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Invasion of Plant Communities

Stephen L. Young, Sarah Kimball, 
and Stephen J. Novak

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-

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, 

S. L. Young (*) 
Department of Plants, Soils, and Climate, Utah State 
University,  
Logan, UT, USA
e-mail: stephen.young@usda.gov 

S. Kimball 
Center for Environmental Biology, Bio Sci-CEB, 
University of California, Irvine, CA, USA 

S. J. Novak 
Department of Biological Sciences, Boise State 
University, Boise, ID, USA

2

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-89684-3_2&domain=pdf
https://doi.org/10.1007/978-3-030-89684-3_2#DOI
mailto:stephen.young@usda.gov
proyster
Text Box
U.S. government works are not subject to copyright.



30

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 Pyšek 2006, 2007; Pyšek 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 Pyšek 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 MacIsaac 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 (Pyšek 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 (Pyšek 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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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-

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-

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-

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
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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; Pyšek 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).

2  Invasion of Plant Communities



36

2.2.2	 �Invasion-Factor Framework 
Model

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-

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 (Pyšek 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).

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 

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
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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). (c) 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 
2006). 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 
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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 
[CO2] 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 
(González-Muñoz 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 C4 
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. Renöfält 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 
et al. 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 

S. L. Young et al.



43

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 (Pyšek 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; 
Pyšek 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; Pyšek 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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