands
Evergreen shrub or
small tree, native to
Brazil, produces deep
shade and alters the
natural fire regime in
numerous oceanic
islands

Marine alga widely used
as a decorative aquarium
plant forming dense
monocultures excluding
most other marine life;
cold-tolerant strain,
inadvertently introduced
into the Mediterranean
Sea, spread over more
than 13,000 hectares of
seabed

Native to Asia;
considered one of the
world’s ten worst weeds,
has spread to most warm
temperate zones
worldwide; extensive
rhizome system,
adaptation to poor soils,
drought tolerance,
genetic plasticity, and
fire adaptability make it
a threat to many
ecosystems

(continued)

Table 1.2 (continued)

Common

name Latin name
Common  Spartina
cord-grass  anglica
Cluster Pinus pinaster
pine

Erect Opuntia stricta
prickly

pear

Fire tree Morella faya

Giantreed Arundo donax

Salvinia
molesta

Giant
salvinia

Impact summary
Perennial salt marsh
grass, product of
hybridization with
European cord-grass;
excludes native plant
species and degrades
wildlife habitat in the
invaded range in Europe
and New Zealand

From the Mediterranean
Basin, now invades
natural shrubland, forest
and grassland in many
temperate regions,
suppressing native plants
and altering fire regimes
and hydrology

A cactus up to 2 m in
height from Central
America, considered to
be Australia’s worst ever
weed, also invasive in
South Africa

Fast growing, N-fixing
tree native to the Azores,
Madeira Islands, and the
Canary Islands,
introduced to Hawaii,
New Zealand, and
Australia forming dense
stands and altering N
cycles

Native to Asia, invades
riparian areas
worldwide, altering the
hydrology, nutrient
cycling, and fire regime
and displacing native
species

Floating aquatic fern
native to South America
that thrives in slow-
moving, nutrient-rich,
warm freshwater,
cultivated by aquarium
and pond owners,
forming massive, thick
mats in wetlands on a
massive in its introduced
range throughout the
world

(continued)
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Table 1.2 (continued)

Common
name
Gorse

Hiptage

Japanese
knotweed

Kahili

ginger

Koster’s
curse

Latin name
Ulex europaeus

Hiptage
benghalensis

Reynoutria
Japonica

Hedychium
gardnerianum

Clidemia hirta

Impact summary

A spiny, perennial,
evergreen shrub from
Europe now established
in Mediterranean and
subtropical climate
zones throughout the
world (including North
America, New Zealand,
Africa, and Asia)
displacing cultivated and
native plants and altering
soil conditions and fire
regimes

A liana native to
southern Asia, invasive
in Australian rainforests,
Mauritius and Réunion,
forming impenetrable
thickets and smothering
native vegetation
Herbaceous perennial
native to Japan
naturalized in Europe
and North America
found primarily in moist
habitats but also in waste
places, along roadways
and other disturbed
areas; hybridizes with R.
sachalinensis to form
hybrid R. x bohemica
which is even more
invasive than R.
Japonica

Showy ornamental
native to the Himalayas
which grows over 2 m
tall in wet tropical
climates displacing
native plants in the parts
of Africa, Asia, and on
oceanic islands

Invasive shrub native to
the Neotropics, now
occurring widely on
oceanic islands in the
Pacific and Indian
oceans invading forest
gaps, preventing native
plant species from
regenerating

(continued)

Table 1.2 (continued)

Common
name Latin name
Kudzu Pueraria
montana var.
lobata
Lantana Lantana
camara
Leaty Euphorbia
spurge esula
Leucaena  Leucaena
leucocephala
Mesquite  Prosopis
glandulosa

Impact summary
Invasive vine native to
Southeast Asia, infesting
large areas of the
southern United States
but also naturalized
through parts of Europe,
Africa, and various
oceanic islands,
impacting forestry and
property values

A significant weed
native to central and
South America with
some 650 varieties
distributed in over 60
countries impacting both
agriculture and natural
ecosystems severely
through infesting the
forest understory or
disturbed areas
Herbaceous perennial
native to Europe and
temperate Asia, now
found throughout the
world, with the
exception of Australia
displacing native
vegetation and crops
through shading and
competition
Fast-growing, N-fixing
tree/shrub native to
Central America widely
introduced for its
beneficial qualities as a
forage but is also an
aggressive invader in
disturbed areas in many
tropical and subtropical
locations globally

A perennial, woody,
deciduous shrub or small
tree native to Mexico
and the southern United
States, now introduced
throughout the world,
particularly invasive in
Australia and South
Africa, forming
impenetrable thickets
that compete strongly
with native species

(continued)
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Table 1.2 (continued)

Common

name Latin name

Miconia Miconia
calvescens

Mile-a- Mikania

minute micrantha

weed

Mimosa Mimosa pigra

Privet Ligustrum
robustum

Pumpwood Cecropia
peltata

Impact summary

Small tree native to
tropical America now
considered one of the
most destructive
invaders in insular
tropical rain forest
habitats in its introduced
range in the Pacific
Islands, where it
outcompetes native
vegetation and increases
soil erosion

A perennial creeping
climber native to central
and South America that
grows rapidly under
optimal conditions
competing for light and
smothering native plants
and crop plants,
widespread in its
introduced range in
southern Asia and the
Pacific Islands

Shrub native to central
and South America,
particularly invasive in
parts of South East Asia
and Australia, often
spreading through
natural grassland
floodplain ecosystems
and pastures, converting
them into unproductive
scrubland

Shrub native to southern
Asia, disrupting primary
forest regeneration and
floral biodiversity in
oceanic islands, e.g.,
Mauritius and Réunion
Fast-growing tree native
to Neotropical regions,
rapidly invading
disturbed areas, in its
invaded range, e.g.,
Malaysia, Africa, and
Pacific Islands

(continued)

Table 1.2 (continued)

Common

name Latin name
Purple Lythrum
loosestrife  salicaria
Quinine Cinchona
tree pubescens

Shoebutton Ardisia
ardisia elliptica

Siam weed Chromolaena

odorata

Strawberry  Psidium
guava cattleianum

Impact summary

An erect perennial
wetland herb native to
Eurasia, spreading
widely in wetlands in its
introduced range in
North America, forming
monocultures and
displacing native
vegetation

Widely cultivated
tropical forest tree native
to central and South
America but escapes and
outcompetes native
vegetation in Pacific
Islands, e.g., the
Galapagos Islands
Fast-growing evergreen
tree native to South Asia
with fast growth that
escapes cultivation
especially via frugivory
to invade natural areas in
its introduced range,
e.g., various Pacific
islands

Fast-growing perennial
shrub, native to south
and Central America
introduced into the
tropical regions of Asia,
Africa, and the Pacific,
where it forms dense
stands that prevent the
establishment of other
plant species and is also
a nuisance weed in
agricultural land and
commercial plantations
Thicket-forming tree
native to Brazil,
naturalized in Florida,
Hawai ‘i, tropical
Polynesia, Norfolk
Island, and Mauritius
having devastating
effects on native habitats
in Mauritius and
Hawai ‘i

(continued)
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Table 1.2 (continued)

Common
name
Salvinia

Tamarisk

Wakame
seaweed

Water
hyacinth

Wedelia

Latin name
Salvinia
molesta

Tamarix
ramosissima

Undaria
pinnatifida

Eichhornia
crassipes

Sphagneticola
trilobata

Impact summary
Free-floating aquatic
fern native to Brazil, it
forms dense vegetation
mats reducing water
flow and negatively
affects the biodiversity
and abundance of
freshwater species
Rampantly invasive
shrub native to Asia that
may dominate riparian
zones of arid climates in
North America, South
America, Africa, and
Australia; depletes water
sources, and increases
erosion and flood
damage, soil salinity,
and fire potential

Kelp native to Japan
where it is cultivated for
human consumption, but
invades worldwide via
fouling ship hulls, now
infesting Atlantic,
Pacific, and
Mediterranean coastal
ecosystems

Aquatic weed
originating in South
America, now found in
more than 50 countries
on 5 continents, rapidly
infesting and impacting
waterways, limiting boat
traffic, swimming, and
fishing

Mat-forming perennial
herb native to Central
America and naturalized
in many wet tropical
areas of the world;
readily escapes from
gardens and forms a
dense ground cover,
preventing native species
establishment and
reduces agricultural
yields

(continued)

Table 1.2 (continued)

Common

name Latin name Impact summary
Yellow Rubus Thorny shrub from
Himalayan ellipticus southern Asia

naturalized in Hawai ‘i
southern United States
raspberry and the United
Kingdom, forming thick
patches and
outcompeting native
species

program of vaccination and other measures
(Morens et al. 2011). Invasive plants are very dif-
ferent organisms than viruses in terms of biology
and ecology, and furthermore it is much more dif-
ficult to mount a unified, focused effort in most
cases because opinions vary on the seriousness of
the problem. Nevertheless, progress has been
made and strategies are being devised (Pysek
et al. 2020; Chaps 15 and 16). The
Intergovernmental Science-Policy Platform on
Biodiversity and Ecosystem Services (IPBES) is
tasked with performing a global assessment,
comprehensively examining threats posed by
invasive alien species, and making recommenda-
tions for policy and management by 2023
(Brondizio et al. 2019; Pysek et al. 2020).

1.5.1 Techniques and Global

Strategies

Members of the general public commonly think
about weed control in terms of very basic tools
like hand-weeding, using a hoe or a shovel, or
perhaps utilizing herbicides. However, far more
sophisticated tools and management approaches
are now available (Chap 15). In fact, before one
even picks up a hoe or some other tool, there are
salient management tools that may be deployed
in view of the complexities around invasive spe-
cies. One such tool is “horizon scanning” which
strives to look futuristically at “thorny problems”
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Fig. 1.2 Various invasive plants among the 37 invasive
plants in the International Union for Conservation (IUCN)
list of the 100 worst invasive alien species worldwide
(Lowe et al. 2000). (a) African tulip tree (Spathodea cam-
panulata), (b) gorse (Ulex europaeus), (¢) Kahili ginger
(Hedychium  gardnerianum), (d) knotweed spp.
(Reynoutria spp.), (e) Koster’s curse (Clidemia hirta), (f)
lantana (Lantana camara), (g) mesquite (Prosopis glan-

like invasive plants by brainstorming to account
for potential solutions that are not quite available
yet, i.e., beyond the current horizon (van Rij
2010; Dehnen-Schmutz et al. 2018). Ricciardi
et al. (2017) reported on a horizon-scanning exer-
cise among invasion scientists whereby 14 major
emerging issues were identified, including inva-
sive species control using genomic modification,
potential impact of Arctic globalization on

dulosa), (h) miconia (Miconia calvescens), (i) mile-a-
minute weed (Mikania micrantha), (j) prickly pear
(Opuntia spp.), (k) purple loosestrife (Lythrum salicaria),
(1) strawberry guava (Psidium cattleianum), (m) water
hyacinth (Eichhornia crassipes). (Photo credits: David
Clements (a, b, ¢, d, e, f, g, h, i, j, 1); Srijana Joshi (k); and
Anil Shrestha (m))

Northern Hemisphere invasions, risks surround-
ing increased pathogenic microbe invasions, and
the effects of intercontinental trade agreements.
Many other technical approaches to invasive
species management are emerging such as the
development of non-invasive cultivars (e.g., vari-
eties that do not produce viable seed) of popular
but invasive horticultural plants (Anderson et al.
2006). There are many recent advances in the
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technology for monitoring invasive plants, such
as environmental DNA (eDNA) technology,
remote sensing, or use of drones (Scriver et al.
2015; Vaz et al. 2019; James and Bradshaw
2020). Potent artificial intelligence (Al) is also
available to monitor data on invasive plant spe-
cies through platforms like iNaturalist wielded
by citizen scientists. Methods to control weeds in
the future might include editing genes via the
CRISPR-Cas9 gene drive, as a mechanism either
to eradicate invasive plants directly as has been
developed for other invasive organisms (Neve
2018; Barrett et al. 2019; Chap 17) or to improve
the efficacy of biological control agents (Gurr
and You 2016). As well as the developing of
cutting-edge technology, efforts are being made
to improve older technologies such applying her-
bicides ballistically from helicopters to remote
areas (Leary et al. 2014), better modeling of inva-
sions (Srivastava et al. 2021), and producing bet-
ter ecosystem resistance (Seipel et al. 2018).

As seen in the review of many current issues
around invasive plant management in this chap-
ter, greater coordination is needed at national,
regional, and international levels. Meyerson et al.
(Chap 16) make five recommendations towards
achieving the goal of effective global strategies:
(1) “better tools, indicators, and standards for
long-term monitoring of biological invasions and
management success at multiple scales”; (2)
“better techniques for the evaluation of impacts
across different taxa and regions”; (3) “better and
additional legislation and normative tools (from
global to local contexts)”; (4) “better global bios-
ecurity and biosecurity awareness”; and (5)
“increase synergies with other strategies on bio-
diversity and environmental protection.” Progress
is already being made in each of these areas,
through a variety of agencies, institutions, and
frameworks that have emerged in the last several
decades of increasing focus on biological inva-
sions (Chap 16). Still there are critical areas
demanding more urgent attention. As part of their
scientists’ warning, Pysek et al. (2020) called for
better bridging of local, national, and global mea-
sures, prioritizing management interventions
based on objective criteria, paying better atten-
tion to protected areas, developing better ways of

engaging stakeholders, and developing better
species invasion forecasting in the face of global
change. Obviously much more needs to be done
to avoid a future “planet of weeds” (Quammen
1998).

1.5.2 Opportunities to Avoid
a Future Planet of Weeds

The degree to which the earth is becoming a
“planet of weeds” depends on where you look.
The threat of the homogenization of creation
(McKinney and Lockwood 1999; Clements and
Corapi 2005) is being realized in habitats like
grasslands or wetlands but less so in habitats with
greater inherent ecological resistance like forests
where long-lived trees tend to delay replacement
by non-native species (von Holle et al. 2003;
Chap 17). The statistics on numbers of natural-
ized species tell part of the story, as already
reviewed in the current chapter by continent (and
Chaps 5, 6,7, 8,9, 10 and 11). Thousands of non-
native plants have been moved across the globe
by humans, intentionally or accidentally, to new
niches where they are capable of establishing in
the last few hundred years and at an accelerated
rate since the sharp increase in globalization
beginning in the 1950s (Pysek et al. 2017; Hulme
2021a, Chap 3). On a finer geographic scale,
flowering plants in the Hawaiian Islands provide
a cautionary tale. The native flora of the archi-
pelago is well documented, with 1159 taxa
approximately 90% endemic, with 9% already
extinct. Furthermore, about half of existing native
species are rated at various levels of extinction
risk, i.e., endangered, vulnerable, or rare (Sakai
et al. 2002). There are various reasons for the
decline and rarity of the various native species,
but clearly the large number of naturalized alien
plant species, estimated at 1488 (Pysek et al.
2017), have played a significantrole. Furthermore,
non-native animals like wild pigs facilitate dis-
persal of invasive plants like strawberry guava
(Psidium cattleianum) while simultaneously
reducing native plant populations and spreading
diseases like avian malaria (Clements and Corapi
2005). These changes are taking place in the face
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of millions of years of evolutionary history of the
Hawaiian flora and fauna, often ill-adapted for
the recently arrived plants and animals (Sakai
et al. 2002). The result is homogenization of
flora, such that the average tourist in Hawai ‘i sees
primarily non-native plant species from all over
the world, in place of the extremely unique flora
of the islands.

By the time it was apparent the flora of Hawaii
was being homogenized, it was too late to reverse
the trend, as has been the case for most island
floras (Mack and Lonsdale 2002), although hercu-
lean efforts have been mounted to attempt to erad-
icate species like miconia (Miconia calvescens) at
great cost (Burnett et al. 2007; Leary et al. 2014).
Yet perhaps island invasions have an important
message for the rest of the world (Clements and
Daehler 2007; Chap 12). Like Hawai‘i, New
Zealand experienced a sharp increase in the influx
of invasive plants some 200 years ago, resulting in
non-native outnumbering native plant species
(Diez et al. 2009). Despite this challenge, New
Zealand stands as a prime example of success in
dealing with plant invasions, through three proac-
tive measures: (1) national legislation to manage
non-native vegetation, (2) a national list of plant
species for legal importation, and (3) banning sale
and distribution of non-native plants (Hulme
2020). Success has been seen in the population
suppression of several invasive plant species
through a world-leading biological control pro-
gram, as well as some eradications of non-native
plant species, albeit more due to local efforts than
national measures (Hulme 2020). Hulme (2020),
in recognizing the somewhat limited success in
New Zealand thus far, advocates an outlook that
recognizes that success always tends to take lon-
ger than anticipated and that successful approaches
must account for the values at stake. Similarly,
Simberloff (Chap 17) advocates a wholesale
change in the relationship between humanity and
the biodiversity of natural habitats if we have any
hope of avoiding becoming residents of a planet
of weeds. Certainly the IPBES assessment pro-
cess speaks to this need on a global basis
(Brondizio et al. 2019). We cannot turn back the
clock to recover natural habitats free of invasive

plants in most cases, but there are still ways of
promoting ecosystem health through reducing
populations of the invasive species with the great-
est impacts. There are also many other measures
beyond invasive plant management which like-
wise require a concerted commitment to healing
the planet.
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Abstract

Due to numerous human activities, organisms
have been transported and either accidentally
or deliberately introduced all around the globe.
Biological invasions are now considered to be
one of the main drivers of global change
because many invasive plants have severe eco-
logical, economic, and health consequences.
Thus, there is an ever-growing need to better
understand invasions to determine how spe-
cific plant species are able to establish in com-
munities and, in many cases, expand their
range. Here, we describe the invasion process
and how it contributes to the invasion of plant
communities. We present an invasion-factor
framework (IFF) model that uses three factors
(climate dynamics, ecosystem resistance, and
invader fitness) to explain how each plays a
role in the introduction of plants and their ulti-
mate failure or success (i.e., becoming inva-
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sive). The invasion of plant communities starts
with the uptake of propagules from the native
range, followed by their transport to and
release into a new territory, where they become
established and can spread or expand.
Propagule pressure, prior adaptation, anthro-
pogenically induced adaptation to invade, and
post-introduction evolution are several theories
that have been posed to explain the establish-
ment of invasive plants. Further, traits of inva-
sive plants, either before (existing) or after
(developed) introduction, provide a mechanis-
tic understanding with direct ties to the three
factors of the IFF. The IFF is a general guide
with which to study the invasion process based
on specific factors for individual invaders and
their target communities. The IFF combines
(a) climatic dynamics, analogous to environ-
mental filters; (b) ecosystem resistance, which
prevents invasive plants from becoming estab-
lished even if they are able to overcome the
climate factor; and (c) invader fitness, relating
to the genetic diversity of invasive plants,
which allows them to become established after
overcoming climate and ecosystem resistance
factors. Case studies from the literature pro-
vide examples of research investigating each
of the three factors of the IFF, but none exist
that describe all the factors at once for any
given invasive plant species. The application of
the IFF for management is most appropriate
once an invasive plant has become established,
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as preventative measures before this point rely
only on accurate identification (detection) and
removal (response). The IFF model should be
considered as a tool to establish research pri-
orities and identify components in the invasion
process and inform restoration efforts. We
advocate that the IFF should be integrated into
management practices to help in the decision-
making process that contributes to more effec-
tive practices that reduce the occurrence and
impacts of invasive plants in a range of
communities.

Keywords

Climate factor - Ecosystem resistance factor -
Invader fitness factor - Multistep invasion
process - Phenotypic trait diversity -
Propagule pressure - Spatial scales

2.1 Introduction

In his book entitled The Ecology of Invasions by
Animals and Plants, Charles Elton (1958)
referred to biological invasions as “one of the
great historical convulsions in the world’s flora
and fauna.” Invasions are now recognized as one
of the main drivers of global change (Vitousek
et al. 1996; Sala et al. 2000). As a result of vari-
ous human activities, the number and importance
of invasions have only increased in recent times.
Through migration, colonization, transport, and
international commerce, human activities have
moved plants to new regions for hundreds of
years, and these events have contributed greatly
to the introduction of a range of species around
the globe (Mack et al. 2000; Crosby 2003;
Bossdorf et al. 2005). Although many naturalized
and invasive plants are the product of accidental
introduction as contaminants in agricultural
products (e.g., seed lots, hay, wool fleeces, etc.)
and attached to cargo and machinery, the vast
majority of naturalized and invasive plants have
been deliberately introduced, either for food, hor-
ticultural purposes (i.e., ornamental plants), or
medicinal uses (Mack and Lonsdale 2001;
Reichard and White 2001; Mack and Erneberg

2002; van Kleunen et al. 2018). Deliberately
introduced plants experience benefits not avail-
able to accidentally introduced plants, such as
protection during transport from the native to the
new range, introduction of seeds or propagules in
large numbers, introduction at several entry
points, and post-introduction protection in a hab-
itat suitable for survival and growth (Novak and
Mack 1995; Mack et al. 2000).

As plants become invasive in a new territory,
they can have profoundly negative ecological,
conservation, economic, and health consequences
(D’Antonio and Vitousek 1992; Wilcove et al.
1998; Mooney and Hobbs 2000; Pimentel et al.
2005). Because of their negative impacts, invasive
plants have been a focus of scientific research and
a source of concern to natural resource managers
(Mack et al. 2000). Much of the research has been
aimed at predicting which plants will become
invasive through identification of traits or charac-
teristics associated with invasiveness (Richardson
and Pysek 2006, 2007; Pysek et al. 2009; van
Kleunen et al. 2010, 2011) and at the identifica-
tion of the attributes or conditions that make com-
munities susceptible to invasion (Shea and
Chesson 2002; Jenkins and Pimm 2003; Rejmanek
et al. 2005; Richardson and Pysek 2006; Didham
et al. 2007). Invasive species research has led to
the development and testing of numerous ecologi-
cal and demographic hypotheses (Henneman and
Memmott 2001; Blumenthal 2005; Hierro et al.
2005; Jeschke 2014; Lau and Schulties 2015).
Beyond providing basic ecological and evolution-
ary insights (Sax et al. 2005), the research also has
value to public and private entities when it can be
applied in the management of invasive plants,
including restoration (Wittenberg and Cock 2005;
Gaertner et al. 2012).

2.1.1 The Multistep Process

of Invasion

The invasion of plant communities occurs when
organisms are introduced into a new range, where
their descendants persist, proliferate, and spread
(Mack et al. 2000; Colautti and Maclsaac 2004).
The invasion process can be viewed as a series of
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steps in which propagules of a species (seeds,
eggs, larvae, rhizome and stem fragments, mature
individuals, etc.) are taken up from the native
range, transported by a vector, released into a new
area where they become established, and eventu-
ally spread beyond their points of introduction
(Fig. 2.1) (Kolar and Lodge 2001; Sakai et al.
2001; Lockwood et al. 2005). However, according
to the “tens rule” (Williamson and Fitter 1996),
very few plants that are taken up in a native range
and transported to a new territory will ever
become invasive. That is because there is a high
probability of mortality occurring at many points
during the journey from a plants’ native range to
its introduced range. First, organisms can die dur-
ing transport, and following their release into a
new area, invasive individuals may be extirpated
because of climate mismatch (climate dynamics)
or ecosystem resistance by native communities
(see the Modeling section below). Alternatively,
some invasive individuals survive and persist in
these new locations and are said to be naturalized
(i.e., they become incorporated within the resi-
dent community) (Richardson et al. 2000; Novak
and Mack 2001). While many plants will remain
in the naturalized category, a much smaller frac-
tion of plants will go on to become invasive. At
this point, the abundance of invasive plants has
increased so that they are now prominent in the
new range (and usually become more widespread
or expand), and the plants’ negative ecological
consequences are amplified, and the economic
costs increase (Novak and Mack 2001).

The transition from initial introduction of a
plant species to it becoming invasive may occur
relatively quickly, but this transition may also
require an indefinite length of time (years to
decades) (Fig. 2.1). The time delay in the transi-
tion to invasiveness is referred to as the lag
phase. It is during the lag phase that extirpation
of invasive populations is most likely to occur
(see Application section). Alternatively, variation
in the duration of the lag phase may be a result of
multiple interacting factors. Mack et al. (2000)
provide a detailed discussion of these factors,
including (1) demographic lags during which the
size of invasive populations increase slowly, (2)
environmental and demographic stochasticity

(which may signal the role of climate dynamics
and ecosystem resistance), (3) additional intro-
duction events that may occur during the lag
phase but go undetected, and (4) the time required
for post-introduction evolution to occur, based on
invader fitness. If a plant species transitions to
become invasive, the lag phase is followed by a
period of rapid exponential proliferation in popu-
lation size, population number, and the areal
extent of the plant species in its new range: rapid
range expansion is underway (Gurevitch et al.
2011). In time, the saturation phase occurs, and
the geographical limits of an invasive plant spe-
cies in its new range are realized and the popula-
tion ceases to expand further (Fig. 2.1).

2.1.2 Native Range Dynamics

While a concatenation of events, including each
step in the invasion process, determines whether
plant communities are invaded, the first step of
every invasion begins with the uptake of propa-
gules from native populations. This means that
the amount and distribution of phenotypic trait
variability and genetic diversity within and
among native populations can contribute to the
likelihood of invasion. Therefore, the biogeo-
graphic and evolutionary history and ecological
and biological characteristics of invasive plants
in their native ranges can have a substantial
impact on whether, or not, establishment fol-
lowed by spread or expansion occurs (Novak
2007; Taylor and Keller 2007; Keller and Taylor
2008).

The probability that a plant species will
become invasive appears to be influenced by the
size of its native geographic range with those
more widely distributed, more likely to become
invasive (PySek et al. 2009; Jenkins and Keller
2011). If plants are broadly distributed in their
native range, they have the ability to occupy more
ecological habitats because they can tolerate a
broader range of climate regimes (PySek et al.
2004, 2009). Thus, different populations of
widely distributed native plants are more likely to
possess prior adaptations that will contribute to
fitness (survival and reproduction) and allow
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Fig. 2.1 The invasion process, illustrated as the area
invaded over time (first x-axis) and possible management
actions (second x-axis) that can be implemented depend-
ing on the area invaded. The point at which different filters
in the invasion-factor framework (IFF) model are over-

them to invade plant communities in the intro-
duced range (see the General Theories section).
Phenotypic and life history trait diversity (the
invader fitness factor in the IFF model) also
appear to be correlated with the distribution of
plants in their native range: plants with a broad
native geographic range size exhibit higher trait
diversity (Jenkins and Keller 2011).

2.1.3 General Theories of Plant
Community Invasion

The number of studies focused on invasive plants
continues to increase as established hypotheses
are tested, new hypotheses are proposed, ecologi-

TIME

come is also included. Once the invasive species has
become widespread and saturated across all suitable habi-
tats, it may be possible to decrease the area occupied (dot-
ted green line) by reestablishing one or more of the IFF
factors

cal theories are applied, and empirical research is
conducted (Enders et al. 2020). These theories
include propagule pressure, prior adaptation,
anthropogenically induced adaptation to invade
(AIAI), and post-introduction evolution. They
are important to touch on as they provide a basis
for our current understanding and future research
and are related to the conceptual framework of
the IFF model.

Propagule pressure is defined as the number of
individuals transported to and introduced into a
new range or habitat (introduction effort) (Kolar
and Lodge 2001; Lockwood et al. 2005;
Simberloff 2009; Ricciardi et al. 2011; Blackburn
et al. 2015). With high propagule pressure, inva-
sive plants are buffered from the influence of sto-



2 Invasion of Plant Communities

33

chastic events during all phases of the invasion
process, and large founder populations and/or
multiple introduction events will characterize the
release of an invasive plant species in its new
range (Simberloff 2009; Novak 2011). Propagule
pressure not only holds demographic and eco-
logical consequences for invasive plant introduc-
tions; it also has genetic consequences: high
propagule pressure (compared to low propagule
pressure) will likely increase the overall genetic
and phenotypic diversity of populations in their
new range, thus decreasing the potential for
severe founder effects (Novak and Mack 2005;
Simberloff 2009). In addition, high propagule
pressure may lead to the formation of introduced
populations that contain the genetic information
of multiple native populations or admixtures
(Kolbe et al. 2007; Novak 2011; van Boheemen
et al. 2017). Propagule pressure can also influ-
ence the likelihood of invasion through the intro-
duction of individual(s) with prior adaptations
for invasiveness or by increasing the potential for
post-introduction evolution.

Within evolutionary biology, the term preadap-
tation describes when a trait that evolved in one
environment attains a different function (Futuyma
et al. 2005). Rather than preadaptation, we will
use the term prior adaptation (sensu Hufbauer
et al. 2011). Prior adaptations involve the chance
sampling of genotypes (and phenotypes) that have
evolved in one environment (the native range),
with the subsequent release of these genotypes
into new environments (the introduced range),
where they fortuitously contribute to fitness (i.e.,
the invasion of plant communities) (Dietz and
Edwards 2006; Bossdorf et al. 2008; Hufbauer
et al. 2011). Prior adaptation is associated with
niche conservatism in invasive  plants
(Broennimann et al. 2007). Additionally, pheno-
typic plasticity that occurs among individuals in
native populations would represent another form
of prior adaptation contributing to invasions
(Richards et al. 2006). Thus, invasions are not
only influenced by the attributes of plants and
communities, but invasions may also be deter-
mined by the performance of certain genotypes/
phenotypes under specific environmental condi-
tions. Greater propagule pressure increases the

likelihood that individuals with prior adaptations
will arrive in areas with the appropriate ecological
condition, thus increasing the potential for inva-
sion (although the potential to invade may be
population- and location-specific).

Hufbauer et al. (2011) described a specific
form of prior adaptation: anthropogenically
induced adaptation to invade (AIAI). With this
mechanism, prior adaptations may take place
through adaptation to human-altered (disturbed)
habitats in the native range of a species.
Populations with these prior adaptations that
arise in human-altered habitats should therefore
increase in abundance in other areas disturbed by
human activities. In addition, because such areas
are frequented by humans, there is increased
potential for the uptake and transport of propa-
gules to new ranges. If these propagules are intro-
duced into similar disturbed habitats in the new
range, they should have high fitness in the new
range. Such a scenario is likely to result in a trun-
cated lag phase that results in a faster transition
from introduction to establishment to spread or
expansion. Finally, because human alteration of
habitats is ongoing and ubiquitous around the
globe, AIAI is likely to contribute to increased
rates of invasion in the future.

Post-introduction evolution is now widely rec-
ognized as an important mechanism contributing
to invasion (Lee 2002; Cox 2004; Facon et al.
2006; Novak 2007; Prentis et al. 2008; Colautti
and Lau 2015; Estoup et al. 2016) and has been
demonstrated in a growing number of studies (e.g.,
Maron et al. 2004; Blair and Wolfe 2004; Lavergne
and Molofsky 2007; Cano et al. 2008; Dlugosch
and Parker 2008; Lachmuth et al. 2010; Xu et al.
2010). Post-introduction evolution in the new
range of an invasive plant species occurs in asso-
ciation with the following events: generation of
admixture populations, outcrossing or hybridiza-
tion among individuals with different genotypes,
genetic reshuffling and/or recombination that can
generate novel genotypes and phenotypes, and
natural selection on these novel phenotypes [e.g.,
the evolution of increased competitive ability
hypothesis (Blossey and Notzold 1995), see
Modeling section]. Clearly, sufficient genetic
diversity (especially additive genetic variance)
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within introduced populations is a prerequisite for
post-introduction adaptive evolution (Lee 2002;
Prentis et al. 2008; Estoup et al. 2016). Increased
propagule pressure increases the likelihood that
high levels of genetic diversity will occur within
invasive populations and therefore set the stage for
spread or expansion through post-introduction
evolution (Novak and Mack 2005). These findings
concerning post-introduction evolution suggest
that it may be more difficult than previously
thought to predict whether an invasion will occur,
and its timing, because for different plants this
process can require variable amounts of time for
different populations, in different habitats.

In addition to these theories, there is a need to
develop models or theoretical frameworks for gain-
ing a better understanding of the factors that con-
tribute to the invasion of plant communities. Now
we will introduce modeling efforts that describe the
factors that create barriers to invasiveness and then
provide case studies that illustrate them.

2.2  Modeling Efforts

We introduced invasion using a large-scale,
global viewpoint that combines the uptake and
transport process (from the native range) with the
introduction and establishment process (into the
introduced range) of a non-native species. Here,
we parse the factors that are contributing specifi-
cally to the spread or expansion of invasive plants
in target communities. Our focus is on plant traits
in relation to the IFF model, which accounts for
climate dynamics (climate matching), ecosystem
resistance, and invader fitness (genetic factors).
These factors may be viewed as similar to the
abiotic and biotic filters described in community
assembly theory and previously related to niche
and invasion theories (Keddy 1992; MacDougall
et al. 2009; Fukami 2015).

2.2.1 Invasion Factors and Plant

Traits

In order for invasive plants to successfully estab-
lish and spread or expand in a resident commu-

nity, they must be well suited to the climate, able
to outcompete native plants, and able to success-
fully increase population size and range across
the new region (Theoharides and Dukes 2007;
Hellmann et al. 2008). Research into the first nec-
essary factor, climate matching, has noted certain
characteristics common to invasive species that
enable them to establish and expand in many cli-
mates (Jones et al. 2019). Hypotheses regarding
the ability of invasive plants to increase popula-
tion sizes and expand their ranges often focus
either on characteristics that are common to inva-
sive plants or on factors that make resident com-
munities more likely to be invaded (Perkins and
Nowak 2013). Invasive plants are hypothesized
to exhibit fast growth, high seed production,
strong dispersal abilities, and low metabolic costs
(Blumenthal 2005). Such hypotheses have led to
numerous studies comparing traits of invasive
plants to co-occurring natives (Grotkopp et al.
2002; Cavaleri and Sack 2010).

Compared to noninvasive plants, invasive
plants usually exhibit higher diversity in traits
and greater phenotypic values for plant growth
characteristics (Leishman et al. 2007; PySek and
Richardson 2007; van Kleunen et al. 2010, 2011;
Godoy et al. 2011; Jenkins and Keller 2011), but
these differences can vary by specific traits and
environmental context and among plant species
(Daehler 2003; Leffler et al. 2014). Invasive
plants tend to be positioned more towards the
“fast” end of the leaf economic spectrum (Wright
et al. 2004), with higher values of traits associ-
ated with fast growth (e.g., relative growth rate,
specific leaf area, leaf N) than noninvasives in the
resident communities that they invade (Baruch
and Goldstein 1999; Leishman et al. 2007; Feng
et al. 2008). Van Kleunen et al. (2011) conducted
a meta-analysis of 125 invasive and 196 noninva-
sive plants and concluded that the invaders gener-
ally had significantly higher (better) values than
noninvasive plants for 6 performance-related trait
categories: physiology (e.g., photosynthetic rate,
transpiration, nitrogen use efficiency, and water-
use efficiency), leaf area allocation (e.g., leaf area
index, leaf area ratio, and specific leaf area),
shoot allocation (e.g., shoot-root ratio), growth
rate (e.g., increase in size or biomass over time),
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size (e.g., biomass of roots, shoot, and whole
plants, plant height, and total leaf area), and fit-
ness (e.g., traits associated with reproductive out-
put, seed germination, and survival). In addition,
invasive plants typically exhibit higher levels of
phenotypic plasticity, or plastic response, when
compared to noninvasive or co-occurring native
plants (Daehler 2003; Richards et al. 2006; van
Kleunen et al. 2011; Davidson et al. 2011). High
levels of phenotypic plasticity allow invasive
plants to establish and persist in a wide range of
habitats and environmental conditions, especially
disturbed sites, which often exhibit high habitat
heterogeneity at small spatial scales.

Existing Traits What prevents plants with exist-
ing traits (that enable invasion) from becoming
highly abundant in their native range? The com-
munity in the native range may possess an
entirely different suite of trait combinations than
what the targeted or resident community has,
leading to the evolution of more efficient resource
use. In a study comparing traits of long-term
native and newly established invasive plants in
multiple Mediterranean climate systems, the
invader occupied higher slopes in graphical rep-
resentations of two plant traits in four of the five
systems studied, suggesting that invasive plants
were more efficient at using resources than the
native members of the targeted or resident com-
munities (Funk et al. 2017). Trade-offs, such as a
high photosynthetic rate (advantage) offset by
low water-use efficiency (disadvantage), may be
critical to structuring resident communities and
maintaining coexistence (Chesson 2000; Kimball
et al. 2013). In some cases, these trade-offs pro-
mote rare plant advantages. Studies of trade-offs
for high growth rate and stress tolerance indicate
that successful invaders appear to have an ability
to achieve high values of both types of traits
(Kimball et al. 2014b; Valliere 2019). Perhaps
trade-offs structure resident communities that
slowly assemble over time, and invasive plants
come from communities in their native range
where higher values of both types of traits have

been favored. Higher growth rates and stress tol-
erance traits would be a novel combination
enabling plants to become invasive in a new
range by outcompeting noninvasives (Fig. 2.2).

Developed Traits Another possibility for the
successful establishment and expansion of inva-
sive plants is that they develop new traits follow-
ing introduction, through rapid phenotypic
evolution (Stockwell et al. 2003; Xu et al. 2010).
Researchers have struggled to understand how
newly introduced plants may undergo rapid evo-
lution despite low genetic diversity that often cor-
responds with invasion, but one possibility is that
multiple introductions increase genetic diversity
(Lockwood et al. 2005; Novak and Mack 2005;
Lavergne and Molofsky 2007). Under this sce-
nario, strong pressure(s) allow for post-
introduction selection, even when populations
have low genetic diversity (Dlugosch and Parker
2008).

The evolution of increased competitive ability
(EICA) hypothesis is based on the idea that inva-
sive plants will experience reduced selection for
defensive traits upon occupying a new habitat
(introduced range) without their natural enemies
(the Enemy Release Hypothesis) and are thus
able to invest more in traits that increase their
competitive ability, which contributes to invasion
(Blossey and Notzold 1995). The development of
this hypothesis has led to a flurry of research, yet
many studies have not been able to find strong
support for EICA, instead only revealing
invasives with trait values favoring competitive
abilities and no explanation of how the traits
evolved (Colautti et al. 2004). This was a similar
finding for the Enemy Release Hypothesis
(Jeschke et al. 2012), emphasizing the need for
studies on traits of the same plants in the native
range compared to the introduced range to under-
stand the evolution of traits related to establish-
ment and expansion (Thebaud and Simberloff
2001; Bossdorf et al. 2005).
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Fig. 2.2 Hypothetical diagram indicating the trait values
of native plants (filled circles) and invasive plants (open
circles) in a community. Coexistence in the native com-
munity is maintained by an among-plants trade-off
between traits related to stress tolerance or fast growth.
Niche segregation during community assembly should

Invasion-Factor Framework
Model

2.2.2

Abiotic environmental conditions, the attributes
of native ecosystems, and the fitness of invasive
plants all determine whether or not plant com-
munities will be invaded (Young et al. 2017).
Evaluating the importance of all three factors
(climate dynamics, ecosystem resistance, and
invader fitness) for any invasive plant can help in
better understanding how establishment and
expansion have occurred and how to prevent and/
or control it in the future. We present a concep-
tual model, the invasion-factor framework (IFF),
which expands on Young et al. (2017), to inte-
grate and evaluate the role and importance of the
factors that act to prevent an invasive plants from
establishing and expanding in resident communi-
ties (Fig. 2.3).

Each factor in the IFF (Fig. 2.3) can be visual-
ized as a static feature that acts sequentially, as
this is useful for conceptual purposes. However,
we expect these factors to be dynamic, even oper-

prevent two plants with the same combination of traits
from becoming established, so this community would be
resistant to invasion. Invasive plants may be able to invade
due to higher values of both traits, indicated by a higher
slope on the trade-off plot

ating simultaneously, thus allowing for feedbacks
and interactions. For example, climate dynamics
may be based on long-term averages for precipi-
tation and temperature, but extreme weather
events are likely to lead to greater environmental
stochasticity and the association with other cli-
mate parameters. Further, the factors of climate
dynamics and ecosystem resistance may be more
associated for broadly distributed invasive plant
generalists making them more likely to be better
established than invasive plants with specific
characteristics (Pysek et al. 2009; Saarinen et al.
2019). Ecological niche models have been used
to map the potential distribution of invasive
plants based on current and future conditions.
Such models demonstrate that the range of many
invasives are expected to increase with changing
climates (Jarnevich et al. 2018). However, an
understanding of how climate change has influ-
enced current (and future) invasions requires the
incorporation of ecosystem resistance and
invader fitness factors into these models (Young
et al. 2017).
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Fig. 2.3 Conceptual diagram indicating potential filters
or barriers to the success of invasive plants following dis-
persal to novel habitats. (a) Traits of invasives interact
with climate conditions to determine whether the plants
will be able to survive (climate factor). (b) Composition
and functional traits of the existing biotic community
interact with traits of the invasive plants to determine

whether the plants will become invasive (ecosystem resis-
tance factor). (¢) Plasticity of invader traits, the number of
dispersal events, resulting genetic diversity of the invader
population, and the ability to adapt to changing climate
and biotic conditions determine invader fitness. (d) If all
filters are successfully overcome, then the plants will
become invasive
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Climate Dynamics The climate factor (Fig. 2.3a)
is analogous to an environmental filter that pre-
vents non-native or introduced plants with traits
not well suited to the new environmental condi-
tions from establishing. Many invasive plants are
generalists and can withstand a wide range of
environmental conditions (Qian and Ricklefs
20006). Traits that allow for high growth rates may
enable plants to be successful in resident com-
munities that experience disturbance(s) and
nutrient addition (Blumenthal 2006).
Disturbances that lead to reduced or complete
removal of vegetation create vacant niches that
often favor invasive plants. Ruderal types are the
most frequent and can quickly occupy these open
spaces, thus altering the environmental condi-
tions through priority effects (Hess et al. 2019).
The anthropogenically induced adaptation to
invade (AIAI) hypothesis, introduced in the pre-
vious section, suggests that plants adapted to
human-disturbed habitats are able to easily colo-
nize new locations across the globe as humans
disturb and homogenize them (Hufbauer et al.
2011). Invasive plant trait values determine
resource use under different environmental con-
ditions; thus the traits, in combination with cli-
mate dynamics, can be used to help explain their
ability to establish and (potentially) expand.

An additional stress for resident plant commu-
nities is climate change, which can hasten and in
some cases cause composition and structure
alterations, making them more vulnerable to
invasion. A continuous disturbance, such as
drought-induced mortality of native plants, will
reduce ecosystem resistance and create vacant
niches to be filled by invasives (Kimball et al.
2014a). An increase in fire frequency that is
related to climate change can promote “fire-
adapted” invasive plants (Garcia-Duro et al.
2019). Cheatgrass (Bromus tectorum), an intro-
duced annual grass in western North America,
invades post-fire and increases the frequency of
fires through positive feedback mechanisms,
such as early phenology and increased fuel loads
and connectivity. These mechanisms along with
an annual life cycle favor cheatgrass in extreme
drought and fire-prone conditions and ultimately

lead to further expansion and prevention of native
recovery (D’Antonio and Vitousek 1992; Mack
et al. 2000; Brooks 2003).

The availability of abiotic resources influ-
ences the climate factor, such that ecosystems
with limited resources tend to be less invaded
than those with high resource levels (Colautti
et al. 2006). Atmospheric N and other anthropo-
genic disturbances have added to soil nutrients,
which frequently lead to increases in the abun-
dance of invasive plants (Brooks 2003; Kimball
et al. 2014a). Valliere (2019) found that native
plants exhibited increased growth when grown
alone with higher levels of N and water but were
quickly outcompeted under high resource condi-
tions when grown with invasive plants. The fluc-
tuating resource theory predicts that invasion of
resident communities increases with greater
amounts of unused resources (Davis et al. 2000).
The theory incorporates increases in available
resources due to disturbances that either decrease
resource use by native plants or increase abiotic
resources.

Ecosystem Resistance The ecosystem resis-
tance factor (Fig. 2.3b), incorporating both biotic
resistance and abiotic resistance properties, pre-
vents invasive plants from establishing and
expanding their range, even if they have traits
that enable them to overcome the climate factor.
Trait values of the resident community, as an
example of biotic resistance, will influence what
may happen to an invasive plant. Niche theory,
competitive exclusion, and limiting similarity all
support the idea that invasive plants would not be
able to establish in a resident community with
native plants possessing the same trait values
(Feng et al. 2019; Walder et al. 2019). According
to prior adaptions theory (see previous section),
populations evolve to be better adapted to certain
environmental conditions based on their traits.
This would also occur for invasives with trait also
occur for invasives with trait values similar to the
resident community, allowing for their increased
establishment and (potential) expansion. While
climate factors may allow invasive plants with
the ability to tolerate abiotic conditions to become
established and expand, ecosystem resistance



2 Invasion of Plant Communities

39

may either prevent invasive plants from being
successful (Adler et al. 2013) or allow for
coexistence.

Research on biotic resistance has more
recently shifted to focus on resident community-
level trait values. Community-weighted mean
traits (CWM), calculated as the sum of the mean
plant trait values multiplied by the mean biomass
of each plant, and functional diversity (FD), a
measure of the amount of dispersion in the trait
values of plants in the resident community, have
been used to estimate ecosystem processes,
including biotic resistance (Diaz and Cabido
2001; Garnier et al. 2004; Mason and de Bello
2013). Resident communities with greater diver-
sity appear to be more resistant to invasion
(Fargione and Tilman 2005). In a study by
Catford et al. (2019), CWM traits were a stronger
measure of invasion risk than the trait values of
an individual plant.

The ecosystem resistance factor includes all
members of the resident community, including
soil microbes, herbivores, pathogens, and top
predators. Healthy, diverse, and fully functioning
resident communities are less likely to become
invaded. Disruptions to the resident community,
such as disturbances due to habitat destruction,
overgrazing, and agricultural activities, degrade
ecosystem resistance factors and render these
communities more vulnerable to invasion (Jauni
et al. 2015). Invasive plants can disrupt food
webs, reducing resident community resistance by
altering nutrient cycling processes (Young et al.
2010). In addition, invasive plants may have the
ability to produce molecules (e.g., allelopathic
chemicals) that native soil microbes are not able
to tolerate (the Novel Weapons Hypothesis), thus
altering soil conditions and disrupting ecosystem
resistance factors (Hierro and Callaway 2003).
Invasive plants may promote the growth of soil
pathogens that are especially harmful to native
plants (Eppinga et al. 2006; Mangla and Inderjit
2008) or that attack the mycorrhizal fungi associ-
ated with them (Stinson et al. 2006). The symbi-
otic relationships with mycorrhizal fungi that are
necessary for the growth of many native plants
may not be required by invasive plants (Pringle

et al. 2009). These non-mycorrhizal invasive
plants can alter the soil community by decreasing
the abundance and availability of arbuscular
mycorrhizal fungi (Aslani et al. 2019).

Invader Fitness The invader fitness factor
(Fig. 2.3c) prevents invasive plants from estab-
lishing and expanding due to low fitness, even
after overcoming the climate and ecosystem
resistance factors. Invasive plants may have more
phenotypic plasticity than naturalized or native
plants, allowing them to achieve higher survival
and reproductive success across a range of condi-
tions, including ‘“unfavorable” environments
(Richards et al. 2006). One frequently discussed
paradox in invasion science is the phenomenon of
resident plant communities being invaded by
individuals lacking the genetic variation repre-
senting the source populations (i.e., founder
effects discussed in previous section), yet still
able to quickly adapt and have high fitness in
their new environment (Allendorf and Lundquist
2003; Schrieber and Lachmuth 2017). Multiple
introductions from genetically distinct source
populations can result in high genetic diversity
within invasive population, genetic admixtures,
and hybridization, which could explain increased
invader fitness through the production of novel
genotypes (Novak and Mack 1993; Novak and
Mack 2001; Ellstrand and Schierenbeck 2006).
Even without multiple introductions, founder
effects do not appear to prevent invasive plants
from becoming established in their introduced
range, despite the reduction in genetic variation
expected with such events (Dlugosch and Parker
2008). With sufficiently high adaptive genetic
diversity, invasive plants are able to achieve high
fitness and become established and expand
(Dlugosch et al. 2015).

There are feedbacks and interactions among
the factors of invader fitness, ecosystem resis-
tance, and climate dynamics. For example, inva-
sive plants may be better suited to adapt to
ongoing climate change because they are already
undergoing rapid phenotypic evolution enabling
them to overcome the invader fitness factor
(Nguyen et al. 2016). Evolution of earlier phenol-
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ogy would lead to seed production prior to com-
petition with natives when resources become
limited, especially during drought conditions
(Franks et al. 2007; Alexander and Levine 2019).
An example of a possible interaction between the
ecosystem resistance and the invader fitness fac-
tors is the adaptation to open habitats with high
light levels, which can increase invader fitness in
disturbed areas (Corliss and Sultan 2016). In this
case, the “fast growth traits” of the invasive
plants, as described earlier (e.g., high growth
rates, high leaf nitrogen content), allow for them
to overcome ecosystem resistance factors, which
have the potential to lead to higher rates of nutri-
ent cycling. Certain invasive plants, such as
cheatgrass, can actually have an effect on the cli-
mate factor by changing abiotic conditions such
as soil moisture content at the microsite scale, in
a positive feedback mechanism (Ehrenfeld 2003).

2.2.3 Application of Spatial Scales

Spatial scale influences whether and how these
three factors contribute to preventing invasion.
For example, the ecosystem resistance factor, at
local spatial scales, results in a negative relation-
ship between plant richness and risk of invasion.
Conversely, at regional scales, there may be a
positive relationship between native and invasive
plant richness due to climate factors or habitat
heterogeneity (Kennedy et al. 2002; Davies et al.
2005). Spatial scales may also influence the
degree to which invasive plants are phylogeneti-
cally related to natives. At local scales, invasive
plants that are phylogenetically related to natives
would be prevented from becoming established
because they are more likely to occupy similar
ecological niches. This suggests that a phyloge-
netic component may be somewhat associated
with ecosystem resistance of communities. At
regional scales, neutral processes and dispersal
limitations could allow phylogenetically similar
plants to establish (Thuiller et al. 2010). The
effect of disturbance on invasion is also thought
to be scale-dependent, with greater effects of dis-
turbance on ecosystem resistance factors at local
spatial scales and over longer temporal scales

(Jauni et al. 2015). Being mindful of the spatial
scale of interest will help researchers to parse the
relative contribution of the three factors in the
IFF to an invasion. Essentially, our model can be
used to assess the role of multiple processes,
including interactive effects and feedbacks,
across spatial scales, when assessing plant
invasions.

2.3  Case Studies

The realization that invasive plants negatively
impact native biodiversity and the environment,
economies, and human health and well-being has
resulted in research aimed at improving the
understanding of the process and trying to lessen
the impacts (Kumar and Singh 2020). Thus, an
ever-growing body of research examining vari-
ous aspects of invasion of resident plant commu-
nities, in particular, has been produced with
useful insights. We conducted a systematic search
of the literature and chose the most relevant and
descriptive papers that used a “case study” for-
mat with a model plant being the focus. We
examined the subcategories described by Young
et al. (2017) for each factor (climate dynamics,
ecosystem resistance, invader fitness) in the IFF
model.

Case Studies: Climate Dynamics Historical cli-
mate conditions (based on 30-year averages),
extreme high/low precipitation and temperature,
duration of extremes, and rising atmospheric
[CO,] are the subcategories for climate dynamics
that were described by Young et al. (2017) that
would potentially allow for the establishment and
expansion of invasive plants.

Adaptations to climate, and now extreme
weather events, by invasive plants result in new
community assemblages. Sheppard et al. (2016)
report that Australian palm (Archontophoenix
cunninghamiana), guava (Psidium guajava), and
umbrella tree (Schefflera actinophylla) are intro-
duced and now naturalized plants in New
Zealand. The potential for these invasive plants to
expand is predicted to increase with climate
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change, and there is an increasing need to
improve and/or incorporate best practice model-
ing, surveillance, and well-managed citizen sci-
ence. In oak forests of northwest Spain, the
evergreen shrub, silver wattle (Acacia dealbata),
and blue gum tree (Eucalyptus globulus) have
adapted to altered climatic conditions and
expanded their range, as the native flora are
slower to respond to the new weather patterns
(Gonzalez-Muioz et al. 2014). The authors proj-
ect that basal area increment (BAI) or the average
area occupied by tree stems, will be positive
(indicating an increase in tree size) for natives
and negative (indicating an increase in number of
trees) for silver wattle and bluegum. These find-
ings are different from earlier studies, which did
not account for climate change. In Hawai’i
Volcanoes National Park, plants that have the C,
photosynthetic pathway, including both invasive
and native, are now found at higher elevations
due to the climate change and an alteration of the
fire regime (Angelo and Daehler 2013).

Invasive plants that have become established
and are expanding under climate change often
exhibit phenotypic plasticity, as described in the
previous sections. In Chile, seed traits, specifi-
cally seed coat thickness and germination, of
common dandelion (Taraxacum officinale) were
evaluated in relation to climate variation (Molina-
Montenegro et al. 2018). Thickness of seed coat
decreased with latitude, while germination was
highest in seeds originating from the southern-
most part of the country. Bermudagrass (Cynodon
dactylon), South African lovegrass (Eragrostis
plana), Madagascar ragwort (Senecio madagas-
cariensis), and common gorse (Ulex europaeus)
are the most important invasive plants infesting
grasslands of southern Brazil (Guido et al. 2016).
The strongest correlation for all four invaders was
with decreasing water due to climate change. Less
correlated were road density (landscape structure)
and land use (human activity). Packer et al. (2017)
conducted a global assessment of the biology of
common reed (Phragmites australis), which is
particularly invasive in North and Central
America, and projected declining populations in
the British Isles and along the east coasts of the

United States and Panama. The latter due to rising
sea levels associated with climate change.

Case Studies: Ecosystem Resistance The main
features that comprise a plant community include
species composition, macro- and micro-fauna,
available nutrients, and soil type (Young et al.
2017). These have been examined in biological
and physical contexts to assess ecosystem resis-
tance to invasive plants (Levine et al. 2004).

Establishment of and resistance to non-native
plants are two of the most common research top-
ics in invasion plant biology. In a classic ecosys-
tem resistance study, Houseman et al. (2014)
assessed the invasion of sericea lespedeza
(Lespedeza cuneata) in temperate grasslands of
North America by creating models that included
propagule pressure, soil fertility, and disturbance
in relation to risk of invasion. Not surprisingly,
they found that invasibility decreased as the soil
fertility was enhanced and disturbance lessened.
In an experimental grassland in Europe, increas-
ing native plant richness reduced the above-
ground growth of field scabious (Knautia
arvensis), an invasive herbaceous perennial
(Scherber et al. 2010). Compared to a species-
poor community, the species rich one was more
efficient in using resources and thus better able to
resist invasion. Two more recently established
invasive annuals, barbed goatgrass (Aegilops tri-
uncialis) and medusahead (Elymus caput-
medusae), in California grasslands, are effecting
soil dynamics by reducing available nitrates in
resident plant communities and lowering
microbial biomass (Carey et al. 2017). Similar
effects on soil N have been predicted to occur by
increasing numbers of invasive symbiotic
nitrogen-fixing lupines (Lupinus spp.) and birch
(Alnus spp.) genera in the Boreal, subarctic, and
upper montane temperate regions (Hiltbrunner
et al. 2014).

In forest systems of the warm tropics to cold
temperate regions, a large amount of research has
documented many categories of ecosystem resis-
tance. For example, eastern deciduous forests of
New York and Connecticut, USA, were effective
at resisting invasion by Norway maple (Acer
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platanoides) if there was an intact and closed
canopy. Dispersal and growth of maple stands
were hampered by the lack of sunlight penetrat-
ing through the canopy. False brome
(Brachypodium sylvaticum), an invasive grass in
temperate forests of the Pacific Northwest, USA,
was more common with soil disturbance and for-
est community structure: conifer forests being
more invaded than deciduous forests (Taylor and
Cruzan 2015). In tropical and subtropical forests
of East Africa and China, respectively, an inva-
sive tree (Cinnamomum verum) and two invasive
herbs, mile-a-minute (Mikania micrantha) and
eupatorium (Eupatorium catariu), were reported
to effect soil microbes and fertility (Kueffer et al.
2007; Chen et al. 2017). The presence of soil
mycorrhizal fungi was found to be more benefi-
cial in resisting invasion of the two herbs in later
succession forests, and nutrient poor soils were
more conducive to invasion by C. verum.

Wetlands and riparian areas are very common
systems in which ecosystem resistance to inva-
sions has been tested, specifically the diversity of
habitats and soil properties. In comparing inva-
sive common reed (Phragmites australis) to
native cordgrass (Spartina spp.), Allen et al.
(2018) found no direct impact from soil biota,
interspecific competition, or lack of nutrient
availability on the invader. Renofilt et al. (2005)
found no relationship between richness and inva-
siveness with the introduction of common sun-
flower (Helianthus annuus) in the Vindel River of
Sweden; only substrate was important in limiting
the invader. In wetlands of Zurich, Switzerland,
invasive goldenrod (Solidago gigantea) affected
the soil microbes and nutrients to the detriment of
the resident plant community.

Case Studies: Invader Fitness The subcatego-
ries of plasticity, genetic mutation, phenological
adaptation, and genetic selection compose the
invader fitness factor in the IFF model (Young
et al. 2017). These have been highlighted in the
following case studies as plant hybridization,
population genetics, and phenotypic plasticity.

Genome size, ploidy level, and mode of repro-
duction are topics that provide an assessment of

the role of genetic diversity in plant invasions
(Burns et al. 2011; Te Beest et al. 2012; Suda
etal. 2015). Giant goldenrod (Solidago gigantea)
occurs as a diploid, tetraploid, and hexaploid in
its native range of North America, while in its
introduced range (Europe), only tetraploid popu-
lations are known (Schlaepfer et al. 2010). These
cytotypes exhibit differences in the habitats they
occupy and segregate geographically. In a global
study, Nagy et al. (2018) assessed the perfor-
mance of hexaploids in the introduced range of
giant goldenrod and found that compared with
tetraploids, they did not present a greater inva-
sion risk. In Australia, two separate studies were
conducted on plants from the Cucurbitaceae and
Boraginaceae families to assess the role of inva-
sive plant genetic diversity in establishment
(Shaik et al. 2016). In the first study, paddy melon
(Cucumis myriocarpus) and camel melon
(Citrullus lanatus) were found to consist of a
single genotype, suggesting one introduction
event for each species. Desert gourd (Citrullus
colocynthis), a related summer weed, was geneti-
cally diverse and thought to originate from mul-
tiple introductions. In the second study with two
similar congeneric species (Shaik et al. 2016),
Paterson’s curse (Echium plantagineum) was
found to be genetically diverse and highly inva-
sive, whereas the other, common viper’s bugloss
(Echium vulgare), exhibited less genetic diversity
and occupied a more limited ecological niche.

In addition to the level of genetic diversity
within introduced populations, as described
above, phenotypic plasticity can contribute to
establishment success and increase the likelihood
of invasion. For example, the invasion of smooth
cordgrass (Spartina alterniflora) across much of
China has apparently occurred due to plasticity
of plant phenotypes that have matched local abi-
otic conditions, instead of adaptive evolution
(Liu et al. 2016). Tufted knotweed (Polygonum
cespitosum), a summer annual and recent invader
in the Northeastern United States from Asia, has
been found to exhibit high amounts of pheno-
typic plasticity, which would suggest an increased
potential for invasiveness (Sultan and Matesanz
2015). The researchers detected higher fitness in
all populations regardless of whether the habitat
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was dominated by shade, sun, wet, or dry condi-
tions. Similarly, Lamarque et al. (2013) found
that boxelder maple (Acer negundo) genotypes
did not increase trait plasticity but displayed
genetic differentiation in southern and Eastern
Europe, where it is highly invasive.

Hybridization, which is a form of genetic
selection, is a routine occurrence among plants
and has implications in terms of fitness of an
invader and their establishment. In one study
conducted in the salt marshes of San Francisco,
California, invasive cordgrass (S. alterniflora)
has been shown to hybridize with California
cordgrass (S. foliosa), a native (Anttila et al.
1998). The invader produces greater amounts of
pollen, which readily fertilizes the native. The
resulting hybrids are more similar to the invader
in trait characteristics and ability to adapt to
changing conditions. In addition to habitat loss
and decline in the native populations, the intro-
gression through backcrossing has led to genetic
pollution of the native.

While these case studies represent a large
body of work, nonexistent are those that address
all factors of the IFF simultaneously for any inva-
sive plant (but see Young et al. 2017). Additional
research, empirical and/or theoretical, is needed
to comprehensively assess the effect of climate
dynamics, ecosystem resistance, and invader fit-
ness of invasive plants and those with the poten-
tial to become invasive. Such efforts will lead to
a more comprehensive understanding of the inva-
sion process and contribute to mitigating their
negative effects through improved management.

2.4  Application of the IFF

We conclude this chapter with a discussion
regarding how the three factors of the IFF model
(climate dynamics, invader fitness, and ecosys-
tem resistance), singly and synergistically, can be
integrated into management decision-making.
The IFF model provides a way to help determine
what contributes to the establishment of non-
native species and their range expansion during
invasion. Such an assessment provides not only a
better understanding of the invasion of native

plant communities but also a useful way to help
improve management practices. The generalized
invasion curve can be used to depict introduction,
establishment, and expansion for invasive plants,
but this curve can also be used to show how man-
agement approaches must adapt to changes in the
population size and distribution of invasive plants
(Fig. 2.1).

Pre-introduction The most ecologically and
cost-effective management approach for curtail-
ing plant invasions is preventing their introduc-
tion in the first place. This can only happen prior
to the inflection point — the instant a propagule
drops to the ground, attaches to a tree, or slips
away into the water. Barriers, whether anthropo-
genic or natural, are the most sure way to curtail
the invasion process. While border check stations
and points of entry can halt human transport of
invasive plant propagules, a lack of the ability to
enforce laws to prohibit other routes (e.g., ocean
vessels) and markets (e.g., internet) makes for a
very porous system (PysSek et al. 2020). The pre-
vention of the introduction of invasive plants is
ideal but in practice is nearly impossible to
achieve.

Post-introduction Early detection rapid
response (EDRR) is an approach for controlling
non-native plants. The EDRR approach has been
defined by the US Department of the Interior as
“...a coordinated set of actions to find and eradi-
cate potential invasive plants before they spread
and cause harm...” (DOI 2016). Alternatively,
Reaser et al. (2020) define EDRR as a “...a
guiding principle for minimizing the impact of
invasive plants in an expedited yet effective and
cost efficient manner, where ‘detection’ is the
process of observing and documenting an inva-
sive plants, and ‘response’ is the process of react-
ing to the detection once the organism has been
authoritatively identified and response options
have been assessed.” The use of EDRR, while
proposed by many (e.g., Maxwell et al. 2009;
Pysek and Richardson 2010; Littell et al. 2012;
Antunes and Schamp 2017), has not been shown
to be entirely effective. Largely, the lack of suc-
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cess is knowing exactly how to implement
“detection” and what the term “early” really
means. Similarly, responses can vary and range
from complete eradication of plants and propa-
gules to partial or limited control of the target
plant (Reaser et al. 2020). An EDRR approach
has little need of understanding invasive plants
beyond recognition and application of a removal
technique.

Even before a non-native species has been
introduced and EDRR applied, risk assessments
of plant species can help determine potential neg-
ative impacts (e.g., costs) that occur during all
phases of the generalized invasion curve (Meyers
et al. 2020). Effectively assessing non-native
plants for their risk is largely inadequate due to
lack of data, transparency and repeatability, and
uncertainty (Kumar and Singh 2020). However,
risk assessments continue to be used by federal
agencies when non-native species are initially
detected, the status of a non-native species
changes, and a potential pathway of introduction
has been identified (Meyers et al. 2020). In
California, USA, and likely other arid regions,
the public is encouraged to use drought-tolerant
plants in order to reduce water use. The result is
an abundance of plants with drought-tolerant
characteristics, which over time have an increas-
ing likelihood of becoming invasive (Pemberton
and Liu 2009).

Establishment and Range Expansion During
the establishment phase of an invasion, as popu-
lation size and/or population number increases,
eradication may still be possible. But, as popula-
tions increase in size and expand their distribu-
tion, other approaches, such as containment and
“asset-based protection,” are required (the latter
focuses on the protection of farmlands, indus-
tries, recreational areas, and natural ecosystems).
Each of the three factor of the IFF must be over-
come for a non-native species to expand its range.
Thus, it is critically important to better under-
standing of how these factors can influence non-
native establishment and range expansion (e.g.,
invasion process) to predict which plant commu-
nities are likely to be invaded in the future. This

means that management strategies should rapidly
shift from eradication, to containment, to asset-
based protection, as the pace of an invasion
quickens.

Employing the IFF Any one of the three factors
of the IFF model can terminate the potential that
an invasion will occur, so all of them should be
taken into account by researchers or managers.
Using the IFF model, a qualitative and quantita-
tive snapshot about a potential or current plant
invasion can be generated based on published
research (Young et al. 2017). The IFF model
should be considered a tool to establish research
priorities and identify components in the invasion
process that can be used to facilitate eradication,
containment, or asset-based protection. Several
recent papers have identified a “knowledge gap”
or disconnect between research and practice in
the management of invasive plants (Funk et al.
2020; Pysek et al. 2020; Young and Kettenring
2020).

Additionally, the IFF model can be used to
inform the removal of invasive species and the
restoration of native communities. In the restora-
tion of a site dominated by invasive plants, the
first step (i.e., site preparation phase) frequently
involves the physical and/or chemical removal of
the invaders (Rowe 2010). Immediately after-
wards, native plants are seeded or planted to fill
vacant niches and prevent subsequent reinvasion
by the same or other invasive plants (Masters and
Sheley 2001; Hulme 2006). The overall goal of
these efforts is to assemble an invasion-resistant
community, so practitioners involved in ecologi-
cal restoration should establish native plant spe-
cies with a diversity of phenotypic traits,
including those that have unique phenology,
growth rate, and stress-tolerant abilities (Kimball
et al. 2016). For problematic invasive plants,
which have, by definition, overcome all three fac-
tors of the IFF model, restoration efforts should
include plant species that have specific ecological
niches to establish native communities with dif-
ferent ecosystem resistance characteristics, com-
pared to the community that was initially invaded.
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In this manner, it may be possible to reestablish
the ecosystem resistance factor (dotted line in
Fig. 2.1).

When speed of invasion, pathways of distribu-
tion, and evolutionary changes of invasive plants
are not well known, information from an IFF
model can be used to improve the effectiveness of
management programs and tools. Funk et al.
(2020) listed soil seedbank dynamics, life history
traits, and the effects of ongoing climate change
as important plant invasion ecology knowledge
gaps identified by land managers that researchers
should fill. The three factors of the IFF model
address each of these gaps: ecosystem resistance
(additions to and loss of seeds in soil seedbanks),
invader fitness (adaptations linked to life history
trait evolution), and climate dynamics (the range
of climates, including extreme weather events,
that an invasive species can tolerate). Young et al.
(2017) used musk thistle (Carduus nutans) as an
example of how the IFF could be applied to help
focus research to answer basic questions and
address management challenges. Musk thistle, a
problematic invasive plant around the globe
(Shea and Kelly 2004), “failed” to become estab-
lished in a native perennial grassland of the
Central United States (Young 2015). Using the
IFF model, empirical studies conducted on musk
thistle (see Young et al. 2017) provided evidence
to suggest that musk thistle did not exhibit phe-
notypic plasticity (invader fitness) in these peren-
nial grasslands during extreme drought (climate
dynamics), leading to the inability of the plant to
become established in this region.

2.5 Conclusions

By conducting research using the IFF model, a
better understanding of how climate dynamics,
ecosystem resistance, and invader fitness influ-
ence the eventual fate of non-native plants can be
obtained. This knowledge can be used to improve
decision-making by land managers to help miti-
gate the negative consequences of invasive plants,
especially the invasion of native plant
communities.
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Humans have exchanged plant species beyond
their native borders since millennia. The path-
ways of exchange and their relative impor-
tance have differed among regions, times and
species. Here, we review the temporal devel-
opments of pathways of alien plant species
introductions and how these relate to trends in
alien plant species richness at a global scale.
Although the rate of exchange of alien plants
has grown steadily over time, significant
advancements in human technological prog-
ress initiated new bursts of acceleration in
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global spread. Examples include the discovery
of new seaways around 1500, the start of mod-
ern industrialisation in the early nineteenth
century and the rise of global trade and human
prosperity after World War II. Apart from a
continuous intensification, the relative impor-
tance of pathways remained surprisingly sta-
ble. During the last 500 years, the introduction
of plant species for cultivation represents the
dominating pathway and was associated with
more than half of all introductions. Although
the relationship between horticulture and the
occurrence of alien plants is often difficult to
prove, the huge number of plants cultivated in
the world makes it likely that, in the future,
many introductions will continue to originate
from private or public gardens. Indeed, horti-
culture remains the only introduction pathway
which, up to now, has increased in relative
importance among all pathways globally.
Despite the rising awareness of the issues of
introducing new alien species, the current
socio-economic developments indicate that
we have to expect many more alien plant spe-
cies to come in the future.
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3.1 Introduction

Humans have been very successful at redistribut-
ing plant species worldwide by introducing them
to regions outside their native range. We cur-
rently know of >13,000 naturalised alien plant
species worldwide (PySek et al. 2017). These
alien plant species are unevenly distributed across
the globe with major hot spots located in Europe,
North America and Australasia (van Kleunen
et al. 2015). This should come as no surprise,
because in contrast to native plant species, the
distribution of alien plant species is primarily a
result of human activity. In fact, a major determi-
nant of the global distribution of naturalised alien
plant species is the frequency and intensity of
their introduction (Essl et al. 2010), which is
determined by the way they entered a new region.

Alien plant species have been introduced in a
number of different ways and for various reasons,
but in most cases introductions were related to
food production, ornamental purposes and acci-
dental releases (Saul et al. 2017; Pergl et al.
2020). These causes of introduction — the so-
called pathways of biological invasions — can
vary distinctly among species, regions and over
time (Essl et al. 2015). Even for the same species,
the pathway may vary in space and time, and
many species have been introduced through mul-
tiple pathways.

Changes in global alien species richness are
tightly coupled to changes in international path-
way dynamics, and the former is difficult to
understand without having a basic knowledge
about variation in the latter. The number of alien
plant species increased sharply during recent
centuries worldwide (Seebens et al. 2017).
Europe experienced a pronounced increase from
1500 onwards (Fig. 3.1), while alien plant spe-
cies numbers in Asia, the Pacific and the Americas
caught up during the nineteenth century and
finally reached a similar level compared to
Europe today. Not only did the number of alien
plant species increase, but also the rate of increase
became more rapid, which indicates a worldwide
acceleration of establishment events and most

likely introductions of alien plant species since
the early 1800s (Fig. 3.1). There are indications
that the acceleration slowed down, particularly in
North America, during recent decades (Seebens
et al. 2017), but the level still remains very high
with an annual mean rate of 50 new alien plant
species that have never been recorded before
becoming established worldwide, as a result of a
continuous increase in the accessibility of source
pools of new alien plant species (Seebens et al.
2018).

According to the Convention on Biological
Diversity (CBD 2014), pathways of introduc-
tion denote mechanisms through which “alien
species may arrive and enter a new region”. The
categorisation adopted by the CBD is based on
the framework proposed by Hulme et al. (2008)
and contains six major pathways (release,
escape, contaminant, stowaway, corridor and
unaided) and several subcategories (Fig. 3.2).
The first three are related to the transport of a
commodity, which may be either the species
itself (release, escape) or something else such
as soil within which seeds are accidentally
included (contaminant). Another criterion for
the categorisation of these pathways is whether
the alien plant species was introduced inten-
tionally (release) or unintentionally (contami-
nant). Pathways may also include combinations
of both such as the intentional planting in a gar-
den and the subsequent unintentional spread
beyond the garden fence (escape). The fourth
pathway (stowaway) relates to species attached
to a vector, which is moving itself such as a car
or a ship or transported on gardening equip-
ment or clothes, etc. The introduction via this
pathway is also unintentional. The last two
pathways (corridor, unaided) describe the sec-
ondary spread of species from neighbouring
regions without the direct intervention of
human agency. In the first case (corridor), this
may happen along a newly constructed corri-
dor, such as a new road. In the second case
(unaided), secondary spread is not restricted to
corridors but can occur through natural disper-
sal via wind, water or animals.
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3.2  Historical Developments
of Introduction Pathways
and Establishments of Alien

Plants

Given the long history of human-mediated plant
introductions and the intense temporal changes in
socio-economic activities, it seems likely that the
pathways of alien plant species introduction have
changed over time (Essl et al. 2015). To under-
stand the distribution of alien plant species
observed today, it is therefore essential to get a
thorough understanding of the dynamics of path-
ways and establishment of alien plant species
over recent centuries. We provide an overview of

15! wave

the historical developments of both pathways and
biological invasions of plants below.

3.2.1 Early Spread of Alien Plants

Information about the spread of plant species in
early times (before 1500 AD) is very scarce and
associated with a high degree of uncertainty
(Crees and Turvey 2015; Essl et al. 2018). The
unintentional spread of plants by humans very
likely has been ongoing for thousands of years,
but in many cases, information on specific intro-
duction events is lacking. Humans have moved
plants across large distances both deliberately for
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Fig. 3.2 Major pathways of biological invasions follow-
ing the classification by the Convention on Biological
Diversity (CBD 2014) with examples. Pathways were
adapted and grouped based on data availability in a recent

food and ornament (Reichard and White 2001;
van Kleunen et al. 2018a) and by accident such as
on their clothing or on the fur of domesticated
livestock. In contrast, the intentional introduction
of alien plant species has been reported occasion-
ally. Evidence indicates that as early as the Late
Pleistocene onwards, modern humans trans-
ported plant species as food crops, medicinal
plants or for ornamental purposes (Boivin et al.
2016; van Kleunen et al. 2018a). In more recent
times, examples from around the world revealed
that plant species have been exchanged over
larger distances. For example, agricultural crops
were imported by the Pharaohs of ancient Egypt
as early as 3000 to 1500 years ago (Janick 2007),
and at around the same time, plants were traded
in Panama and other parts of Central America
(Sanchéz 1997). The Greek physician Hippocrates
reported medicinal plants imported from India in

study (Saul et al. 2017), which provides the data source
for the analysis presented in this chapter. We selected data
for the most important subcategories, which represent
96% of all reported invasion events

the fifth century BC (Fry 2017). From 200 BC
onwards, one of the first intercontinental trade
routes, the Silk Route, was established, which
connected East Asia with Central Asia, Europe
and parts of Africa. This route was used to
exchange various kinds of plant species (Spengler
et al. 2018). In Europe, the expansion of agricul-
ture from Mesopotamia to Central Europe, and
subsequently to Western and Northern Europe,
resulted in the intentional introduction of the first
set of agriculturally used plant species and in the
unintentional spread of species which were
adapted to the new selection pressures introduced
by farming communities from several thousand
years ago (Crees and Turvey 2015). Later, the
Greeks and the Romans transported plant species
throughout the Mediterranean region and also
introduced species to regions outside their native
ranges (di Castri 1989). For example, the spread
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of the edible European chestnut (Castanea
sativa) has been attributed to the expansion of the
Roman Empire (Conedera et al. 2004). Around
the same time, supplies of cloves, nutmeg, mace
and sandalwood from Indonesia were reaching
China, India, western Asia and the Mediterranean
(Donkin 2003). On the other side of the globe,
from around 200 BC to 1,000 AD, the Polynesians
developed impressive navigational skills. This
allowed them to reach Pacific Islands spanning
from New Zealand to Hawaii, where they intro-
duced various crop and fibre species (Cox and
Banack 1991). First gardens with plant species
from very distant regions have been reported
from Mexico, such as those from the Aztec king
Moctezuma I (Sanchéz 1997). In medieval
Europe, alien plant species, usually from the
Mediterranean, were planted near castles, and
this is still reflected in the floras around Central
European castles (Dehnen-Schmutz 2004).

Before the fifteenth century AD, long-distance
transport of plants by humans between continents
occurred only rarely. Journeys were burdensome
and dangerous, and only a few explorers and
adventurers, such as Marco Polo in the thirteenth
century, dared to travel long distances, bringing
back materials and stories of unusual plants. Most
of the introduced species were planted for medical
purposes or as food crops. This pathway of intro-
duction can be considered as being unintentional
escape. Only in a few cases, like the planting of
trees by the Romans allegedly to feed their troops
(Kannan et al. 2013) or the introduction of bottle
gourd (Lagenaria siceraria) by Polynesians in the
Pacific region (Clarke et al. 2006), introductions
may qualify as intentional releases.

In the late fifteenth century, Europeans started
to explore the outer margins of their known world
in a strategic and organised way, which resulted
in the discovery of new seaways between Europe,
Africa, East Asia and the Americas. This repre-
sents the onset of the development of an intercon-
tinental trade network, which has continued to
grow and intensify until today. Because of the
huge impact this globalisation of trade and trans-
port had on the spread of alien species, ecolo-
gists, particularly in Europe (Richardson et al.
2000), use 1500 as a temporal threshold to distin-

guish between archaeophytes (<1500) and neo-
phytes (>1500). Although the exchange of plant
species has intensified continuously until today,
we can distinguish phases of intensification,
which we call “waves of global spread”. We dis-
tinguish the timing of the waves based on marked
changes in socio-economic activity and pathway
dynamics and associated increases in numbers of
alien plant species (di Castri 1989; Seebens et al.
2017). The temporal dynamics of socio-economic
activities certainly varied across continents in
timing and intensity, and so were the dynamics of
alien plant invasions (Seebens et al. 2017). The
timings of the waves, as described below, may
therefore differ depending on the region; how-
ever, our distinction of waves should be consid-
ered as a general categorisation applicable in
modified ways to a variety of circumstances
worldwide and presented here based predomi-
nantly on examples with mostly global
implications.

3.2.2 The 1st Wave of Global Spread
(1500-1800): The Age
of Exploration

The period from the beginning of the sixteenth
century to the end of the eighteenth century, often
termed the Age of Exploration, was characterised
by extensive overseas exploration and the wide-
spread adoption in Europe of colonialism and
mercantilism. Contact between the Old World
(Europe, Asia and Africa) and the New World
(the Americas and Australia) resulted in the trans-
fer of many plants, a large number of which
became established in the wild in these new
ranges. Many Old World crops such as carrots
(Daucus carota), hops (Humulus lupulus) and
turnips (Brassica rapa) became naturalised in the
New World soon after colonisation by Europeans
(Aikio et al. 2010). In contrast, several plant spe-
cies brought from the New World as ornamentals
or food plants became established in the Old
World like prickly pear (Opuntia spp.) and Indian
shot (Canna indica).

Major aims of the first journeys were to
explore further possibilities for trade and exploi-
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tation of new resources. Back in Europe, the
explorers praised their new findings and reported
on them in often exaggerated ways (Sarnowsky
2016). This raised curiosity in unusual or strik-
ing life forms, and the scientific aspects of explo-
rations grew in importance. For example, in
1492 Christopher Columbus wrote in his log
book that the many plants that he found on the
island of Isabella could be of economic interest
for the production of dyes, medicine and spices
and that he wanted to take samples of most of
these plants home with him (Stocklin et al.
2003). Naturalists joined the journeys of the
explorers and tradesmen to inspect and report on
the foreign flora and fauna. In the 1570s,
Francisco Herndndez was sent by the Spanish
king to Mexico and other regions of the New
World to collect plants and to get a better under-
standing of their local use, which is considered
to be the first expedition of nature undertaken by
a government (Fry 2017).

In the following centuries, Europeans continu-
ously intensified and expanded their trade net-
work. An important role in the maintenance and
expansion of the infrastructure was played by the
British East India Company founded in 1600.
Together with competitors, like the Dutch East
India Company, they established a global, mostly
seaborne, trade network connecting Europe with
the Americas, Africa and South and Southeast
Asia. With the expansion of the European trade
network, the worldwide exchange of plant spe-
cies grew likewise in all directions (“Columbian
exchange”, Crosby 1972). The foundation of new
settlements to support the trading activities led to
the introduction of mostly European crop plants
into regions all around the world. In addition,
plants have been introduced unintentionally as
stowaways or contaminants, though information
about these introductions is limited (Mack and
Erneberg 2002). The rising numbers of emigrants
from Europe to the newly colonised regions gen-
erated a demand for a more systematic investiga-
tion of suitable crop plants for the different
regions, which was performed by the early
botanic gardens and the later founded
Acclimatisation Societies. The latter aimed at
“improving” nature for colonial settlers by intro-

ducing species familiar to and useful for settlers
(Dunlap 1997). As a consequence, Europe is con-
sidered to be a net exporter of alien plant species
during that time, which is described as the
“Imperialist Dogma” (Drake et al. 1989) or
“Ecological Imperialism” (Crosby 2015). Indeed,
Europe has donated 288% more naturalised plant
species to the rest of the world than one would
expect based on the size of the native European
flora (van Kleunen et al. 2015).

The number of alien plant species in Europe
continuously grew (Fig. 3.1). Bringing back an
increasing number of alien plant species initi-
ated the establishment of botanic gardens
throughout Europe, as well as in its overseas
colonies. Here species were planted not only for
medicinal purposes but also for aesthetics. In
1545, the first botanic garden in Europe was
opened in Padua, Italy, where plant species were
grown specifically for research and education,
originating from the regions of the Balkan,
Levant and Americas (Fry 2017). Other botanic
gardens followed later, such as the Jardin du Roi
in Paris, France, (1626), Company’s Garden in
Cape Town, South Africa, (1652), Chelsea
Physic Garden in London, United Kingdom
(1673), and the El Real Jardin Botanico del Soto
de Migas Calientes in Madrid, Spain (1755). In
1759, one of the largest and most influential
botanic gardens worldwide, the Royal Botanic
Gardens at Kew in London, was founded with
the ambitious aim to showcase all known plants
on Earth (Fry 2017). Already in these times, the
gardens contained a huge number of plant spe-
cies from all over the word. The Jardin du Roi in
Paris alone, for example, displayed 6,000 plant
species in 1788 (Fry 2017), and the Royal
Botanic Gardens at Kew had >9,000 plant spe-
cies in 1814 (Aiton 1814). The purpose of these
gardens was not only to present a wide diversity
of plant collections but also to support gardens
in other parts of the world, to educate scientists
and perform experiments in order to identify
species of potential interest for transplanting to
new regions. In the course of time, the larger
botanic gardens developed global networks for
exchanging plants and plant materials, particu-
larly among the colonial territories of the
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respective empires. For example, King Carlos
IIT of Spain decreed the establishment of a
botanic garden on Tenerife for the acclimatisa-
tion of alien plants from the Spanish territories
in South and Central America, before they
would be planted in Madrid (https://www.
tenerife-information-centre.com/botanical-
gardens-puerto.html). Thus, botanic gardens
played a major role for introducing new species
and acted as entry points for both intentional
and unintentional introductions of alien plant
species (Hulme 2011).

Within the first wave of global spread from
1500 to 1800, the vast majority of established
alien plants — at least from those, we are aware
of — had been introduced as ornamental or crop
plants. This is reflected in the temporal develop-
ment of the importance of pathways (Fig. 3.3).
Although such an analysis underlies the strong
assumption that pathways did not change for the
same species over time and space, it provides a
reasonable estimate of the temporal development
of pathways. By 1800, 21% of all plant species
considered in this analysis had been introduced
somewhere in the world. The five most wide-
spread introduced plant species during this time
period were common guava (Psidium guajava)
(22 countries), horseweed (Erigeron canadensis)
(13 countries), jimsonweed (Datura stramoniun)
(8 countries), calamus (Acorus calamus) (8 coun-
tries) and southernwood (Artemisia abrotanum)
(4 countries), which have been introduced by
escape from confinement (63%), by release in
nature (23%) and by transport (14%). Across all
plants, the dominant pathway for plant introduc-
tion until 1800 was escape from confinement
(58%), such as from botanic gardens, parks and
agriculture. The intentional release in nature only
played a minor role (17%). Likewise, uninten-
tional introduction through contaminant or stow-
away contributed less to the overall number of
plant introductions (25%), but this may be biased
by a lack of reports. However, compared to the
period after 1800, the intensity of spread was
relatively low during the first wave of global
spread of alien plant species.

3.2.3 The 2nd Wave of Global
Spread (1800-1950): The Age
of Industrialisation

In the nineteenth century, the number of alien
plant species distinctly rose at a continuously
accelerating rate until the end of the century
(Fig. 3.1). The reasons for this increase are mani-
fold but mostly rooted in the acceleration of glo-
balisation of trade and transport and the increased
welfare of societies. Technological innovations
such as the shift from wooden vessels powered
by wind to iron-hulled vessels powered by steam
not only permitted faster crossings of oceans and
transport of larger numbers of people and vol-
umes of commodities but also led to new trade
routes opening up that were less dependent on
wind (Gardiner and Greenhill 1993). Between
around 1800 and 1900, most colonial empires
were at their peak, and large parts of the world
were divided among a few colonial powers
(Lenzner et al. 2018). Trading activities were par-
ticularly intense among regions belonging to the
same colonial powers. Members of these empires
benefitted economically and experienced
increases in trade between 1870 and 1913 that
were up to 270% higher compared to regions out-
side these empires (Mitchener and Weidenmier
2008). As a consequence of the industrial revolu-
tion, trade volumes and prosperity of the
European countries accelerated  distinctly
(O’Rourke et al. 2008). Besides the pure rise in
trade volumes, the global trade network became
increasingly interconnected, and new goods that
were not or rarely traded before were traded fre-
quently. New links in the trade network also con-
nected more species pools and allowed more
species to be intentionally or unintentionally
introduced to new regions. This resulted in an
increased accessibility of source pools of alien
plant species, which distinctly increased at
around 1850 (Seebens et al. 2018).

In addition to trade, human migration started
to play an increasing role in the spread of plant
species. Emigration out of Europe particularly
towards North America, Australia and New
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Fig. 3.3 Time series of the absolute and relative impor-
tance of main categories of pathways for the introduction
of alien plants (left panels) and of a selection of important
subcategories (right panels). Pathway information was
obtained from Saul et al. (2017) and is based on the data-
bases “Delivering Alien Invasive Species in Europe”
(DAISIE; http://www.europe-aliens.org/) and “Global
Invasive Species Database” (GISD; http://www.iucngisd.

Zealand increased tremendously in the nineteenth
century. This migration wave was triggered by
rising human population sizes and severe famines
in Europe. Stories about fertile soils, wealth and
free and pleasant living conditions in the colonies
attracted many people. In addition, many con-
victs were sent to the colonies to occupy the new
lands (Butler 1896). Altogether, this resulted in
mass migration waves towards North America,
parts of South America and Australasia. The
European settlers brought a large number of spe-
cies to these new regions (di Castri 1989; Crosby
2015). This caused a dramatic increase in alien
plant species numbers in Australasia and a peak
in alien plant introductions in North America

org/gisd/). Combined with the First Record Database,
which provides the year of first record of an alien species
in a country (Seebens et al. 2017), the database used here
included altogether 30,828 combinations of species, path-
way, country and year for a total of 2,198 plant species.
Species associated with multiple pathways were counted
proportionally so that each combination contributed a
total of one to the pathway analysis

with ca. 30 newly established plant species
recorded annually in the late nineteenth century
(Seebens et al. 2017). The introduction of new
species was supported by the networks of accli-
matisation societies and botanic gardens. By
1900, there were reportedly around 50 acclimati-
sation societies, which intentionally introduced
foreign species, and the British botanic garden
network consisted of over 100 botanic gardens
worldwide, which frequently exchanged species
(Osborne 2000).

Accompanied with the increase in prosperity,
horticulture was not restricted anymore to the
gardens of wealthy people and public greens.
While botanic gardens still remain a source for
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the escape of alien plants into the wild until today
(Hulme 2011; van Kleunen et al. 2018a), the
interest in growing alien plants in domestic gar-
dens rose among Europeans, thereby consider-
ably increasing colonisation and propagule
pressure of alien species. This was the time of the
so-called plant hunters (Tyler-Whittle 1997): bot-
anists and adventurers who travelled around the
world to collect unusual or rare plants attractive
for botanic gardens and the horticultural industry
(e.g. nurseries), particularly in Europe and North
America (Stoner and Hummer 2007). Plant hunt-
ers brought thousands of plant species to Europe,
and many of these plants were subsequently
introduced by Europeans to their colonial empires
(e.g. Kannan et al. 2013); many of them became
additions to the wild local floras. The successful
transportation of living plants over longer dis-
tances was boosted by technical advances and
inventions. The Wardian Case, for instance, was a
small portable greenhouse, which allowed the
plant to grow under stable conditions during
transport (Fry 2017), and the development of
steamships enabled faster, more distant and more
frequent travels (Gardiner and Greenhill 1993).
This enhanced the chances of plant survival sig-
nificantly and revolutionised the trade and trans-
port of living plants (Tyler-Whittle 1997).

The intensification of trade, migration and
horticultural activities were the main drivers of
the introduction of alien plant species during the
2nd wave of the global spread. By 1950, 85% of
all alien plants recorded in our analysis had been
introduced at least once somewhere in the world.
Thus, the second wave of global spread repre-
sents the time period with the most intense intro-
duction of alien plant species across all time
periods. The five most frequently introduced spe-
cies during 1800 to 1950 were Datura stramo-
nium (31 countries), Medicago sativa (29
countries), Lepidium virginicum (28 countries),
Galinsoga parviflora (27 countries) and Elodea
canadensis (27 countries). All of these five spe-
cies have been introduced via escape from con-
finement, intentional release and transport
according to Saul et al. (2017). Across all plant
species introduced until 1950, most species have
been introduced intentionally, which is reflected

in the distinct increase in the importance of the
escape from confinement pathway such as horti-
culture, agriculture and forestry (Fig. 3.3). Other
deliberately planted species have been released to
improve the “impoverished” local flora and land-
scape (Robinson 1870). The second largest path-
way at that time, transport as seed contaminants,
indicates the intensification of trade and transport
including human migration. For example, the
ballast soil used to stabilise the ships was fre-
quently contaminated with seeds of European
weeds (Brown 1879). The movement of vehicles
and people thus provided a range of opportunities
for plants to stowaway across the world, and,
with the increase in global transport, the impor-
tance of seed contamination rose likewise. In
relative terms, 53% of all alien plants have been
introduced until 1950 as escapes from confine-
ment, while 29% introductions could be related
to transport, 17% to intentional releases and less
than 1% via a new corridor (Fig. 3.2). As none of
these pathways were managed in any form, the
spread of alien plant species continued to accel-
erate during the nineteenth century (Fig. 3.1).
Another important historical change not cap-
tured so far is the change of land use from pris-
tine environments to pastures, croplands and
urban areas. Although land use change does not
represent an introduction pathway according to
the CBD (CBD 2014), it is an important driver of
the spread of alien plants (Pauchard and Alaback
2004; Seebens et al. 2018). This is also reflected
in the observation that most naturalised species
come from anthropogenic habitats (Kalusova
et al. 2017) and naturalised there (Clements et al.
2004). The steep rise in global human population
size created a huge demand for areas of food pro-
duction and living. Land use intensified distinctly
in the nineteenth century worldwide across all
major biomes suitable for human life (Ellis et al.
2010). By 1900, around 30% of the ice-free land
was transformed to used land — the so-called
anthromes (Ellis et al. 2010). The creation of dis-
turbed and novel habitats made resident commu-
nities more susceptible to invasions and provided
opportunities for establishment of alien species
(Catford et al. 2012). The intensification of land
use went hand in hand with the intensification of
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introductions, which together resulted in the
strong increases in established alien plant species
worldwide (Fig.3.1). For example, the weed
floras in arable crops of the New World largely
reflect the European and Mediterranean source
pool (Ikegami et al. 2019).

After World War I and until the end of World
War II, the dominance of the European colonial
empires declined. Several colonies gained inde-
pendence, and the once very influential East India
companies lost influence and power as the
national governments took over the privileges
and rights of the companies. However, the trade
routes, markets and horticultural supply chains
remained and laid the foundation for the third
wave of global spread of alien species.

3.2.4 The 3rd Wave of Global
Spread (1950-Present):
The Age of Globalisation

The foundation for the 3rd wave of global spread,
from 1950 until today, was laid already in the
nineteenth century. Many of the trends character-
ising the development of society and economy
during 1800-1950 accelerated even faster after
World War II. The dominance of the European
economies continued to decline, mostly because
other countries caught up reaching similar levels
of economic prosperity. Europe turned from a net
exporter of plant species to a net importer (Drake
et al. 1989; Seebens et al. 2015). Technical
advances in engineering and the still ongoing
industrialisation of labour together with an
increasing number of free trade agreements
boosted international trade once
Containerised transport started its story of suc-
cess in the 1950s. It revolutionised global trans-
port once more, as it enabled an efficient way of
exchanging commodities, but also resulted in an
increasing movement of alien species. Air trans-
port became more important, and international
tourism began to flourish worldwide, thereby
accessing even remote islands and continental
regions. The expansion of transport infrastruc-
tures facilitated the further spread into formerly
less connected regions with the potential to intro-

more.

duce alien species also to remote places (Seebens
2019). Human population size increased even
stronger than before 1950, and this further
enhanced the demand for land needed for food
production and human living. By 2000, 55% of
the total ice-free land was covered by anthropo-
genically transformed habitats (Ellis et al. 2010).

Likewise, the number of alien plant species
has been growing continuously until today,
although at lower pace than during the second
wave of global spread (Fig. 3.1). In absolute
terms, the number of introduction events associ-
ated with these pathways stabilised at high levels
or even showed first indications of decline
(Fig. 3.3). From 1950 until today, the five most
frequently introduced species based on the data
set obtained from Saul et al. (2017) were water
hyacinth (Eichhornia crassipes) (15 countries),
pitchfork weed (Bidens frondosa) (14 countries),
waterweed (Egeria densa) (12 countries), devil
weed (Chromolaena odorata) (11 countries) and
red amaranth (Amaranthus cruentus) (10 coun-
tries). All of them are known to be introduced
along the three dominating pathways, escape
from confinement, intentional release and trans-
port. Among all plants in the database used here,
56% escaped from confinement in the time period
from 1950 until today, 24% have been acciden-
tally released through transport, while 19% were
intentionally released and less than 1% immi-
grated through new corridors. This list of most
frequently introduced alien plant species and
their distribution differs compared to what has
been reported elsewhere (Pysek et al. 2017) since
the data set used here (1) represents only a subset
of all known alien plant species (2,198 species
considered here compared to 13,168 from PySek
et al. 2017), as it includes only species with asso-
ciated pathway information; (2) is restricted to a
coarser spatial resolution as pathway information
is only available on national scales, while others
provided information on sub-national units (van
Kleunen et al. 2015); and (3) has a strong bias
towards Europe because of the underlying path-
way databases (Saul et al. 2017).

Over all three waves, the relative proportion of
main pathways remained rather stable. Not sur-
prisingly, the relative importance of the full time
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period from 1500 until today is similar to those
reported for the individual waves: 54% escape
from confinement, 28% transport, 18% inten-
tional release and <1% corridor. Time series of
subcategories of pathways revealed that only the
pathways ornamental purpose and horticulture
showed a clear ever-increasing trend over all
waves, while others such as agriculture or seed
contamination indicated stabilisation or slight
declines in the most recent decades (Fig. 3.2).
However, clear trends are difficult to reveal giv-
ing the high variation and uncertainty in the data.

The aforementioned changes in pathways and
alien plant species numbers are considered to
represent general dynamics at a global scale,
while at smaller scales temporal developments
may deviate from the described patterns. In fact,
intercontinental variation of the phases of inva-
sion waves is already apparent in Fig. 3.1, and
other studies reported different timings at smaller
geographic scales. For instance, a wave of expan-
sion of alien species has been reported in Chile
during 1910-1940, which coincides with a strong
growth in Chilean agriculture (Fuentes et al.
2008). This relates to what is here described as
the 2nd wave of invasion, characterised by indus-
trial developments and agricultural intensifica-
tion but shifted in time. As another example,
South Africa revealed similar wave-like dynam-
ics but with different timings such as the arrival
of European settlers in 1652, according to the
onset of the Ist wave, and an increasing growth
of the agricultural sector after 1850 similar to the
2nd wave (Canavan et al. 2019). In New Zealand
the shift from species largely introduced uninten-
tionally to those arising from deliberate horticul-
tural imports occurred in the 1950s (Hulme
2020). Furthermore, dynamics of pathways and
alien species numbers can clearly deviate if the
sites were decoupled from the general dynamics
of globalisation such as remote islands, where
invasion dynamics are often affected by individ-
ual events such as first settlements and the estab-
lishment of research stations (Frenot et al. 2001).
In other cases, individual empires such as those
by the Romans in the Mediterranean area or the
Polynesians in the Pacific area had distinct influ-
ences on the spread of alien plant species within

their range (Conedera et al. 2004; Kirch 2017),
which might be considered as a wave on its own
for the specific regions. Common to all regions,
however, is that the trajectories of introduction
and expansion of alien plant species show clear
waves of accelerations although at different time
points. Thus, the concept of invasion waves
seems to be valuable to a wide range of sites at
different scales.

3.3  Visualising the Future

of Plant Invasion Pathways

The number of alien plant species increased con-
tinuously, and the rate of increase remained at a
high level during the last decades (Seebens et al.
2017). In addition, source pools of alien plant
species have been extended due to the increased
interconnectivity of regions worldwide. This
resulted in an increase in the number of new alien
plant species, which had never been recorded
before as being alien elsewhere in the world
(Seebens et al. 2018). Hence, based on observed
trends during the last decades, we have to expect
more alien plant species to come in the future
(Bradley et al. 2012; Seebens et al. 2021). Indeed,
predictions based on lag times between introduc-
tion and detection revealed clear increases in spe-
cies numbers particularly in emerging economies
(Seebens et al. 2015). Lag times due to delays in
detection and reporting play an important role in
biological invasions and cause changes in path-
ways and management dynamics to be apparent
in species numbers only after decades (Crooks
2005; van Kleunen et al. 2018b). The increasing
trends in alien plants species numbers is sup-
ported from a pathway perspective as the domi-
nant pathways of introductions such as
ornamental purpose or horticulture show clear
upward trends (Fig. 3.3). Only introductions via
the transport, contamination and stowaway path-
ways seemed to have declined in absolute and
relative importance recently.

Although most of the dynamics observed in
the past indicate a continuation of increases in
alien plants species numbers, evaluations of
future dynamics are challenging for various rea-
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sons. Interacting effects of different drivers of
global change such as climate change or land use
changes can have complex effects on the distribu-
tion of alien plants and might also result in range
contractions (Bradley et al. 2010), which are dif-
ficult to evaluate at a global scale. In addition,
future trajectories of two other factors, namely,
horticulture and management, crucial for the
introduction and establishment of alien plant spe-
cies are difficult to assess. Horticulture in its
broader sense has been a major pathway for alien
plant species (Fig. 3.3), but how horticulture will
develop in the future and how this will affect the
introduction and establishment is difficult to pre-
dict (Drew et al. 2010). As another factor, strate-
gies and policies to mitigate biological invasions
have been put in place in various countries, and
more can be expected to come (Hulme et al.
2018). A proper management of pathways and
alien species can have distinct influences on the
development of alien species trajectories
(Simberloff et al. 2013). We will address both
factors in more detail below.

3.3.1 The Prominent Role
of Horticulture in the Spread

of Alien Plants

There is strong evidence that horticulture is a
major pathway for plant invasions in many parts
of the world (Mack and Erneberg 2002; Dehnen-
Schmutz et al. 2007; Lambdon et al. 2008;
Hanspach et al. 2008; Hulme 2011; Pysek et al.
2011; Pergl et al. 2016). The exact number of
species grown in cultivation worldwide, however,
is not known (Khoshbakht and Hammer 2008),
but recent estimates — based on the numbers of
species in online garden plant encyclopaedia —
indicate that at least ~70,000 species are grown in
domestic gardens (van Kleunen et al. 2018a) and
that ~105,000 (Mounce et al. 2017) to ~162,000
species (van Kleunen et al. 2018a) are grown in
botanic gardens. This means that 20-50% of the
global vascular flora is grown in cultivation and
likely has been introduced outside their native
ranges. Therefore, it is not surprising that 94% of
the known ~13,000 naturalised species are plants

that are grown in cultivation (van Kleunen et al.
2018a). Although this does not necessarily mean
that all those naturalised species escaped from
cultivation, as many of them might have been
introduced via other pathways, it at least suggests
a prominent role of horticulture in general as a
pathway for plant introductions.

Horticulture is a multi-billion-dollar industry,
and the live plant imports have steadily increased
in recent decades (van Kleunen et al. 2018a).
Horticulture is thus still likely to be the major
pathway of plant introductions. Moreover, the
horticultural industry, and the fashion trends it
initiates or is subjected to, makes that the intro-
duced plants are not a random selection of the
global flora. On the one hand, the origin of the
introduced plants shows temporal dynamics. For
example, among the woody plants brought into
cultivation in Europe, the ones from Europe came
mainly during the 1st wave of global spread,
whereas the ones from North America and Asia
came mainly during the 2nd wave of global
spread (Goeze 1916). Moreover, it is likely that
plants with certain characteristics are preferen-
tially used in horticulture. Some of those charac-
teristics promoted through horticulture, such as
fast growth or long flowering duration, may also
promote invasion. Furthermore, through selec-
tion and hybridisation, plant breeders created
novel cultivars with their own specific character-
istics. Actually, of the ~13,000 naturalised spe-
cies, 219 are only known from cultivation (i.e. do
not have a known native range; van Kleunen et al.
2015). Nevertheless, many of the cultivars may
have reduced chances to establish in the wild, as
they may be sterile or have low competitive abili-
ties. However, efforts to specifically breed non-
invasive plant cultivars are still rare (Anderson
et al. 2006).

Predictions about the future developments of
horticulture and their influences on the spread of
alien plant species are difficult for several rea-
sons. First, horticulture represents a large global
industrial sector, and second, it is at least partly
driven by fashion trends, which generates
demands for certain plants or types of plants. The
demand for unusual plant species has been grow-
ing continuously, and new ways of trade make it



3 Development of Pathways of Global Plant Invasions in Space and Time 65

difficult to track and control the exchange of
plants. For example, more and more plants,
including highly invasive ones, are now available
through e-commerce (Humair et al. 2015). As
e-commerce is still growing, it may represent a
new major pathway of alien plant introductions
in the future. The horticulture industry is con-
stantly exploring new trends and develops new
varieties, which are nowadays produced in green-
houses or laboratories instead of sampled from
the field. Simply due to the sheer size of the hor-
ticultural industry, one can expect more alien
plants escaping from our gardens in the future.
Furthermore, due to ongoing climate change,
plants that have been grown in gardens for centu-
ries and so far have not escaped might soon find
suitable climates for establishment in the wild
(Haeuser et al. 2018). On the other side, public
awareness of biological invasions is rising, which
has in some parts of the world resulted already in
shifts towards planting native species. This
includes botanical gardens, which tend to plant
more native species and take more care of pre-
venting alien species from escape. However,
those trends are likely too minor to counteract the
rise in new introductions from the horticultural
sector without implementing any further restric-
tions on trade and planting.

3.3.2 Management of Pathways

Target 9 of the Strategic Plan for Biodiversity
(2011-2020) calls for urgent action by the CBD
to identify and prioritise alien species pathways
and to put in place measures to manage pathways
to prevent their introduction and establishment
(Hulme 2015; Saul et al. 2017). While deliberate
introductions should be the most straightforward
to manage, there remain major challenges to
effectively address the release and escape path-
ways. Although robust risk assessment protocols
exist for plants (Pheloung et al. 1999) and could
be applied to screen the importation of all live
plants, seeds, bulbs and cuttings for planting,
such measures are undertaken by relatively few
countries. At best, most developed nations adopt
some form of blacklist of prohibited plant spe-

cies, but these are often insufficient to prevent the
import of potentially invasive species (Hulme
et al. 2018). Thus, opportunities for alien plants
to become established through the release and
escape pathways remain relatively high. Attempts
to address escapes through subsequent trading
bans are only effective if adopted early and with-
out being compromised by trade or industry lob-
bies (Hulme et al. 2017). The management of
unintentional pathways is even more challenging.
Contaminants in grain are often screened under
international seed testing protocols such that
grain meets prescribed standards of being free
from “weed” seeds, but these instruments can
never be 100% effective. Certification guarantees
at most 99.9% seed purity, and thus, even today,
cereal seed samples can be contaminated by alien
species, and given the large numbers of cereal
seed sown each year, this is significant in terms of
overall propagule pressure (Hulme et al. 2008).
There are stronger regulations addressing the
movement of bulk soil, largely due to the risk of
introducing soil pathogens rather than plant
seeds. However, humans are vector of vast quan-
tities of soil on footwear and equipment trans-
ported internationally. A single gram of soil
attached to footwear can harbour as many as
three seeds, and since there are over one billion
international tourists worldwide each year, this
represents a substantial pool of seeds being
moved globally (Hulme 2015). The management
of these stowaways is fairly limited; few coun-
tries take the rather severe action of the New
Zealand authorities in cleaning the boots of
incoming passengers. Undoubtedly, the least well
understood and most weakly regulated is the nat-
ural dispersal of alien plants from one region to
another through natural means. Even invasion
biologists are uncertain about how to treat such
species (Hulme et al. 2017; Essl et al. 2019).
Natural dispersal of alien plant species can pose
significant challenges to biosecurity strategies of
countries if species disperse from neighbouring
countries with lower standards of control
(Faulkner et al. 2017). An understanding of the
risks of further natural spread of alien species
into neighbouring countries could be used to
increase pressure (polluter pays’ principle) on the
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recipient country to eradicate the alien species
and even encourage cost sharing among
neighbouring countries where wider benefits
could be gained (Hulme 2015).

3.4 Conclusions

Plant species have been introduced by humans
worldwide over thousands of years at an ever
increasing rate (di Castri 1989; Seebens et al.
2017). The patterns and flows of exchange have
varied in the course of time according to varying
human activity, and one may expect changes in
pathway importance as well. However, the rela-
tive importance of major pathways remained sur-
prisingly stable over centuries, with introductions
for ornamental purposes (including botanic gar-
dens and other forms of horticulture) dominating
throughout time as >50% of all introductions
have been associated to this pathway over all
waves of global spread (Fig. 3.2). As the number
of alien plants and the drivers of introduction
related to horticulture clearly increased during
recent decades, it seems likely that trends will
continue to increase also in the decades to come.
The number of alien plant species is predicted to
increase particularly in emerging economies with
strong recent increases in economic growth such
as India, South Korea, Argentina and Brazil
(Seebens et al. 2015). This is a consequence of
(1) a further intensification of exchange, which
resulted in larger quantities of transported indi-
viduals and species; (2) ongoing land use change,
resulting in higher likelihoods of establishments;
and finally (3) increased source pools of native
species through an ongoing integration of new
exchange routes, which enables more species to
enter the stages of biological invasions (Seebens
et al. 2018). There might even be another wave of
plant introduction and establishment as a conse-
quence of the interacting effects of global change
drivers such as climate change, land use change
and global trade, which may facilitate the estab-
lishment of new plant species (Bradley et al.
2012). For individual countries with strict border
controls like New Zealand or countries where
biosecurity measures have been put in place

recently such as Japan, the rates of new alien spe-
cies records may decrease as careful manage-
ments of pathways of alien species have the
potential to distinctly reduce the number of new
alien species establishments (Simberloff et al.
2013).

Addressing the challenges of containing the
introduction of alien plant species requires large,
global and coordinated efforts from all parties
involved in this process. Although horticulture in
general has been identified as the major pathway
for the introduction of alien plants since centu-
ries, it is not sufficient to just blame the horticul-
tural industry and garden owners. An efficient
mitigation of the introduction and spread of alien
plants can only be achieved if all stakeholders
from the general public to the industry and from
local agencies to international bodies work
together.
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Plant Invasions, Rising CO,,
and Global Climate Change

Lewis H. Ziska

Abstract

Although climate change and invasive species
are each recognized as meaningful threats to
ecological function, biodiversity, and agro-
nomic systems, there is increasing awareness
of ongoing linkages between these phenom-
ena that will alter our understanding of their
impacts. Such interactions may be of special
importance regarding invasive alien plant spe-
cies, as these species are likely to be directly
affected by rising concentrations of atmo-
spheric carbon dioxide (CO,) in addition to
any subsequent changes in climate, including
temperature, precipitation, and extreme
events. The current review is an attempt to
synthesize available information related to
biological interactions with CO, and climate
change and provide, where possible, relevant
case studies. In recent years, significant prog-
ress has been made in recognizing that chang-
ing climate and rising CO, will alter invasive
alien species establishment, spread, and influ-
ence; however, it is also evident that several
critical issues require additional analysis,
including detection, biological integration,
evolution, management, and communication.

L. H. Ziska (D<)

Environmental Health Sciences, Mailman School of
Public Health, Columbia University, New York, NY,
USA

e-mail: 1hz2103 @cumc.columbia.edu

© Springer Nature Switzerland AG 2022

The purpose of this review is not to provide a
final, authoritative reference but to gauge
progress and provide a platform for additional
inquiry. Such an inquiry should not be ignored
or assimilated into traditional weed science
research but rather deserves special recogni-
tion in regard to impact and management.

Keywords
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- Early detection - Herbicides - Invasive alien
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4.1 Introduction

At present, the global population is approaching
8 billion, likely reaching 11 billion before the end
of the century. To feed, clothe, and house an ever-
expanding population, plant biologists, from
agronomists to plant breeders to foresters, are
working tirelessly to develop a subset of the
world’s flora and fauna that can produce supra-
natural yields when grown in monocultures.
Ignoring biogeographical limits, transport, and
establishment of these selected animal and plant
DNAs around the world has resulted in an
increasingly monotypic environment. In North
America, for example, less than 10% of agricul-
tural species are derived from native plants (Paini
et al. 2016). Such intensification of international
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trade has ultimately resulted in a globally homog-
enous, ecological “soup,” a soup that has rede-
fined historical perspectives of regional flora and
fauna (Mooney and Hobbs 2000). Yet, the unpar-
alleled movement of biological species is a nec-
essary response to maximize global production
of agriculturally based goods and services. For
example, soybean (Glycine max) is not native to
the United States but is, undeniably, an essential
part of its economy as are crops like corn (Zea
mays), rice (Oryza sativa), peaches (Prunus per-
sica), and almonds (Prunus dulcis), as well as
livestock (e.g., cattle).

While of general benefit, it is also evident that
this unprecedented DNA distribution, endemic of
global trade, can have negative effects.
Unprecedented rates of biological introductions
can lead to a small subset of species that can be
extraordinarily destructive, dominating, even
eliminating entire ecosystems.

The definition of such species varies. They
have been referred to as “invasive,” “noxious,”’
“alien,” “non-indigenous,” and even “exotic” (or
combinations thereof). Etymology aside, they are
generally recognized as non-native or non-
indigenous for a given ecosystem and whose
introduction (via seed, eggs, spores, or other bio-
logical material) results in economic or environ-
mental harm (https://www.invasivespeciesinfo.
gov/what-are-invasive-species).

However, such definitions are not always
absolute. Time and systematics can be a consid-
eration. For example, in North America common
lambsquarters (Chenopodium album), while
originally from Eurasia, has been also found in
archeological studies of native American tribes
(Phillips et al. 2014) and is now considered to be
a “common,”’ not invasive, weed.

The destructive impact of these species can
also be difficult to quantify environmentally, and
economic costs vary. In the United States, inva-
sive alien species can result in damages adding
up to roughly 120 billion dollars per year
(Pimentel et al. 2005). In China, rapid infrastruc-
ture development is leading to a rapid dissemina-
tion (2—4 km per year) of invasive plants including
Amaranthus, a notable agronomic weed (Horvitz
et al. 2017). Lantana (Lantana camara), an inva-

sive vine, has spread to over five million hectares
in Australia alone and poses a toxic risk for cattle
(Bhagwat et al. 2012). Environmentally, the colo-
nization and spread of water hyacinth (Eichhornia
crassipes) and its economic impact on water
availability in arid climates such as South Africa
(Fraser et al. 2016) are significant. The spread of
smooth Crotalaria (Crotalaria pallida) may dras-
tically damage rainforest diversity in the
Amazonian basin (Fonseca et al. 2006). New
invasive grasses such as annual bluegrass (Poa
annua) are also beginning to colonize Antarctica
(Molina-Montenegro et al. 2014). Overall, inva-
sive species are considered to rank second only to
habitat destruction in adverse effects on ecosys-
tem function (Wilson 2016).

Invasive species may also incur public health
consequences, e.g., introduction of common rag-
weed (Ambrosia artemisiifolia) in Eastern Europe
and ragweed parthenium (Parthenium hysteroph-
orus) in Australia is associated with noted
increases in allergic reactions, contact dermatitis,
and associated asthma (McFayden 1995;
Hamaoui-Laguel et al. 2015).

Without question, global trade is a primary
driver of invasive species introduction and spread.
However, it is also clear that rising levels of car-
bon dioxide (CO,) and concomitant changes in
surface temperature and climate are likely to also
play a role in invasive species biology (Early
et al. 2016). Such changes may be particularly
relevant for plant-based invasive species as they
are likely to be affected not only by temperature
and climate but also directly by rising CO, (Ziska
2003). In addition, among invasive pests, plants
(weeds) represent the greatest direct economic
losses and control costs in crop production, e.g.,
Palmer amaranth  (Amaranthus  palmeri)
(Bagavathiannan and Norsworthy 2016), as well
as fire effects on rangelands, e.g., cheatgrass
(Bromus tectorum) (Brummer et al. 2018), and
water quantity or quality, e.g., hydrilla (Hydrilla
verticillata) (Calvo et al. 2019).

Elucidation of the current and projected inter-
actions between invasive plant biology and climate
change is essential to assess the nature of the ongo-
ing threat posed by physical and biological factors
in relation to global production of food, feed, fuel,
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and fiber. The goals of the current review are there-
fore threefold: (1) to examine the probable (recent
and projected) biological links between climate/
CO, and invasive plant species that would influ-
ence their establishment, competition, and demog-
raphy, using appropriate case studies; (2) to
evaluate the role of CO, and climate on their man-
agement; and (3) to identify research topics that
require greater and immediate attention and, where
appropriate, to provide recommendations that
could help adapt and sustain managed systems
(rangelands, agriculture, forests) in response to
current and future limitations imposed by invasive
plants. My aspiration in doing so is to emphasize
the interactions between climate change and inva-
sive plant biology as an understudied aspect of
global ecology and to help guide future research
efforts to reduce or negate these novel environ-
mental and economic threats.

4.2 CO, Climate Change,

and Plant Biology

As global demand for food and energy increases,
fossil fuel burning and deforestation will con-
tinue to be anthropogenic sources of atmospheric
CO,. In 2018, fossil fuel-related CO, emissions
were estimated at approximately 37.1 billion
metric tons, a new record (https://www.iea.org/
geco/emissions/). Atmospheric CO, concentra-
tions are at ~410 ppm, the highest concentration
in recent geological history (one million bp),
approximately 45% above pre-industrial levels.
At current levels of fossil fuel use and deforesta-
tion, CO, may exceed 800 ppm by the end of the
current century (Field et al. 2014).

The rise in CO, will alter plant biology in two
basic ways. The first reflects physical changes in
the environment associated with the greenhouse
trapping qualities of CO, and other global warm-
ing gases (e.g., CHy, N,O). From 1970 to 2017,
global temperatures (land and ocean) increased
by ~0.9 °C (Bronnimann and Wintzer 2018);
global temperatures are on course for a 3-5 °C
rise by 2100 (IPCC 2014). The increases in aver-
age temperature and associated temperature and
weather extremes are expected to increase.

Predictions for altered precipitation are uncertain
but include potential increases in drought at
lower latitudes, increased precipitation at higher
latitudes, and an increase in their frequency and
intensity of extreme precipitation events
(Rosenzweig et al. 2001; Dore 2005; Qian et al.
2011; Swain and Hayhoe 2015).

The second effect of rising CO, is specific to
plant biochemistry. Plants evolved approximately
450 million years ago, appearing at a time when
atmospheric CO, concentrations were between
1000 and 1200 ppm. However, since the early
Miocene (about 24 million bp), CO, levels appear
to have declined below 500 ppm (Pearson and
Palmer 2000), and evidence from air sample
obtained from ice core data indicate atmospheric
CO, concentration fluctuating between 200 and
300 ppm for at least the last 800,000 years bp
(Siegenthaler et al. 2005; Liithi et al. 2008).
Because CO, represents the sole source of carbon
for photosynthesis, and because CO, levels have
been relatively low for the recent geological past,
the current increase (+29% since 1960) repre-
sents a major shift in an essential resource needed
for plant growth. In addition to the direct photo-
synthetic effect, CO, can reduce stomatal aper-
ture or frequency with concomitant increase in
plant water use efficiency. Although the over-
whelming majority of plant species (90 + %) lack
optimal amounts of CO, relative to photosynthe-
sis, i.e., those that only possess the C; photosyn-
thetic pathway, the differential response among
photosynthetic pathways, especially C; and C,
species, is of obvious consequence in crop-weed
competition. However, the role of climate change
and CO, on agronomic weeds per se has been a
focal point for other reviews (see Ziska et al.
2011; Korres et al. 2016; Chauhan 2020).

For invasive plants, the effects of CO, fertil-
ization have been reported on extensively in the
literature, usually at the whole plant level for
managed plant systems, such as rangelands, for-
ests, and agriculture (Kimball et al. 2002;
Springer and Ward 2007; Andresen et al. 2016).
Given the ubiquity of invasive plant species, eval-
uations have focused on both modeling or empir-
ical aspects (Dukes and Mooney 1999; Thuiller
et al. 2008; Bellard et al. 2018; Shabani et al.
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2020) and experimental studies (e.g., Ziska 2003;
Rogers et al. 2008; Blumenthal et al. 2016).

4.3 Overview of Climate, CO,,

and Invasive Plant Biology

While there are a number of studies specific to a
given climate parameter (temperature, CO,, inter
alia), multiple interactive studies are, overall,
lacking. Hence, the overview will focus on indi-
vidual environmental parameters.

Extreme Weather Wind is widely recognized
means for seed dispersal and establishment for
weedy species, including invasive weeds such as
yellow salsify (Tragopogon dubius), spotted
knapweed (Centaurea stoebe), Canada thistle
(Cirsium arvense), musk thistle (Carduus
nutans), and others. Any increase in severe
weather, particularly wind, is likely to increase
seed dispersal and potential establishment of
these and other invasive plants. Rising CO, may
also indirectly affect wind and seed dispersal by
increasing height or seed number (Edwards et al.
2001) with consequences for dispersal and colo-
nization. Given the ability of some invasive plants
to produce prodigious seed numbers, e.g., the
invasive tree, Ailanthus (Ailanthus altissima),
can produce up to several million seed per year
(Martin and Canham 2010); increases in wind
and/or CO, could have a significant effect on dis-
persal and demography of invasive plants.

Wind is a characteristic of extreme weather
events, but such events (e.g., hurricanes) are
also likely to result in physical disturbance,
with associated opportunities for increased ger-
mination and establishment of invasive plants.
In general, invasive plants are thought to
respond positively to physical disturbances
(Hansen and Clevenger 2005; Leishman and
Gallagher 2015) or increased resource avail-
ability (Leishman and Thomson 2005). Long-
term in situ evaluations are rare; however,
urban-rural microclimatic differences, endemic
of near-term climate change, have resulted in a
greater selection of invasive plant species
(George et al. 2009).

Water While water is a recognized limitation in
plant establishment, growth, and fecundity, little
is known regarding altered precipitation patterns
and invasive success. Blumenthal (2009) has
shown that increased snowfall, or snowfall vari-
ability, may enhance the invasion of forbs in
mixed-grass prairie ecosystems, with subse-
quence changes in range management, especially
forage availability; snowfall may also be a com-
ponent in the establishment of cheatgrass, a
widely distributed invasive grass species in the
western United States (Gornish et al. 2015).

Seed germination of rangeland invasive species
such as cheatgrass or yellow starthistle (Centaurea
solstitialis) is dependent on soil moisture. More
moisture is correlated with increased overwinter-
ing rates and seed production of both species
(Patterson 1995). However, both species are also
drought adapted, being able to complete seed pro-
duction with less water than the native plant com-
munities. Temporal changes in precipitation
patterns may also be important for invasive plant
establishments. For example, increased springtime
moisture associated with El Nino events may
expand cheatgrass habitat (Bradley and Mustard
2005). However, a recent phylogenetic meta-
analysis indicated that invasive plants tended to
have a slightly more negative, but not significant,
response to decreased precipitation relative to
native plants (Liu et al. 2017), suggesting that pre-
cipitation per se may alter invasive plant biology
and community composition, to an extent that var-
ies depending on the species involved.

Temperature Concurrent with precipitation,
temperature (soil and air) is a primary abiotic
variable that can affect invasive plant biology.
Temperature is a discernable factor in demo-
graphic processes including seed bank mortality,
seedling survival, growth rates, and fecundity.
At present, based on a limited number of stud-
ies comparing growth responses to increased
temperature between native and invasive species,
no clear trends are evident. Verlinden et al. (2013)
showed contrasting results between native and
invasive plant pairs at an elevated temperature of
+3 °C. Yu et al. (2018) indicated enhanced com-
petitive ability of an invasive relative to a native
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plant species under simulated warming condi-
tions in a greenhouse. Sorte et al. (2013) in a
meta-analysis on non-native and native species to
climate change variables indicated no benefit of
warmer temperatures on non-native species.

At a larger, continental scale, the probable
impact of increasing temperatures favoring the
distribution of invasive plants into higher alti-
tudes (McDougall et al. 2005) or latitudes
(Bradley 2010) is of obvious concern. There have
been numerous studies that have used species
distribution modeling or climate envelope mod-
els to project habitat shifts over large geographi-
cal scales with warming for individual and
multiple invasive plant species. Some have con-
cluded that climate, primarily temperature, will
increase the area occupied by invasive alien spe-
cies (Barbet-Massin et al. 2013; Gilioli et al.
2014; Kriticos et al. 2015); conversely, others
have indicated a potential poleward shift in distri-
bution but an overall reduction in area (Bradley
et al. 2009; Bellard et al. 2013; Xu et al. 2013).

One of the most interesting forecasts regard-
ing warming and an invasive alien plant was
made almost 30 years ago regarding poleward
migration of kudzu (Pueraria montana var.
lobata) a well-recognized invasive of the south-
eastern United States. Sasek and Strain (1990)
projected that low winter temperatures were a
biological limitation to northward migration of
this species, but that as winters warm, migration
could be expected.

Physiology, rather than biogeography, can be
a better predictor of climate-related changes in
kudzu distribution (Coiner et al. 2018); neverthe-
less, it is also clear that since the original study
(Sasek and Strain 1990), kudzu has migrated
northward, concurrently with rising minimal
(winter) temperatures (Ziska et al. 2011; Fig. 4.1).
It is also interesting to note that a similar pole-
ward shift has not occurred for its southernmost
(Florida) occurrence. While additional informa-
tion is needed, this observation is consistent with
an overall increase in the area occupied by this
invasive alien species.

Carbon Dioxide Current atmospheric levels are
approximately 412 ppm and are expected to

increase throughout the current century under a
range of emission scenarios (IPCC 2014; Franco
et al. 2018). Individual studies of invasive alien
plants have suggested a stronger growth stimula-
tion, relative to naive species, to both recent
(Ziska 2003) and projected increases in CO, lev-
els (Song et al. 2009). The greater response of
invasive alien plants to rising CO, is consistent
with the resource management hypothesis pro-
posed by Blumenthal (2005, 2006) that fast-
growing species that benefit from resource
enhancement (e.g., more CO,) will also benefit
most from escaping natural enemies when intro-
duced to a new environment. If so, this suggests
that rising CO, could select for invasive relative
to native plants among functionally similar spe-
cies. Several studies, over a range of fumigation
methodologies, e.g., the use of chambers, green-
house, SPAR (Soil-Plant-Atmosphere-Research)
units, or FACE (Free-Air Carbon Dioxide
Enrichment), that have examined plant-to-plant
interactions indicated preferential selection of
invasive alien relative to native species with addi-
tional CO, (Smith et al. 2000; Hattenschwiler
and Korner 2003; Dukes et al. 2011; Manea and
Leishman 2011; Blumenthal et al. 2013).
However, such a response is not ubiquitous (e.g.,
Blumenthal et al. 2016; Hager et al. 2016).

While the data arising from such methodolo-
gies are of obvious importance, especially for
range management, they do not address the role
of rising CO, specific to agronomic invasive
species. That is, there are invasive alien plants
that are wild relatives of widely grown crops
(which are themselves non-native). In the United
States, such species may include shattercane
(Sorghum bicolor), wild oat (Avena fatua), and
red rice (Oryza spp.), and because of their
genetic similarity to the crop (same genus, or
same genus and species) and adaptability to
management practices, they are considered
among the “worst” weeds for the crop. However,
to date, only a few studies have compared wild
and cultivated lines in this context. These stud-
ies are specific to wild and cultivated rice, where
wild lines were significantly more responsive to
rising CO, (Ziska and McClung 2008; Ziska
et al. 2010).
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Fig. 4.1 Migration of kudzu, an invasive alien perennial
for the state of Illinois since 1971. The 1971 line is from
Clyde Reed, Common Weeds of the United States, a
USDA-ARS publication. Kudzu distribution in 2006 for
Illinois was estimated using three separate sources: (a)
Natural Resources Conservation Service (NRCS), data-
base of invasive US species (plants.usda.gov/java/

4.4 Case Studies of Climate, CO,,

and Invasive Plants

Cheatgrass and Flammability Fire can play a
significant role in rangeland ecology. Natural
occurrences can facilitate nutrient cycling and
promote the growth of grasses and forbs and are
a natural factor in maintaining grasslands, shrub
steppes, and savanna ecosystems. Fire can also
be an anthropogenic tool for rangeland
management.

Yet as with many environmental factors, fire
frequency is critical. Too many fires can signifi-
cantly reduce the growth of native grasses, forbs,
and perennials with negative effects on their pro-
ductivity. Cheatgrass, introduced initially from
contaminated grain seed from Eurasia during the
nineteenth century, can grow on poor soils, with
limited rainfall. It has colonized much of the
western Unites States, growing quickly in open
spaces between perennial, native shrubs during a
short rainy season. Colonization, in turn, results
in a flammable “carpet” that increases fire return
times from once every 50 years to once every
5 years (Whisenant 1990). As fires become more

profile?symbol=PUMO); (b) the Department of Natural
Resources (DNR) for Illinois, including the publication of
“The Green Plague Moves North” by the Illinois DNR;
and (c) data for 2019 are from EDDMap$S (https://www.
eddmaps.org/distribution/uscounty.cfm?sub=2425)

frequent, non-adapted native species and associ-
ated ecosystems decline with cheatgrass becom-
ing the dominant plant species. At present, it is
estimated to form monocultures (>60% of the
plant community) covering approximately three
million acres of the intermountain west (https://
www.fs.fed.us/database/feis/plants/graminoid/
brotec/all.html).

The influence of recent CO, increases on
cheatgrass biology has been examined. A study
of three cheatgrass populations collected at dif-
ferent elevations from the Sierra Nevada moun-
tain range indicated that even small 50 ppm
increases in CO, above the pre-industrial CO,
concentration from 270 to 420 ppm can increase
the growth rate and seed production of cheatgrass
while reducing its digestibility (Ziska et al.
2005). CO, fertilization can also alter nutritional
concentration, i.e., reductions in potassium, with
concomitant increases in combustibility and
flammability of cheatgrass (Blank et al. 2011).
Further investigation is needed, but these data
suggest that CO, per se can increase the amount
of biomass on the landscape, potentially acceler-
ating fire frequencies, with increasing dominance
of cheatgrass.
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Ragweed in Eastern Europe Common ragweed
is recognized globally as a primary source of
human allergens associated with pollinosis and
related asthma. In recent decades, its introduction
and spread as an invasive alien plant species in
Eastern Europe have resulted in enormous envi-
ronmental and economic losses both in agricul-
ture (as an agronomic weed) and in regard to air
quality and public health (Chapman et al. 2016).

The spread of ragweed is illustrative of two
processes; the first is related to socioeconomic
changes. Following the collapse of communism
in 1989, agricultural fields that were cooperatives
were divided into smaller sections, with a
renewed emphasis on mechanization, especially
tillage and soil disturbance for weed manage-
ment. The focus on soil disturbance, in turn, is a
secondary factor in eliciting ragweed seed germi-
nation and spread (Ziska et al. 2007).

The influence of climate change on ragweed
biology has been extensively examined. Changes
in the first frost date in the autumn from 1977
through 2011 indicated that surface temperatures
have likely lengthened both the growing season
and the time of pollen exposure for common rag-
weed (Makra et al. 2014). Recent data from
Eastern Europe have also indicated a widespread
temperature-associated increase in both season-
ality and pollen load from common ragweed for
the fall season (Ziska et al. 2019a).

Canada Thistle and No-Till In addition to con-
servation benefits, the role of no-till farming for
sequestering soil C has been suggested as a pos-
sible strategy for mitigating CO,, an anthropo-
genic greenhouse gas. Indeed, the potential for
US cropland to sequester C and mitigate the
greenhouse effect has been projected to be con-
siderable (Lal 2004). Because tillage is not used
to control weeds, no-till is dependent on the use
of herbicides for weed control, usually, but not
limited, to preemergent applications to ensure a
weed-free condition prior to planting.

However, Canada thistle is an invasive, alien
plant species, often considered among the most
troublesome in North America (Skinner et al.
2000; Carter and Lym 2017) and is frequently
associated with no-till management (Gibson

et al. 2005). Consequently, the role of climate or
rising CO, levels on herbicide efficacy may be
essential in controlling this species for imple-
mentation of no-till management.

Initial chamber studies for Canada thistle indi-
cated considerable photosynthetic and growth
stimulation relative to both recent and projected
increases in atmospheric CO, (Ziska 2003). For
field studies of Canada thistle monocultures, ele-
vated CO, stimulated belowground production
(root biomass), with overall increases in the ratio
of shoots to roots (Ziska et al. 2004; Ziska 2010).
Consequently, the normal dose of herbicide
(glyphosate) was less effective, with below-
ground biomass surviving and persisting, which
allowed plants in the field studies to regenerate
(Ziska et al. 2004). Canada thistle was grown in
conjunction with “round-up ready” soybean at
ambient and ambient +300 pmol mol~! CO, over
a 3-year period using no-till cultural practices
(Ziska 2010). Under these conditions, establish-
ment of thistle increased as a function of CO,
concentration over time even with preemergent
applications of glyphosate, consistent with ear-
lier studies regarding the role of CO, on herbicide
efficacy for this species (Ziska et al. 2004).
Although the presence of Canada thistle reduced
seed yield and biomass of soybean for both CO,
treatments, the reduction was higher for the ele-
vated CO, treatment, and a significant
CO, x Canada thistle interaction was observed.
Overall, these studies suggest that under higher
CO,, selected invasive alien species, such as
Canada thistle, could pose greater limitations to
crop yields due to selection. Furthermore, control
of such weeds, a necessary aspect of no-till man-
agement, could be impacted by CO,-related
changes in herbicide efficacy (Ziska 2016).

4.5 Climate/CO,
and Management of Invasive

Alien Species

Risk Assessment ldentification and evaluation
of invasive alien species remain a fundamental
aspect of foreign trade. At present such evalua-
tions are based on established protocols of
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“likely” species whose invasive potential reflects
similar climate regimes between exporting and
importing countries (e.g., Pheloung et al. 1999).
However, climate and/or CO, could result in dis-
similar shifts in demography between regions
and potentially new entry of such species. For
example, as arctic ice melts, new routes for trans-
port are likely with new introductions of invasive
pest species (Nong et al. 2019). The spread of
invasive pests between continents, and further
range expansion because of a changing climate,
emphasize the need to increase our knowledge of
such species to include those which heretofore
may not have been present for a specific region
but are recognized globally as an economic or
environmental threat. In addition, updated assess-
ments of invasive alien species are needed. As
climate changes, it is probable that new and
unrecognized invasive alien species will be intro-
duced (Petitpierre et al. 2016); conversely, other
known invasive species may become less
important.

Detection For the US Animal and Plant Health
Inspection Service (APHIS), Natural Resources
Conservation Service (NRCS), and US Forest
Service (USFS), early detection and rapid
response (EDRR) remain a fundamental aspect
of their efforts to identify and respond to invasive
plant species. The ability to assess and respond to
early, nascent stages of invasion is key to eradica-
tion. The EDRR approach is used at the entry
level at over 330 US airports and harbors and is
also implemented in the management of invasive
species (flora and fauna) in over 192 million
acres of national forests and grasslands. As part
of these efforts, the NRCS maintains the PLANTS
database (www.plants.usda.gov), an important
resource for helping private and public landown-
ers in detecting invasive alien plants.

Models of climate induced changes in demog-
raphy are also available to aid in the early detec-
tion and rapid response phase. These models use
three general approaches: (a) a climate envelope
approach, where geographical ranges are com-
pared between native and introduced species to
assess invasive potential (e.g., CLIMEX, Sutherst

et al. 1999); (b) evaluation and comparison of
common phenological or biological traits among
invasive alien plants that relate to invasive poten-
tial (e.g., Bradley 2010); and (c) a risk assess-
ment approach that evaluates intrinsic and
extrinsic factors associated with invasive success
(e.g., Rejmanek 2000; Zheng et al. 2018).

Remote sensing of invasive alien plants offers
a unique and potentially effective tool to identify
the occurrence and temporal colonization of ter-
restrial and aquatic invasive plants (Lawrence
et al. 2005; Santos et al. 2009). As reviewed by
Vaz et al. (2018), remote sensing was used pri-
marily to map invasive alien plant species.
However, by the mid-2000s, due to increasing
technological advances, remote sensing could
also aid in the prediction of early invasion stages
and evaluation of their impacts. Such improve-
ments could be used to help in current geospatial
modeling efforts as well as determining coloniza-
tion and invasion dominance over time (Vaz et al.
2018).

Biological Control Biological control of inva-
sive alien plants is likely to be impacted by cli-
mate and/or rising levels of CO,. Such impacts
may reflect climate variability (temperature, pre-
cipitation) and dissimilar biological responses
between the biocontrol agent and the invasive
species (Hellmann et al. 2008). Direct CO, effects
could also result in qualitative changes in the host
plant (e.g., increases in the C:N ratio), with sub-
sequent effects on biocontrol efficacy. Overall,
loss of synchrony between the development and
reproduction of potential biocontrol agents and
invasive alien plant species is likely to occur with
climatic change.

Empirically, climate and CO, are likely to
alter biological control of invasive pests. For
example, in transgenic Bacillus thuringiensis
(Bt) cotton (Gossypium hirsutum), elevated CO,
reduced Bt protein production relative to the
ambient CO, condition (Coviella et al. 2000).
Conversely, recent work with Candida sake CPA-
1, a biocontrol agent of fungal pathogens, indi-
cated that elevated CO, could improve
establishment of viable populations of this agent.
Other work related to Agasicles hygrophila, a
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biocontrol agent of alligator weed (Alternanthera
philoxeroides), an invasive aquatic weed, indi-
cated that the efficacy of A. hygrophila could be
increased when alligator weed was grown at
higher CO, concentrations (Shi et al. 2019),
whereas stem galling moth’s (Epiblema strenu-
ana) ability to control parthenium (Parthenium
hysterophorus) was unaffected by CO, concen-
tration (Shabbir et al. 2019). Similarly, change in
climate, esp. temperature and rainfall, may opti-
mize or negate other biocontrol measures for
invasive plant species (Seastedt 2015). Assessing
biocontrol efficacy is an essential part in evaluat-
ing current efforts but is also necessary to iden-
tify and facilitate appropriate biological control.

Physical Control One ubiquitous means of con-
trolling invasive plant species (and other weeds)
is physical removal via hand weeding, animal
grazing, or by mechanical means. At present,
studies evaluating how climate and rising CO,
alter physical management of invasive plants
have not been conducted. Yet, observations based
on available data suggest that physical control
would be affected. For example, rising CO, can
alter root: shoot ratio with greater root or rhizome
growth of perennial weeds, including invasive
species, with subsequent effects on increasing
asexual reproduction (e.g., Rogers et al. 1994,
1995; Ziska 2003). Assuming belowground
material (roots, tubers, etc.) can regenerate whole
plants; mechanical practices such as plowing
could, potentially, help spread invasive plants.

Chemical Control If an invasive species is
widely established in a natural environment, then
chemical control is an ineffective management
technique. However, in agroecosystems, herbi-
cide application, particularly in developed coun-
tries (e.g., United States, Canada, Australia, and
Japan), is among the most widely used plant
management strategies, even for invasive alien
plants (Ziska 2016). To date there have been sev-
eral studies that have evaluated the role of cli-

mate and CO, on changes in herbicide efficacy.
Such studies have, in general, revealed negative
impacts of changing climates and CO, levels on
herbicide efficacy (Manea et al. 2011; Jugulam
et al. 2018; Waryszak et al. 2018), but there are
exceptions (e.g., see Jabran and Dogan 2018).

Climate is already recognized as a factor
affecting application uniformity and herbicide
placement. It is anticipated that changes in pre-
cipitation (either as a single extreme event or
higher averages) could dilute the active ingredi-
ent of the herbicide, exacerbate leaching, and
increase groundwater contamination (e.g., Froud-
Williams 1996; Carere et al. 2011). Similarly,
windy conditions could increase drift risk. Higher
temperatures both could increase herbicide effec-
tiveness via increased absorption and transloca-
tion and could enhance their volatility. Overall,
increased climatic uncertainty could influence
the timeliness of applications, spray coverage,
volatilization, movement, and accidental injury
associated with herbicide application (Ziska
2016).

In addition to abiotic changes, climate and
CO; could also directly affect plant biochemis-
try. Rising CO, or temperature can affect photo-
synthesis, enzymatic activity, and pigment
production, potential sites of action for several
herbicides including atrazine, amitrole, and glu-
fosinate. As such, additional CO, or warmer
temperatures could, by promoting growth,
increase the efficacy of these herbicides.
Conversely, other aspects of rising CO,, e.g., the
ubiquitous effect on reducing protein levels in a
wide range of plant tissues (Taub et al. 2008;
Loladze 2014), could result in less demand for
aromatic and branch chain amino acids, with a
potential decline in the efficacy of herbicides
that act as inhibitors of amino acid biosynthesis
(e.g., glyphosate; Varanasi et al. 2016).
Additional information regarding potential
physiological interactions (e.g., metabolic resis-
tance) and the consequences for herbicide effi-
ciency will be necessary to fully evaluate CO,
and climate consequences.
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4.6 Uncertainties,
Recommendations,

and Critical Needs

Detection and Forecasting Expanding global
trade, exchange of new species across environ-
mental regions, and a changing climate all con-
tribute to increased uncertainty as to the
distribution of current and potential invasive
pests. While land managers possess a historical
working knowledge of pest pressures (including
invasive species), rates of change in demography
may necessitate enhanced monitoring and assess-
ment of new invasive threats.

How can monitoring be improved?
Geographical identification is an obvious means
to quantify invasive pest establishment and
spread and is becoming more available. One such
tool is the Early Detection and Distribution
Mapping System (www.EDDMapS.org), based
out of the Center for Invasive Species and
Ecosystem Health at the University of Georgia.
EDDMapS tracks and records distribution of a
wide range of invasive species across the United
States. It synthesizes data from public and private
sources that are integrated to create a national
invasive species database. However, it is a static
database. While providing up-to-date assess-
ments, it does not provide a sense of historical
change—when was the invasive first observed?
How quickly is a new invasive spreading?

These are not theoretical questions. Spotted
lanternfly (Lycorma delicatula) was first discov-
ered in Berks county Pennsylvania in 2014 and,
as of 2019, was extending its range to upstate
New York (Weigle et al. 2018). It threatens prod-
ucts from wine to apples an