This work was supported in part by the U.S. Department of Agriculture, Forest Service.
The findings and conclusions in this publication are those of the authors and should not be
construed to represent any official USDA or U.S. Government determination or policy.

®

Check for
updates

Impacts of Invasive Species
in Terrestrial and Aquatic Systems
in the United States

Albert E. Mayfield Ill, Steven J. Seybold, Wendell R. Haag,
M. Tracy Johnson, Becky K. Kerns, John C. Kilgo,

Daniel J. Larkin, Rima D. Lucardi, Bruce D. Moltzan,

Dean E. Pearson, John D. Rothlisberger, Jeffrey D. Schardt,
Michael K. Schwartz, and Michael K. Young

2.1 Introduction

The introduction, establishment, and spread of invasive
species in terrestrial and aquatic environments is widely
recognized as one of the most serious threats to the health,
sustainability, and productivity of native ecosystems
(Holmes et al. 2009; Mack et al. 2000; Pysek et al. 2012;
USDA Forest Service 2013). In the United States, invasive
species are the second leading cause of native species
endangerment and extinction, and their costs to society
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have been estimated at $120 billion annually (Crowl et al.
2008; Pimentel et al. 2000, 2005). These costs include lost
production and revenue from agricultural and forest prod-
ucts, compromised use of waterways and terrestrial habi-
tats, harm to human and animal health, reduced property
values and recreational opportunities, and diverse costs
associated with managing (e.g., monitoring, preventing,
controlling, and regulating) invasive species (Aukema
et al. 2011; Pimentel et al. 2005). The national significance
of these economic, ecological, and social impacts in the
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United States has prompted various actions by both legis-
lative and executive branches of the Federal Government
(e.g., the Nonindigenous Aquatic Nuisance Prevention and
Control Act of 1990; the Noxious Weed Control and
Eradication Act of 2002; Executive Order 13112 of 1999,
amended in 2016).

Because the concept of impact is inevitably influenced
by human perceptions and biases, the scientific literature
often characterizes the environmental effects of invasive
species in terms of “ecological impacts.” Ecological
impacts refer to measurable changes to the properties of an
ecosystem, which may be considered positive or negative
depending on context (Ricciardi et al. 2013). In this chap-
ter, we consider invasive species as a subset of non-native
species that substantially affect the composition, structure,
or function of native populations, communities, or ecosys-
tems, and particularly impact these systems in a manner
that decreases the ecosystem values and services (e.g.,
economic, aesthetic, and/or social benefits) that they pro-
vide to humans (NISC 2005; Pejchar and Mooney 20009;
Walsh et al. 2016). To more effectively manage invasive
species and mitigate their negative impacts on native sys-
tems, a better understanding of the nature of their ecologi-
cal impacts and the mechanisms that underlie the impacts
is needed.

2.1.1 Conceptualizing Mechanisms

of Invasive Species Ecological Impacts

The classic model developed by Parker et al. (1999), in
which the impact of an invasive species is a function of its
range, abundance, and per capita effect, has provided a
basic conceptual framework for quantifying impacts, but it
has rarely been applied to specific systems (Pearson et al.
2016a; Thiele et al. 2010). A more highly synthetic frame-
work for understanding the full range of invader impacts
remains elusive (Ricciardi et al. 2013), though approaches
for broad categorization of impacts have been proposed
(Blackburn et al. 2014). Here, we draw from basic commu-
nity ecology concepts to characterize the mechanisms and
processes by which invasive species impact native systems
(Fig. 2.1). Because invasive predators, pathogens, consum-
ers, decomposers, and primary producers impact native
species through different mechanisms (Fig. 2.1), and
impacts can manifest differently in aquatic and terrestrial
systems (Cox and Lima 2006; Moorhouse and Macdonald
2015), in this chapter, we review invasive species ecologi-
cal impacts taxonomically by invasive plants, pathogens,
invertebrates, and vertebrates in terrestrial and aquatic sys-
tems in the United States. Examples of the consequences of
several specific invasive species are highlighted in boxes
accompanied by figures.

2.1.2 Direct and Indirect Impacts: Density-
Mediated vs Trait-Mediated

Invasive species may affect native organisms positively or
negatively through direct and indirect interactions that are
transmitted through density- or trait-mediated mechanisms
(Fig. 2.1). These interactions may ultimately affect native
organisms at multiple ecological levels, i.e., organisms, pop-
ulations, communities, and ecosystems (e.g., Wootton and
Emmerson 2005). Direct negative impacts of invasive spe-
cies include effects on the abundance, distribution, or func-
tion of native species through predation (including, for our
purposes, infection, herbivory, or parasitism) or competition
for resources with potentially lasting and profound changes
to native biodiversity (Allen et al. 2004, 2015; Blackburn
et al. 2014; Crowl et al. 2008; Wagner and Van Driesche
2010).

Direct impacts of invaders are often obvious, such as
when they damage, kill, consume, or overgrow native spe-
cies, but cryptic indirect effects can be similarly powerful
(White et al. 2006). Density-mediated indirect interactions
arise when the invader alters the abundance of a native spe-
cies, and this, in turn, alters the abundance of other native
species via interaction chains (e.g., Ortega et al. 20006). Trait-
mediated indirect interactions (also referred to as interaction
modifications (Wootton 1994)) arise when the invader alters
interactions between species (two natives or a native and a
non-native) in ways that change how strongly those species
interact, i.e., the per capita interaction strength (e.g., Pearson
2010). Such changes arise because the invader changes the
traits (phenology, morphology, or behavior) rather than the
abundance of the intermediate species in ways that alter the
interaction strength between the invader and the receiver
species. For example, an invasive predator may kill some
individuals in a native herbivore’s population (a density-
mediated direct effect), which could reduce foraging on its
preferred forage plant (a density-mediated indirect effect),
but it could also alter the herbivore’s behavior (trait effect)
due to predator avoidance such that the whole herbivore pop-
ulation dramatically reduces its impacts on its preferred plant
by shifting its foraging to other plant species (trait-mediated
indirect interaction; e.g., Schmitz et al. 1997). Although
trait-mediated indirect interactions are more cryptic than
density-mediated pathways, studies in native systems indi-
cate that they are ubiquitous and frequently as strong as or
stronger than density-mediated interactions (Schmitz et al.
2004; Trussell et al. 2006; Werner and Peacor 2003).

Other mechanisms by which invasive species impact
native systems further illustrate the cryptic or complex nature
of their effects. In some systems, impacts can be transmitted
genetically as non-native species alter the gene pools of
native species via introgression (Lockwood et al. 2007), or
initial invasions may facilitate additional invaders with
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Fig. 2.1 Conceptual diagram illustrating how differences among
invader taxa or functional roles determine how invasive species impact
native systems. Trophic interactions are depicted as simplified food
webs (blue arrows) integrated with non-trophic interactions (red
arrows). Solid arrows indicate density-mediated effects, whereas dotted
arrows indicate trait-mediated effects (interaction modifications). Only
a subset of possible interactions are highlighted for simplicity. Invaders
from various taxonomic groups (green) enter the functional network
from the left. For example, in this framework, an invasive terrestrial

cascading ecological effects, referred to as invasional melt-
down (Gandhi and Herms 2010a; Simberloff and Von Holle
1999). Because of their complexity, attempting to mitigate
invader impacts without sufficient understanding of the
impact mechanism and community context can result in seri-
ous unintended consequences (Bergstrom et al. 2009;
Boettner et al. 2000; Pearson et al. 2016b; Zavaleta et al.
2001).

2.1.3 Understanding Invaders
in a Community Context

A single invasive species can exhibit very different behaviors
in different communities (Zenni and Nuiiez 2013). Hence, it
is critical to understand invader traits in the context of the
invaded community in order to characterize its impacts
(Kolar and Lodge 2001; Pysek et al. 2012). In general, the
novelty of a species relative to other community members
influences whether it contributes uniquely to community
function and productivity, or perhaps serves more redun-
dantly as a buffer against disruptive forces (e.g., Duffy 2002).
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vertebrate that enters the system as a predator can impact native herbi-
vores directly through food web interactions, but it can only affect
native plants indirectly via either density-mediated or trait-mediated
indirect interactions. The predator could, however, impact native plants
and soils directly through non-trophic interactions such as disturbance
or nutrient inputs. The predator can also impact other predators on the
same trophic level (interactions not highlighted here) via interference
(direct) or resource competition (indirect), thereby initiating indirect
effects on native species at lower trophic levels

For example, the introduction of predators, consumers, or
plants to islands where they represent novel functions fre-
quently results in dramatic impacts (PySek et al. 2012;
Simberloff 1995; Vitousek 1990). Research indicates that
evaluating the novelty of an invader’s traits relative to the
recipient community can explain which native species will
be affected and how (Ortega et al. 2014; Pearson 2009). Not
surprisingly, invaders that act as ecosystem engineers (i.e.,
organisms that modify the availability of resources to other
species by causing physical state changes in biotic or abiotic
materials; Jones et al. 1996) or impact native ecosystem
engineers can alter community context with substantial
impacts across many species and ecological levels (e.g.,
Blackburn et al. 2014; Crooks 2002; Pearson 2010; Rodriguez
2006; White et al. 2006).

While an invader’s novelty has clear ramifications for its
ability to enter a community and impact natives when the
invader represents a separate trophic level (e.g., an estab-
lished invasive predator can readily impact native prey where
no predators previously existed), novelty of invaders has pre-
sented a conundrum as it relates to understanding impacts
within trophic levels (MacDougall et al. 2009). On one hand,
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an invading species that is unique should have an advantage
in entering a community as it should experience minimal
niche overlap with and resistance from native species, but if
it has minimal niche overlap, how does it impact natives
within the same trophic level? On the other hand, if it exhib-
its high niche overlap with natives, how does it enter the
community? Application of coexistence theory to invasions
demonstrates how invaders with high or low niche overlap
with natives can invade and impact native communities as a
function of the interplay between their fitness and niche dif-
ferences with the natives (MacDougall et al. 2009).

2.1.4 Research Gaps for Understanding
Ecological Impact

There are several research needs or gaps in our understand-
ing of the impacts of invasive species on terrestrial and
aquatic systems. Invader impacts can be quantified as
Limpact = Rrange X Aubundance X Eper capita efiece (Parker et al. 1999), but
this approach has rarely been applied quantitatively due to
the challenges associated with estimating per capita effects
(i.e., the effect per individual or per biomass unit) of invaders
within native communities (Barney et al. 2013; Pearson et al.
2016a; Ricciardi et al. 2013). Although this is a model that
largely assumes a linear impact (see below) that is invariant
over space and time, there may be conceptual value in
attempting to apply this approach to other invasive taxa
besides plants, for which it was developed. Evaluating
impacts that involve multiple invaders at regional scales can
be critical for prioritizing invasive species management
(Chap. 7). However, most work quantifying invader impacts
has been invader-specific and focused on local scales (Hulme
et al. 2013). Since most systems experience multiple invad-
ers (Kuebbing et al. 2013), understanding the additive and
interactive effects of invaders, including invasional melt-
down, will be a key research need for understanding overall
invader impacts.

Furthermore, very few studies have examined regional
impacts, especially for multiple invaders, and these have
usually (but not exclusively) examined the impacts of inva-
sive plants (Morin and Liebhold 2015; Pearson et al. 2016a;
Thiele et al. 2010). These studies indicate that invader
impacts are highly variable, and they may be linear or non-
linear as a function of invader abundance, and depending in
part on the selection of a response metric, €.g., native abun-
dance versus diversity (Barney et al. 2013; Pearson et al.
2016a; Thiele et al. 2010). Nonlinear impacts can result in
thresholds that complicate quantification and, ultimately,
management of invader impacts, but nonlinearities can be
addressed (Thiele et al. 2010; Yokomizo et al. 2009). Hence,
understanding how invader abundance relates to impact for
different response metrics is another important research gap.

Building on the impact models of Parker et al. (1999) and
Ricciardi (2003), Lockwood et al. (2007) suggested that
accounting for variable success of the invader at different
stages in the invasion process (e.g., transport, introduction,
establishment, or spread) is important for determining over-
all impact. Thus, time since introduction is a significant fac-
tor when assessing impact of an invasive species. In addition
to the complex mix of contributing factors such as species
characteristics, environmental site characteristics, ecological
interactions, and invasion history, our interpretations of
impact are also shaped inevitably by human biases and limits
on scientific perception and detection (Lockwood et al.
2007).

Community interactions are context dependent as are
invasion outcomes (Cox and Lima 2006; Kolar and Lodge
2001). Hence, anthropogenic changes such as nitrification,
increasing temperature, increasing carbon dioxide (CO,),
and increased or altered disturbance regimes can have large
ramifications for invasion outcomes and invader impacts
(Walther et al. 2009). Invader impacts may also change over
time as a function of increasing invader abundance, cumula-
tive effects, or changing soil feedbacks (e.g., Lankau et al.
2009). Additionally, management strategies intended to miti-
gate the effects of invasive species (Chap. 7) may themselves
result in undesired effects by way of complex interactions or
simple side effects of management tools (Bergstrom et al.
2009; Boettner et al. 2000; Pearson et al. 2016b; Zavaleta
et al. 2001), resulting in a need to better understand and miti-
gate against these unintended effects. In order to move
beyond speculation to more predictive science regarding
invasive species impacts, we need to advance research in all
of the areas addressed above. In the following sections, we
outline current understandings of the state of the science
regarding mechanisms of invader impacts by taxonomic
group, highlighting key information needs for invasive
plants, pathogens, invertebrates, and vertebrates in terrestrial
and aquatic systems.

2.1.5 KeyFindings

» Invasive species are a subset of non-native organisms that
substantially alter composition, structure, or function of
native terrestrial and aquatic systems. Their ecological
impacts can include direct and indirect effects at multiple
levels (organisms, populations, communities, and ecosys-
tems). Invasive species can also impact the genetic make-
up of native species populations.

* Invasive species impacts may be considered positive or
negative depending on the environmental context, the
stage of the invasion process, and human biases and per-
ceptions. Nonetheless, invasive species can cause large
negative ecological impacts in ways that decrease the
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economic, aesthetic, and social benefits of native ecosys-
tems and cost taxpayers billions of dollars annually.

e The distribution, abundance, and per capita effects of
invasive species are primary determinants of their ecosys-
tem impacts. However, predicting or quantifying these
impacts is difficult due to differences among organisms,
their environments, and the numerous complex interac-
tions among organisms and their environments.

* Attempts to manage invasive species can have unintended
negative consequences when those complex interactions
are poorly understood. Therefore, the potential conse-
quences of applicable management options (including
decisions to refrain from treatment efforts) should be con-
sidered when developing any pest management plans.

2.1.6 KeyInformation Needs

e Quantitative assessments of the ecological effects of a
much wider variety of plants, animals, and pathogens
would help to provide more comprehensive and accurate
estimates of invasive species impact.

e Better characterization of large-scale, regional impacts of
invasive species, including co-occurring impacts of mul-
tiple invaders, is needed for prioritizing invasive species
management.

*  When comparing impact of different invasive species, sci-
entists should account for potential differences in invader
abundance, the stage of the invasion, the type of ecosys-
tem, and the type of impact measurements used.

» Research aimed at an understanding of how control of an
invasive species affects the whole ecosystem will help
avoid undesired, nontarget impacts of management.

2.2 Impacts of Invasive Plants
in Terrestrial Systems
2.2.1 Invasive Plant Impacts on Community

Structure and Function

Invasive plants impact native terrestrial systems by altering
species abundances and distributions, fire regimes, below-
ground biotic and abiotic processes, and resource availability
to other taxa. Impacts caused by invasive plants may differ
from those caused by other invasive taxa in several ways. As
autotrophs, invasive plants alter the base of the food chain
and thereby key processes like primary productivity and
nutrient cycling. By disrupting these basic processes, inva-
sive plants can restructure extant ecological interactions and
alter future trajectories of the community (Didham et al.
2007). Furthermore, all plants act as ecosystem engineers to
varying degrees because plants provide habitats for animals

and arenas for their interactions, thus impacting animals
through various non-trophic and trophic pathways (Crooks
2002).

As with other invaders, key components of impact by
invasive plants include the strength of their interaction with
native species and their novelty in the system (i.e., the degree
to which the invasive species brings new traits or functional
roles). While invasive plants that are similar in form and
function to native species can impact systems, those with
novel traits frequently change the way systems function
(Crooks 2002; Li et al. 2015; MacDougall et al. 2009)
(Fig. 2.2). Recent studies that have quantified invasive plant
impacts (Pearson et al. 2016a; Thiele et al. 2010) based on
Parker et al.’s (1999) framework (see Sect. 2.1) demonstrate
that the local abundance of the invader is a critical factor in
determining the strength of plant invader impacts on native
plant abundance. Accordingly, plant traits that favor increased
local abundance are key to driving local impacts such as
clonality, resource reallocation to larger body size, and/or
release from natural enemies (Blossey and Notzold 1995;
PysSek and Richardson 2008; Rejmanek 1996; Suda et al.
2015). Furthermore, traits linked to spread, such as increased
fecundity and dispersal, facilitate the dissemination of those
impacts over larger spatial scales only for species that can
achieve high local abundance (Pearson et al. 2016a). In this
regard, plants are unique in that polyploidy events (the
nuclear accumulation of multiple sets of chromosomes) are
not always fatal (as they are in animals) and can be associ-
ated with the development of traits such as larger body size
or increased seed production. Historically, analyses attempt-
ing to predict invader impacts based on plant traits alone
have met with limited success (Pysek et al. 2012). However,
distinguishing between traits associated with invasiveness
(the effectiveness of the invader at establishing populations
over wide areas) versus impact (the actual effect of the

Fig. 2.2 Schematic of the grass-fire cycle
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invader on native species or systems) may improve predic-
tion of both invasiveness and impact, particularly if invader
traits are evaluated relative to the context of the recipient
community (see Pearson et al. 2016a).

2.2.2 Invasive Plants: Competition

and System Engineering

One of the most direct ways in which invasive plants impact
native plants is through resource competition. According to
competition theory, the plant predicted to win in head-to-
head resource competition will be the species that can utilize
a limiting resource at lower resource levels than its competi-
tor (Tilman 1982). Different life history strategies and asso-
ciated trait sets will generate cost—benefit tradeoffs that favor
different individuals or species under different resource and
environmental conditions (Grime 1988). Research indicates
that increased availability of a limiting resource tends to
favor invaders, whereas decreased resource availability can
favor natives (Daehler 2003; Seabloom et al. 2015).
Accordingly, directional anthropogenic changes to the envi-
ronment (e.g., nitrification, elevated CO,, and associated cli-
mate change, altering disturbance regimes) can favor invasive
plants when they increase availability of limiting resources
but favor natives when they reduce limiting resources. We
need to better understand how limiting resources affect inva-
sive plant impacts on natives particularly in the context of
human-caused environmental change to understand and pre-
dict the effects of invasions in the context of directional
anthropogenic change.

Disturbances, whether natural or anthropogenic, are often
important facilitators of invasion (Davis et al. 2000). For
example, when a large, mature tree falls in an uninvaded for-
est (a natural disturbance), the light availability to the ground
increases and mineral soil may be moved or exposed, provid-
ing an opportunity for an invading plant to establish (Colautti
et al. 2006; Hierro et al. 2005). In such a scenario, the suc-
cess of the plant invader is often attributed more to ruderal
traits associated with establishment as compared to competi-
tive traits (ideal weed hypothesis, Baker and Stebbins 1965;
Rejmének and Richardson 1996). Alternatively, some forests
and prairies require regular intervals of disturbance to flour-
ish and maintain their biodiversity, and thereby the commu-
nity’s ability to resist or minimize the establishment and
impact of invasion by terrestrial plants (biotic resistance
hypothesis, Elton 1958). For example, in the Southeastern
United States, the land area in longleaf pine (Pinus paulus-
tris) savannahs, characterized by widely spaced trees and
sparse grassy understory, has been critically reduced due to
human land-use changes and fire suppression (Landers et al.
1995). The resulting lack of low- to moderate-intensity fires
has led to population reductions for a federally endangered

keystone species, the gopher tortoise (Gopherus polyphe-
mus), whose burrows serve as shelter for more than 330 other
animal species (Van Lear et al. 2005). Plant invasions in this
system contribute to thick understories, outcompeting fire-
adapted native plant species, displacing or extirpating spe-
cies like the gopher tortoise, and altering the vertical and
trophic structure, negatively impacting the system.

Allelopathy, the chemical inhibition of one species by
another, is another means by which invasive plants can
directly impact native plants (Callaway and Aschehoug
2000). Many high-impact invaders are purported to produce
allelopathic compounds that potentially impact native plants
(Hierro and Callaway 2003). However, studies demonstrat-
ing allelopathic effects of invasive plants in natural condi-
tions are uncommon (Hierro and Callaway 2003), and more
definitive work is required to understand how this mecha-
nism functions and the degree to which it can explain inva-
sive plant impacts (Blair et al. 2006).

Ecosystem engineering is an extremely important means
by which invasive plants can impact native plants, animals,
and system processes (Crooks 2002). Plant litter deposition
and turnover rates can substantially influence abiotic condi-
tions and biotic interactions (Xiong and Nilsson 1999).
Invasive plants can differ substantially in litter production
and decomposition rates from natives due to differences in
growth rates and tissue composition (Allison and Vitousek
2004; Holly et al. 2009; Liao et al. 2008), and these differ-
ences likely contribute to invader impacts at multiple eco-
logical scales (Ashton et al. 2005). Alterations in litter
production and decomposition rates can also modify fire
regimes in plant communities by increasing the frequency or
intensity of fire events, or suppressing fire events in fire-
adapted communities. For example, cogongrass (Imperata
cylindrica) is a well-established and widespread invasive
grass across the southern Gulf Coast, and now Atlantic
States, due to multiple introductions with a proportionally
high degree of introduced genetic variation and intrinsic phe-
notypic plasticity (Lucardi et al. 2014). Cogongrass infesta-
tions increase leaf-litter production (Holly et al. 2009; Terry
etal. 1997), promoting more frequent, intense fire events that
result in significant timber loss and monotypic stands
(Lippincott 2000; MacDonald 2004). Serious modifications
in fire frequency impact both ecological and human values
and tend to form positive feedback cycles with large-scale
negative effects and long-term consequences (Brooks et al.
2004; D’ Antonio and Vitousek 1992).

Invaders that alter fire regimes are recognized globally as
some of the most important ecosystem-altering species on
the planet (Box 2.1) (Balch et al. 2013; Brooks et al. 2004;
D’Antonio and Vitousek 1992; Estrada and Flory 2015).
Positive feedback cycles related to invasive grasses and dis-
turbances are noted for invasive grasses such as cheatgrass
(Bromus tectorum) and other annual grass species in the
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Fig.2.3 Early 2017 season (May 1) annual herbaceous cover in the Great Basin. (Boyte and Wylie 2017)

Western United States (Fig. 2.3), buffelgrass (Pennisetum
ciliare) in the Southwestern United States, and cogongrass in
the Southeastern United States (see also the Northwest,
Southwest, and Southeastern and Caribbean Regional
Summaries in the appendix). These grass invaders initially
fill the interspaces between native plants and provide hori-
zontal continuity that can fuel fires that would typically not
carry well due to the natural fuel limitations of many of these
systems. These species can also dry out earlier in the season
than native plants, creating a dangerous fire hazard. After
fire, annual grasses may invade and exclude native species.
At fine spatial scales, cheatgrass establishment in areas with
cheatgrass in the vicinity is correlated with burn extent
(Kerns and Day 2017). The “grass-fire” cycle can drive an
ecosystem further from its original state and may eventually
lead to a novel ecosystem that has no historical analog (Box
2.1). Increased fire occurrence, intensity, and severity have
been observed in association with these types of grass inva-
sions across the globe (Balch et al. 2013). For example, one
fire history study in Idaho estimated a fire return interval of
3-5 years in cheatgrass-dominated rangelands, compared
with 60-100 years in native sagebrush (Artemisia spp.)-
dominated rangelands (Whisenant 1990).

Plant—soil feedbacks are an important indirect interaction
by which invasive plants impact native plants. Plant—soil
interactions can result in positive or negative feedbacks
between plants and soil microbial communities (Wolfe and
Klironomos 2005). Pathogenic soil microbes can negatively
affect plants by attacking them directly. Soil microbes can
positively affect plants by increasing nutrient availability or
uptake, usually via a symbiotic mycorrhizal relationship
wherein the plant reciprocates by providing carbon to the
microbes. Plant—soil feedbacks occur when plants or soil
microbial communities influence these interactions, for
example, when plants generate litter, carbon, or secondary
compounds that influence the relative abundance of patho-
genic versus symbiotic microbes in ways that affect their
own populations or those of neighboring plant species (Wolfe
and Klironomos 2005). Different species of invasive plants
associate with different species or functional groups of soil
microorganisms that alter plant—soil feedback after invasion.
For instance, garlic mustard (Alliaria petiolate) is non-
mycorrhizal and may impact natives by depleting mycorrhi-
zal inoculum to the detriment of native host plants (Stinson
et al. 2006). Also, mycorrhizal fungi that are introduced with
invasive plants may enhance those plants’ abilities to spread
(Dickie et al. 2010; Schwartz et al. 2006; Urcelay et al.



Box 2.1 Invasive Grasses and the Grass-Fire Cycle: Saving
the Sagebrush Biome

Invasion by grass species following fire and other distur-
bances can promote strong feedbacks. In the case of fire,
this process is frequently referred to as the “grass-fire
cycle” (Fig. 2.2). Once a system is dominated by invasive
grasses, e.g., cheatgrass (Bromus tectorum) or buffel-
grass (Pennisetum ciliare), restoration or rehabilitation
may be difficult or prohibitively expensive to accom-
plish, especially across large spatial scales. Emergent
risks of habitat degradation due to invasive-dominated
grasslands that readily burn are now widely recognized.
Cheatgrass invasion and the grass-fire cycle are now
known to be one of the primary mechanisms altering
contemporary sagebrush (Artemisia spp.) ecosystems of
the Great Basin and the sagebrush biome (Chambers
et al. 2013).

The Sagebrush Biome of the Western United States:
An Imperiled Ecosystem

The Great Basin of Western North America is a large
(541,727 km?; Coates et al. 2016), cold desert ecosystem
dominated by sagebrush shrubs (Fig. 2.3). This sagebrush
steppe ecosystem has long been included among the most
imperiled in North America (Noss et al. 1995), and it pro-
vides a case study of how altered wildfire regimes driven
by invasive grass can rapidly change a fragile regional
ecosystem and threaten native habitats and sensitive spe-
cies. Much of the Great Basin has been invaded to some
extent by annual grasses such as species in the genus
Bromus, medusahead (Taeniatherum caput-medusae), and
ventenata (Ventenata dubia) (Fig. 2.3). While other factors
such as climate change, conifer expansion, land-use
change, and development have been important, the spread
of non-native invasive plant species is one of the major and
persistent threats in these ecosystems (Chambers et al.
2017; Coates et al. 2016; Davies et al. 2011).

Much of the sagebrush biome is home to the greater
sage-grouse (Centrocercus urophasianus), a large galli-
naceous bird that requires distinct sagebrush habitats to
survive. Populations of sage-grouse have declined in con-
cert with the overall loss and fragmentation of the sage-
brush biome following Euro-American settlement of the
Western United States. The species is estimated to occupy
about half of its historic distribution (Schroeder et al.
2004).

Owing to the population decline of the greater sage-
grouse, several evaluations for protection under the
Endangered Species Act have been conducted. While the
species has not been listed, population declines have
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motivated unprecedented multi-agency coordinated
Federal land management and An Integrated Rangeland
Fire Management Strategy (IRFMS) (U.S. Department of
Interior 2015). The IRFMS outlines longer term actions
needed to implement policies and strategies for prevent-
ing and suppressing rangeland fire and restoring range-
land landscapes affected by fire in the Western United
States. As part of this strategy, a science framework for
conservation and restoration of the sagebrush biome (Part
1) was recently released (Chambers et al. 2017). The
forthcoming Part 2 will focus on management
considerations.

Restoration of cheatgrass-dominated landscapes in the
sagebrush biome emphasizes resilience to wildfire and
resistance to cheatgrass invasion. Research suggests that
resilience and resistance are strongly associated with soil
moisture and temperature regimes in these semiarid eco-
systems (Chambers et al. 2013; Maestas et al. 2016).
Management focused on resilience and resistance is criti-
cal for local communities that depend on ecosystems ser-
vices from rangelands such as water for consumption,
forage, and recreational opportunities.

Because of the strong feedbacks due to the grass-fire
cycle in the Great Basin, Coates et al. (2016) suggested
that areas mapped with low resilience and resistance to
cheatgrass could be targeted for wildfire suppression
efforts to protect vulnerable sage-grouse habitat. The
IRFMS used a mid-scale approach to prioritize areas for
management and treatment focused on six steps: (1)
identifying focal species, resources, or habitats; (2) map-
ping soil temperature and moisture regimes; (3) develop-
ment of a decision-support matrix; (4) threat assessment;
(5) prioritization; and (6) appropriate management strat-
egies (Chambers et al. 2017).

Integrated approaches such as the IRFMS that con-
sider multiple factors may provide the most likely
approach to restore the sagebrush biome. However, many
challenges for restoration remain. Davies et al. (2011)
noted that research is needed to develop either long-term
control or reduction in invasive annual grasses, and that
there is a lack of knowledge regarding native seedling
establishment ecology and variability (in time and space)
to provide opportunities to successfully restore these
plant communities (see additional details on restoration
in Chap. 8). Despite these hurdles and the significant
threats to the sagebrush biome, with sufficient resources,
multi-agency cooperation, and use of integrated manage-
ment approaches, restoration for many sites can be
successful.
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2017). Theoretically, invasive plants could generally benefit
over natives if they experience reduced negative soil feed-
backs or increased positive soil feedbacks relative to natives
(Reinhart and Callaway 2006). However, recent studies sug-
gest that invasive plant responses to plant—soil feedbacks
may be more idiosyncratic (Suding et al. 2013).

2.2.3 Invasive Plants and Pollinators

Insect-based pollination in US wildland and agroecosystems
is strongly impacted by invasive species of plants and insects
(Box 2.2). Invasive plants directly impact native pollinators
(Moron et al. 2009, in Europe) and indirectly impact native
plants via interactions with pollinators. Invasive flowering
plants may enhance or reduce pollinator services to native
flowering plants by increasing or decreasing pollinator visita-
tion rates or by increasing heterospecific pollen transfer, which

Box 2.2 Interactions Among Invasive and Native Plants and
Pollinators in the United States

In the strict sense, the workhorse of pollinators, the western
honeybee (Apis mellifera) (Fig. 2.4a), is a managed, non-
native species originating from Western Europe (Franck
et al. 1998). The pollination services that it provides in the
United States have come under increasing scrutiny as the
number of pollination-dependent crops and their planting
acreages have grown (Aizen and Harder 2009; Williams
etal. 2010) and the general health of the commercial colonies
has declined (Cox-Foster et al. 2007; Ellis et al. 2010;
vanEngelsdorp et al. 2009). An issue of concern associated
with Colony Collapse Disorder is the spread of an invasive
natural enemy of the western honeybee, the Varroa mite
(Varroa destructor) (Fig. 2.4b), which was introduced into
the United States in 1987 (NRC 2007). Originating from
Southeast Asia, this invasive pest is parasitic and transmits
viruses to the western honeybee (NRC 2007). Another
invasive organism originating from Asia is the pathogenic
microsporidian Nosema ceranae (not pictured), which also
appears to have played a relatively major role in the declining
health of the western honeybee in the United States (Chen
et al. 2008; Higes et al. 2008; Klee et al. 2007). These are
issues of major concern to the U.S. beekeeping industry
(vanEngelsdorp and Meixner 2010), which have led to a
growing research effort to understand the role of native
pollinators (Fig. 2.4d) in wildland and agroecosystems (Artz
et al. 2013; Koh et al. 2015).

When invasive plants that do not provide floral resources
(e.g., cheatgrass, Fig. 2.4¢) replace native flowering plants,
native pollinators lose access to pollen and nectar.
Conversely, in some instances, invasive flowering plants

is essentially interference competition (Brown et al. 2002;
Morales and Traveset 2009). However, in some instances non-
native plants may provide benefits to native pollinators
(Goodell 2008; Russo et al. 2016; Stout and Morales 2009;
Tepedino et al. 2008). Ironically, removal of invasive legumes
during tallgrass prairie restoration may negatively impact pol-
linator conservation efforts (Harmon-Threatt and Chin 2016).
Invasive plants may be relatively successful reproductively in
new habitats either because they are either visited by pollina-
tors at similar or greater rates to native plants or because they
are self-fertilizing (i.e., autogamous) (Baker 1974; Harmon-
Threatt et al. 2009; Powell et al. 2011).

Two of the primary managed pollinators in the United
States, the western honeybee (Apis mellifera) (Fig. 2.4a) and
the alfalfa leafcutter bee (Megachile rotundata), are non-
native insects. The latter is a key pollinator for alfalfa seed
production, which forms the basis for hay production for live-
stock (Pitts-Singer and Cane 2011). Unmanaged invaders

(e.g., Melilotus spp. and Sonchus spp.) have provided the
bulk of pollen collected by managed populations of west-
ern honeybees in foraging areas in the Prairie Pothole
Region of North Dakota (Smart 2015). Other potential
sources of impact on native pollinators are unintentionally
introduced species such as the wool carder bee (Anthidium
manicatum) (Fig. 2.4e), a solitary bee introduced to North
America in the late 1960s from Europe (Gibbs and Sheffield
2009; Miller et al. 2002; Strange et al. 2011; Zavortink and
Shanks 2008). The fortuitous management of another acci-
dentally introduced species (from the Near East), the alfalfa
leafcutter bee (Megachile rotundata), has had dramatically
positive impacts on the production of alfalfa seed in North
America (Cane 2003; Pitts-Singer and Cane 2011).
However, several other species of invasive megachilid bees
in California may negatively impact native bees in the
same family by excluding them from suitable nesting cavi-
ties (Cane 2003). The intentionally introduced Japanese
bee Osmia cornifrons appears to have been accompanied
or joined by a Japanese mite, a parasitic wasp, and the
look-alike bee O. taurus. Throughout the Eastern United
States, these two Japanese Osmia are displacing the native
bee O. lignaria, partly through aggressive competition for
nesting sites (Cane 2018). Little is known about interac-
tions between the recently detected Asian giant hornet,
Vespa mandarinia Smith, and native plants or pollinators.
It is the world’s largest hornet and a very aggressive preda-
tor that specializes in mass attacking nests of other species
and is a major pest in its native range. Thus, it potentially
threatens honey bees and native pollinators throughout
North America (Matsuura and Yamane 1990, Tripodi and
Hardin 2020).
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Fig. 2.4 A nexus of invasive
and native plants, pollinators,
and pathogens: (a) The
western honeybee (Apis
mellifera) with a full pollen
basket on its hind leg. (Photo
by David Cappaert, Bugwood.
org); (b-1 and b-2) a western
honeybee infected by a
phoretic Varroa mite (Varroa
destructor). (Photo by Kathy
Keatley Garvey, University of
California, Davis); (¢)
Cheatgrass (Bromus
tectorum). (Photo by John

M. Randall, The Nature
Conservancy, Bugwood.org);
(d) native bees (Stephen
Buchmann, Pollinator
Partnership, www.pollinator.
org); and (e) the invasive wool
carder bee (Anthidium
manicatum). (Photo by
Kimberly Steinmann,
University of California,
Bugwood.org)

(e.g., the wool carder bee (Anthidium manicatum), Fig. 2.4¢)
may also impact pollination in various systems. Including
these three species, there are at least 25 non-native bees estab-
lished in the United States and Canada (Cane 2003; NRC
2007), comprising less than 1% of the continental native bee
fauna. Cane (2003) reported that most of the non-native bee
species have come from Europe, most nest in stems or wood,
and most use many different floral hosts as pollen sources
(polylecty). Non-native bees in the United States (NRC 2007)
may also impact native pollinators (Cane and Tepedino 2017;
Fiirst et al. 2014 (in the United Kingdom); Goulson 2003;
Stout and Morales 2009) and native plants (Goodell 2008;
Goulson 2003; Stout and Morales 2009).

Arguably, the strongest effect of invasive plants on native
plant—pollinator interactions may be the large-scale species
transformation of plant communities, such as the transition
from diverse forb communities to wind-pollinated grasses
such as cheatgrass (Fig. 2.4c) or crested wheatgrass
(Agropyron cristatum) (Gunnell et al. 2010), across the Great
Basin (Mack 1981). Much in the way that invasive grasses
have transformed fire regimes over large regions (D’ Antonio
and Vitousek 1992 (Box 2.1), these wind-pollinated grasses
have transformed pollinator systems.

Although there is strong evidence that invasive flowering
plants can negatively impact native plants by competing for
pollination services (Morales and Traveset 2009), it is
unclear how strong these indirect effects are on native plants
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relative to direct impacts via competition (Brown et al.
2002). In general, the effects of invasive plants on pollinators
and pollination services are complex and not fully under-
stood. For example, Russo et al. (2016) demonstrated in
Pennsylvania that the invasive spiny plumeless thistle
(Carduus acanthoides) was both highly visited and strongly
preferred by bees relative to other flowering species. Indeed,
greater than four times more Bombus species, a group of
native bumblebees recently found to be in decline, were
attracted to patches that included the invasive thistle.
However, in many cases greater visitation of invasive plants
by bees may primarily be about their greater abundance
rather than pollinator preference (Williams et al. 2011).
Research in California has shown that protein and amino
acid compositions of pollen were comparable among inva-
sive and native flowering plants in a plant community visited
by bumblebees (Harmon-Threatt and Kremen 2015).
Conversely, removal of the invasive shrub Chinese privet
(Ligustrum sinense) from the riparian forests of the
Southeastern United States dramatically increases the
abundance and diversity of pollinator communities, but the
potentially intricate mechanisms behind these changes and
their relationship to native flora require further study (Hanula
and Horn 2011a, b; Hudson et al. 2013). More work is also
needed to understand invasive plant effects on pollination,
particularly regarding large-scale transitions from forbs to
wind-pollinated grasses.
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2.2.4 Invasive Plant Impacts on Trophic

Interactions: A Tangled Web

Apparent competition, an indirect interaction of two prey
species via differential impacts from a shared predator (Holt
1977), is a potential mechanism by which invasive plants
impact native plants (Noonburg and Byers 2005). Instances
of apparent competition between invasive and native plants
are not well demonstrated empirically, but variations on this
theme are known. For example, “second-order apparent
competition” has been shown to significantly impact native
plant recruitment in a weed biocontrol system in which the
biocontrol insect is fed upon by a native rodent that also acts
as a seed predator on native plants (Pearson and Callaway
2008). “Refuge-mediated apparent competition” (Orrock
et al. 2010), wherein an invasive plant provides habitat
instead of food to native rodent seed predators, also has been
shown to facilitate increased seed predation on native plants
(Dangremond et al. 2010; Orrock et al. 2008). Apparent
competition and its variations may be an important but
understudied means by which invasive plants impact native
plants via seed predators and other herbivores.

Invasive plant impacts on native plants can produce nega-
tive or positive effects on native animals by altering the
quantity or quality of food resources (Lockwood and
Burkhalter 2015; Waring et al. 1993), an effect that can trans-
mit indirectly to higher trophic levels (Ortega et al. 2006).
Invasive plants can also directly and indirectly affect native
animals by altering vegetation architecture (Box 2.3,
Fig. 2.5), which can improve or degrade habitat for nesting,
hiding, and foraging (Lockwood and Burkhalter 2015). For
example, cheatgrass invasion can create such dense stands in

Fig. 2.5 Stand of strawberry
guava (Psidium cattleianum)
in Glenwood, HI. (Photo
courtesy of Jack Jeffrey, taken
2009)

the Great Basin relative to native vegetation that it inhibits
movement of native rodents (Rodentia) and lizards
(Squamata) (Rieder et al. 2010). In contrast, changes in plant
architecture have dramatically increased the abundance of
native spiders (Araneae) in some grassland systems by alter-
ing the quality and quantity of web substrates, which results
in indirect negative impacts on spider prey species through
both density- and trait-mediated interaction pathways
(Pearson 2009, 2010). These examples demonstrate how
invasive plants can have either positive or negative direct
effects on native animals.

2.2.5 Invasive Plant Impacts and Evolution

Plant invasions that shift the structure and function of native
communities can alter the evolutionary trajectories of both
native and invasive plant species. Plant invaders may adapt to
new environments through contemporary evolution, i.e.,
observable evolutionary change occurring over tens of gen-
erations or fewer (Buswell et al. 2011; Carroll et al. 2007) and
hybridization (Vellend et al. 2007), and in some cases native
plants and animals can adapt to invaders (Lau 2006; Strauss
et al. 2006; Vellend et al. 2007). The study of invasions has
increased our recognition of contemporary evolution among a
wide array of taxa and how evolution of invaders and invaded
systems interacts, modifying perceivable impact (Colautti
and Lau 2015; Cox 2004; Whitney and Gabler 2008).
Examining evolutionary adaptations of invaders suggests that
traits associated with impact can differ from those associated
with spread, with traits linked to spread being associated
more with invasion fronts (Phillips et al. 2010; Sakai et al.




Box 2.3 Strawberry Guava Invasion and Impacts in
Tropical Island Ecosystems

As an ornamental fruit tree, strawberry guava (Psidium
cattleianum) has been moved by humans from its
native Brazil to new habitats worldwide (Ellshoff et al.
1995). With seeds readily dispersed by birds and pigs,
it has become a dominant invader in wet forests of
tropical islands (Lorence and Sussman 1986; Space
2013), for example, forming dense thickets and dis-
placing native species across tens of thousands of hect-
ares in Hawaii (Fig. 2.5). In addition to reducing
habitat for many endangered species (State of Hawaii
2011), strawberry guava increases water loss from for-
ested watersheds (Takahashi et al. 2011), impedes sus-
tainable native hardwood forestry (Baker et al. 2009),
and serves as the primary reservoir host for a major
fruit fly pest of agriculture (Vargas et al. 1990). The
USDA Forest Service developed a leaf-galling scale
insect (Tectococcus ovatus) as a biological control
agent, with the intention of substantially reducing veg-
etative growth and fruit production of strawberry guava
(State of Hawaii 2011). This insect was released in
Hawaii in 2012, and monitoring is now underway to
measure the benefit of biocontrol to agricultural and
native forest ecosystems.

2001). Invader plant impacts may also decline over time as
the invader and community settle into a new equilibrium such
that coexistence with native taxa may occur due to accumula-
tion of natural enemies (Lankau et al. 2009).

2.2.6 Invasive Plant Impacts: Looking

Forward

Invasive plant impacts vary among communities as a func-
tion of differences in the recipient community’s susceptibil-
ity to invasion (Guo et al. 2015) and environmental context.
The biotic resistance hypothesis postulates that higher local
species richness increases a community’s intrinsic resis-
tance to invasion (Elton 1958). However, research examin-
ing this relationship has generated conflicting results
depending on spatial scales that are likely linked to underly-
ing resource gradients (Iannone et al. 2015; Stohlgren et al.
2003). This indicates the need to better understand how
environmental context interacts with diversity to influence
community invasibility and susceptibility to invasive plants
impacts. Over large spatial and temporal scales, invasive
plant impacts can result in biotic homogenization (a global
mixing of highly successful and typically ruderal organ-
isms) and the extirpation or mass extinction of unique, con-
strained, rare, and/or endemic taxa (McKinney and
Lockwood 1999; Olden et al. 2004).
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2.2.7 Key Findings

e Invasive plants can alter key system processes such as
productivity and nutrient cycling, affecting not only
native plants but also animals that feed on them.

e There are numerous mechanisms by which terrestrial
invasive plants impact native systems, including resource
competition, allelopathy, ecosystem engineering, plant—
soil feedbacks, effects on pollinators, and apparent
competition.

* Competitiveness of invasive plants may be favored when
there is increased availability of limiting resources, which
in turn may be influenced by natural or human-caused
disturbances.

e Invasive plant impacts can result in homogenization of
ecosystems and the loss of unique native species.

2.2.8 Key Information Needs

e There is a need to better quantify the impacts of multiple
invaders on native communities across spatial and tempo-
ral scales.

e A better understanding of how resource limitation influ-
ences invasive plant impacts on native plants and ecosys-
tems is needed, particularly in relation to human-caused
disturbances.

e Conservation of pollinator species is of increasing impor-
tance in the management of natural and agricultural sys-
tems, and additional research on the degree to which
invasive plants affect pollinator populations and networks
is needed to inform management strategies.

e Although diverse communities are often thought to be
more resistant to plant invasion, a better understanding of
how environmental context interacts with diversity to influ-
ence community susceptibility to invasive plant impacts is
needed (e.g., evaluating the biotic resistance hypothesis).

e Certain mechanisms of invasive plant impact such as alle-
lopathy, plant-soil feedbacks, and apparent competition
have received relatively little attention but may be impor-
tant to understanding effects on ecosystems.

2.3  Impacts of Invasive Phytophagous
Insects and Plant Pathogens

in Terrestrial Systems

Non-native invasive phytophagous (plant-feeding) insects
and plant pathogens have impacted forests and other terres-
trial systems throughout the United States for nearly 150 years
(Liebhold et al. 1995; Niemeld and Mattson 1996). Many of
these non-native organisms have had only minor, localized, or
regional impacts on forest or shade trees, whereas a small
proportion has killed millions of trees (Anagnostakis 1987
Herms and McCullough 2014) (Box 2.4, Fig. 2.6) or pushed
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Fig.2.6 The emerald ash
borer (Agrilus planipennis)
and its impact. Adult beetle
(a) and larva (b). The adult
disperses through flight; the
larva damages the phloem
(inner bark) of ash (Fraxinus
spp.) trees. (Photos courtesy
of David Cappaert, Michigan
State University, Bugwood.
org). Ornamental ash tree
killed by emerald ash borer
(c). (Photo courtesy of Daniel
Herms, The Ohio State
University, Bugwood.org).
Landscape-level impacts of
emerald ash borer (d) (photo
courtesy of Troy Kimoto,
Canadian Food Inspection
Agency, Bugwood.org).
Surveying for damage by
emerald ash borer (e). (Photo
courtesy of Erin Morris,
Michigan State University)

ecologically foundational species toward functional extinc-
tion (Ellison et al. 2005). In a recent assessment of more than
450 invasive forest insect species that have established popu-
lations in the United States, Aukema et al. (2010) considered
14% (62 species), plus an additional 16 invasive pathogens,
as “high-impact” species, i.e., of regulatory significance or
having caused notable damage to forests or urban forest trees.
Although these impacts can frequently be attributed primarily
to the action of a single invasive organism, a number of
important historic and emerging forest diseases are caused by
insect—pathogen complexes in which one or more of the
organisms are not native to the ecosystem (Houston 1994;
Hulcr and Dunn 2011; Sinclair and Campana 1978). In some
cases, these complexes of multiple invaders (see Sect. 2.1)
provide important examples of how invasive species can
function symbiotically to exert strong impact in terrestrial
systems. We have highlighted 15 invasive forest insects,
pathogens, or insect—pathogen complexes with historic, cur-
rent, or emerging importance for terrestrial systems in the
United States (Table 2.1).

In this subsection, we focus on impacts of invasive insect
and pathogen pests of trees not only because of the economic
and aesthetic importance of trees to human society but also
because trees frequently shape the structure and function of
the terrestrial ecosystems in which they occur. Nonetheless,
it should be recognized that invasive insects, other inverte-
brates, and pathogens of other plant or even non-plant hosts
cause a variety of impacts in terrestrial systems (e.g., Bohlen
et al. 2004; Daszak et al. 2000; Snyder and Evans 2006).

Invasive phytophagous insects and plant pathogens
impact forest ecosystems directly by causing damage to, or
mortality of, host trees through herbivory or disease develop-
ment. Structural or physiological damage may result via a

number of different mechanistic or phytochemical pathways.
For example, high levels of defoliation by larval gypsy moth
(Lymantria dispar) reduce carbohydrate allocation to roots
and shoots, cause nitrogen (N) deficiency due to reduced N
uptake by roots, and result in growth loss and top dieback
(Kosola et al. 2001). Phloem-feeding by larval emerald ash
borer (Agrilus planipennis) hinders transport of photosyn-
thates and nutrients, decreases essential foliar amino acids,
and culminates in rapid tree mortality (Chen et al. 2011). In
addition to depleting carbohydrates, feeding in the vascular
system of firs (Abies spp.) and hemlocks (Tsuga spp.) by
invasive adelgids (Adelges spp.) induces abnormal xylem
formation, reducing water use and producing drought-like
symptoms (Domec et al. 2013). Even minor damage associ-
ated with feeding or host colonization by certain invasive
insects can predispose (e.g., beech scale (Cryptococcus
fagisuga)) or inoculate (e.g., redbay ambrosia beetle
(Xyleborus glabratus) or smaller European elm bark beetle
(Scolytus multistriatus)) trees with virulent pathogens,
resulting in host mortality (Houston 1994; Fraedrich et al.
2008). Several damaging forest pathogens extract carbohy-
drates and cause cankers or necrosis of the cambium (e.g.,
chestnut blight caused by Cryphonectria parasitica,
Anagnostakis 1987), roots (e.g., root disease caused by
Phytophthora lateralis, Hansen et al. 2000), or shoots,
branches, or stems (e.g., white pine blister rust caused by
Cronartium ribicola, Maloy 2001). Other pathogens induce
extreme hypersensitive responses in their hosts, such as sys-
temic tyloses triggered by presence of the laurel wilt patho-
gen (Raffaelea lauricola) in North American Lauraceae
(Inch et al. 2012).

Although several authors have proposed empirical mod-
els to describe the impact of invasive species (see Sect. 2.1)
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Box 2.4 Profound and Widespread Impact of an Invasive
Beetle on Naive Ash Trees in the United States

The emerald ash borer (Agrilus planipennis) is a flat-
headed woodborer from Asia that was first discovered
in North America in 2002 (Herms and McCullough
2014). Adult beetles in this group are also known as
metallic woodborers, as emphasized in this case by the
brilliant green color of emerald ash borer adults
(Fig. 2.6a). The beetle has spread from the original site
of detection in southeastern Michigan (where it was
likely established in the early 1990s) to 31 US states
(Emerald Ash Borer Information Network 2018) and
the Canadian provinces of Manitoba, Ontario, and
Quebec as of January 2018 (Canadian Food Inspection
Agency 2018; Kimoto 2018). The spread has been
described as “stratified,” consisting of natural flight
dispersal of the adults and longer distance human-
assisted spread, largely through infested ash (Fraxinus
spp.), firewood, nursery stock, and logs (Herms and
McCullough 2014).

The damaging life stage is the larva (Fig. 2.6b),
which mines at the phloem—xylem interface of ash
trees, eventually causing tree mortality (Fig. 2.6c).
Adults feed incidentally on foliage. North American
impacts of emerald ash borer have been characterized
as ecological, economic, and cultural (Herms and
McCullough 2014). Ecological effects include altered
understory environment, nutrient cycles, and succes-
sional trajectories; facilitation of the spread of light-
limited invasive plants; and increased coarse woody
debris. Elimination of ash as a consequence of the
feeding activity of larval emerald ash borers threatens
nearly 100 species of ash-dependent native inverte-
brate herbivores (Wagner and Todd 2015).
Economically, emerald ash borer is the most destruc-
tive and costly forest insect to have invaded the United
States (Aukema et al. 2011). The multi-billion dollar
cost projections are based largely on removal costs for
infested and dead ash trees in communities throughout
the Midwest. Cultural impacts are centered on the
Native American basket weaving tradition that utilizes
black ash (Fraxinus nigra) as the source material
(Poland et al. 2015b). The impact of emerald ash borer
on ash (Fig. 2.6d) has been monitored in Indiana,
Michigan, and Ohio through a series of survey plots
(Fig. 2.6e) established in 2002 and 2003 (Marshall
et al. 2013; Mercader et al. 2016).

(Lockwood et al. 2007; Parker et al. 1999; Ricciardi 2003),
to our knowledge there has been little attempt to apply
these quantitative models to predict impacts from specific
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invasive terrestrial insects or pathogens of trees. Using a
more qualitative conceptual framework, Lovett et al. (2006)
proposed that the magnitude of short-term (weeks to years)
and long-term (decades to centuries) impacts is at least par-
tially a function of three key features of an invasive insect
or pathogen—mode of action, host specificity, and viru-
lence—and three key features of its host plant(s)—impor-
tance or dominance in the stand, ecological uniqueness,
and phytosociology. Noting that these six features vary
continuously and independently, Lovett et al. (2006) sug-
gest that exceptionally severe long-term impacts should be
expected for a highly virulent, host-specific agent that kills
dominant, abundant, and ecologically unique hosts.
Although abundance of their primary hosts varies geo-
graphically, this scenario is closely representative of
impacts caused by hemlock woolly adelgid (Adelges
tsugae) (Vose et al. 2013), emerald ash borer (Gandhi and
Herms 2010a, 2010b), chestnut blight, and white pine blis-
ter rust (Loo 2009). It should be noted that even when host
plant species comprise only a very small percentage of the
regional biota, impacts may be considered severe in sys-
tems where the host is locally abundant. For example, the
highly virulent, host-specific pathogen of laurel wilt dis-
ease kills nearly all mature stems of native Persea spp. that
are substantial canopy components of unique Everglades
tree islands, southeastern bayhead swamps, and coastal
mixed maritime forests, where their importance to biodi-
versity and ecological function is high (Hughes et al. 2015;
Rodgers et al. 2014; Snyder 2015).

The success of invasive species in their non-native ranges
has been viewed traditionally as a function of release from
natural enemies, and/or a lack of co-evolved defenses in
naive hosts (Elton 1958), frequently resulting in greater neg-
ative impacts than that occur in interactions among co-
evolved species (Paolucci et al. 2013). A number of studies
and reviews have evaluated the mixed evidence for the enemy
release hypothesis, primarily as it relates to the success of
invasive plants (Colautti et al. 2004; Keane and Crawley
2002; Liu and Stiling 2006), but to a much lesser extent for
invasive herbivores (Blossey 2011). For invasive insects, evi-
dence for release from enemies has been derived primarily
from the successful biological control of several species in
natural systems including the European spruce sawfly
(Gilpinia hercyniae), larch casebearer (Coleophora lari-
cella), and winter moth (Operophtera brumata) (see Van
Driesche et al. 2010; Van Driesche and Reardon 2014; and
references therein). Of course, not all invasive insects or
pathogens succeed primarily due to enemy release or can be
effectively managed via biological control. For example, a
robust biological control program is being pursued for the
emerald ash borer, and there is recent evidence of released
and native parasitoids reducing population growth (Duan
et al. 2015). However, North American ash (Fraxinus spp.)



2 Impacts of Invasive Species in Terrestrial and Aquatic Systems in the United States

19

Table 2.1 Selected high-impact invasive insects, pathogens, or insect-pathogen complexes established in the United States

Impact
Disease or Hosts US region
Organism complex name Selected references
Insects
Agrilus planipennis N/A Ash Eastern and Herms and McCullough (2014)
(emerald ash borer) western
Anoplophora glabripennis N/A Maple, poplar, Eastern Dodds and Orwig (2011) and Hu et al. (2009)
(Asian longhorned beetle) willow, other
Adelges tsugae N/A Hemlock Eastern Havill et al. (2014) and Vose et al. (2013)
(hemlock woolly adelgid)
Adelges piceae N/A Fir Eastern and Smith and Nicholas (1998)
(balsam woolly adelgid) western
Lymantria dispar N/A Oak, numerous Eastern Davidson et al. (2001)
(gypsy moth) other
Pathogens
Cryphonectria parasitica Chestnut blight Chestnut Eastern Anagnostakis (1987)
Phytophthora ramorum Sudden oak Oak, tanoak Western Griinwald et al. (2008, 2012) and Rizzo et al.
death (2002)
Cronartium ribicola White pine Five-needle pines | Eastern and Maloy (2001)
blister rust western
Phytophthora lateralis Port-Orford- Port-Orford cedar | Western Jules et al. (2002)
cedar root
disease
Sirococcus Butternut canker | Butternut Eastern Broders et al. (2015)
clavigignenti-juglandacearum
Insect-pathogen complexes
Insect: Cryptococcus fagisuga Beech bark Beech Eastern Houston (1994)
(beech scale) disease
Pathogens: Nectria coccinea
var. faginata, Nectria galligena
Insects: Scolytus multistriatus Dutch elm Elm Eastern and Brasier and Buck (2001), Jacobi et al. (2007,
(smaller European elm bark disease western 2013), Negron et al. (2005), and Sinclair and
beetle), Campana (1978)
Scolytus schevyrewi
(banded elm bark beetle),
Hylurgopinus rufipes
(native elm bark beetle)
Pathogens: Ophiostoma ulmi,
Ophiostoma novo-ulmi
Insect: Xyleborus glabratus Laurel wilt Redbay, Eastern Fraedrich et al. (2008) and Hughes et al. (2015)
(redbay ambrosia beetle) sassafras, others
Pathogen: Raffealea lauricola
Insect: Pityophthorus juglandis | Thousand Walnut, Eastern and Seybold et al. (2016) and Tisserat et al. (2009)
Pathogen: Geosmithia morbida | cankers disease butternut, wingnut | western
Insect: Euwallacea spp. Fusarium wilt Alder, boxelder, Western Eskalen et al. (2013), Lynch et al. (2016), and
(polyphagous shot hole borer) cottonwood, (California) Umeda et al. (2016)
Pathogens: Fusarium spp., sycamore,
Acremonium spp., Graphium willow, others
spp.

planted in the native range of emerald ash borer in Asia (i.e.,
ostensibly with the full complement of native natural ene-
mies) are heavily attacked and killed (Liu et al. 2003), sug-
gesting that top-down pressure by natural enemies alone
does not preclude substantial impact. With invasive insects,
in addition to release from natural enemies as an explanation
for invasion success, there is the potential for non-native
insects to utilize a niche marked by “pheromone-free space”
from native insects in the same guild or feeding group. This

concept, based on a reduction in competition from reduced
overlap of behavioral chemical “channels” of communica-
tion, is being explored with roundheaded woodborers (also
known as longhorned beetles) (Millar and Hanks 2017;
Mitchell et al. 2015).

Lack of co-evolutionary history may result in defensive
mismatches between native plants and their invasive herbi-
vores or pathogens, such as when elicitor-receptor-based
defenses are not recognized or only weakly induced in a
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plant upon attack, or when toxin-based constitutive defenses
have not been selected naturally for the specific invader
(Desurmont et al. 2011; Verhoeven et al. 2009). A growing
body of research on ash indicates that differences in both
constitutive and induced defenses (especially in phloem
chemistry) confer resistance of Asian ash species to the
emerald ash borer relative to susceptible North American
congeners (Poland et al. 2015a). Evidence for greater sus-
ceptibility or vulnerability of naive host plants compared
with co-evolved hosts has been presented for numerous other
invasive forest insects and pathogens including the hemlock
woolly adelgid (Havill et al. 2011; Montgomery et al. 2009),
viburnum leaf beetle (Pyrrhalta viburni) (Desurmont et al.
2011), the thousand cankers disease vector Pityophthorus
Jjuglandis (Hefty et al. 2018), pathogen Geosmithia morbida
(Utley et al. 2013), the laurel wilt disease pathogen R. lauri-
cola (Fraedrich et al. 2015), and the sudden oak death patho-
gen Phytophthora ramorum (Rizzo et al. 2005). The escape
of pathogens from their usual selection pressures when intro-
duced into new environments and onto new hosts can pro-
vide opportunities for rapid evolution and hybridization that
may also influence the magnitude of their impact (Brasier
2001; Hansen 2008; Parker and Gilbert 2004).

In the last decade, a number of authors have reviewed
the varied, interacting, and sometimes cascading ecologi-
cal effects of outbreaks of invasive insects and/or patho-
gens in forests or other natural systems (Gandhi and Herms
2010a; Kenis et al. 2009; Loo 2009; Lovett et al. 2006;
Moser et al. 2009). Tree mortality caused by invasive
insects or pathogens thins or creates gaps in the forest can-
opy to varying degrees depending on key characteristics of
invader and host summarized above (Lovett et al. 2006)
(Box 2.5, Fig. 2.7). Over the short term, this canopy thin-
ning can reduce host species’ stem density and basal area;
alter understory microenvironmental factors such as light
availability, temperature, and moisture regimes; and
increase organic inputs to the forest floor in the form of
downed coarse woody debris, leaf fragments, frass (insect
excrement and feeding debris), or insect biomass (Cobb
et al. 2012; Gandhi and Herms 2010a; Vose et al. 2013).
These changes in turn can alter hydrologic and biogeo-
chemical cycling regimes (see Chap. 3) (Brantley et al.
2013, 2015; Clark et al. 2010; Lovett et al. 2010); the
establishment, relative abundance, and growth of native
and non-native understory plants; and the overall species
composition and structure of the plant community (Gandhi
and Herms 2010a; Morin and Liebhold 2015). Associated
impacts on terrestrial and aquatic fauna may occur due to
short- or long-term shifts in the availability and quality of
food (including the invasive organism itself) (Barber et al.
2008; Koenig et al. 2011, 2013), host plants (Chupp and
Battaglia 2014; Gandhi and Herms 2010b; Wagner 2007),
habitat (Rabenold et al. 1998; Tingley et al. 2002), com-
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Box 2.5 Responding to Sudden Oak Death Through
Collaborative Management

Sudden oak death (SOD) caused by the invasive patho-
gen Phytophthora ramorum threatens oak woodlands,
urban forests, and horticultural industries. Currently,
the disease is established and regulated in forests in
California and Oregon. Because numerous eastern oak
species and certain associated understory forest plants
have shown susceptibility to this disease, there is a
potential risk to oak forests beyond the regulated areas.
Once established, SOD may continue to have signifi-
cant negative impact beyond the known infestations,
since the loss of oak would adversely affect ecosystem
functions such as water quality, biodiversity, and forest
structure.

The USDA Forest Service has responsibility in
developing, implementing, and promoting innovative
management strategies in response to threats to the
nation’s forests. Likewise, USDA Animal and Plant
Health Inspection Service (APHIS) has the lead regu-
latory role to prevent further spread of damaging
agents and protect natural resources. State forestry and
agriculture agencies have corresponding roles within
their respective States, especially the State Plant
Regulatory Official (SPRO), who must determine the
extent of any regulatory action needed once SOD has
been positively confirmed. It is clear that once estab-
lished in a forest, complete removal of P. ramorum has
a low likelihood of success given the broad host range
of the pathogen, available pathways for spread, and
complex biological life history. It takes continued dili-
gence, collaboration, and constant monitoring, espe-
cially given many invasive species have long lag
periods prior to fully expressing their disease potential.
Collaborative management in practice has many chal-
lenges, but with lessons learned in California and
Oregon, it may be possible to successfully mitigate the
negative impacts of P. ramorum. To this end, the USDA
agencies and their partners continue to address the
ongoing threat of SOD.

petitors (Work and McCullough 2000), or natural enemies
(Gandhi and Herms 2010a; Redman and Scriber 2000).
These impacts are particularly pronounced when the host
plant of the invasive insect or pathogen is a “foundation
species” that defines the structure of the community and
has a stabilizing effect on ecosystem processes (Ellison
et al. 2005).

From the perspective of human populations, the impact of
invasive insects and pathogens on species, communities, and
ecosystems is most acutely experienced via changes in the
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Fig. 2.7 Tree mortality
caused by sudden oak death
in (a) Southern Oregon.
(Photo courtesy of Bruce
Moltzan, USDA Forest
Service, Washington Office)
and (b) Monterey County,
CA. (Photo courtesy of Tom
Coleman, USDA Forest
Service, suddenoakdeath.org)

services the affected urban and wildland ecosystems provide
to human welfare. Ecological impacts of major forest pests
naturally translate into effects on various types of services,
i.e., provisioning (e.g., timber and non-timber products);
regulating (e.g., air and water quality/quantity, climate regu-
lation); and cultural (e.g., recreation, aesthetics, shade)
services (Charles and Dukes 2008; Pejchar and Mooney
2009). However, relatively few studies have quantified
impacts on these services by invasive forest insects and
pathogens (Holmes et al. 2009). Efforts to quantify direct
costs associated with timber losses (Houston 1994), tree
removals and replacements (Kovacs et al. 2010; Sydnor et al.
2007), and reduced property values (Holmes et al. 2005)
have been made for major invasive pests such as the emerald
ash borer, beech scale, and hemlock woolly adelgid, but
assessments of direct economic impacts for many other inva-
sive pests are lacking, and studies of indirect or non-market
impacts are largely absent. Aukema et al. (2011) conserva-
tively estimated an economic cost of nearly $5 billion per
year on governments, landowners, and households due to
timber losses, reduced property values, and other expendi-
tures associated with invasive forest insect infestations in the
United States, but did not include impacts to non-market
ecosystem services due to the scarcity of available data.
Useful impact metrics for non-market values and ecosystem
services may better inform policy decisions that could help
mitigate against the negative effects of invasive insect and
pathogen introduction, establishment, and spread (Boyd
et al. 2013; Chornesky et al. 2005).

2.3.1 KeyFindings

e Invasive plant-feeding insects and plant pathogens (or
combinations of both) have large ecological impacts in
forests. As they kill the dominant trees, they alter the sun-
light, temperature, water and nutrient cycles, and plant

composition of the forest, causing potential shifts in ani-
mal communities as well.

* Tree mortality caused by invasive insects and pathogens
leads to enormously high costs of tree removal, other
management responses, and reduced property values in
urban and residential landscapes.

e The severity of impact caused by invasive insects or
pathogens is at least partially a function of key traits of the
invader (e.g., mode of action, host specificity, and viru-
lence), as well as key characteristics of its host plant(s)
(e.g., dominance, uniqueness, phytosociology).

e Impacts are particularly large when the affected native
organism is a “foundation species” that defines and stabi-
lizes ecosystem processes.

» Factors influencing the success of invasive insects and
pathogens include their release from natural enemies,
“pheromone-free space,” defensive mismatches between
plants and invaders, and/or rapid change when released
from usual selection pressures.

2.3.2 Key Information Needs

e Models for characterizing the impact of invasive insects
and pathogens have been mostly qualitative, and applica-
tion of more quantitative approaches could help improve
impact predictions and allow for better comparisons
among invaders.

e In order to adequately assess the potential value of bio-
logical control strategies, more experimental research is
needed to determine the degree to which release from
natural enemies contributes to the success of specific
invasive herbivores (e.g., evaluating the enemy release
hypothesis).

e Accurate assessments of both economic and non-market
impacts are needed for most invasive insects and patho-
gens, including development of impact metrics for eco-
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system values and services that can be used to better
inform policy and management decisions.

2.4  Impacts of Invasive Vertebrates

in Terrestrial Systems

Invasive terrestrial vertebrates (i.e., amphibians, reptiles,
birds, and mammals) in the United States include species
that have been relatively recently introduced (since European
colonization of North America) and species that persist due
to close association with human habitation (i.e., peridomes-
tics), such as several rat and avian species. Invasive verte-
brates are estimated to cause more than $46 billion in damage
and control costs in the United States annually, including
more than $37 billion for control and damage from mam-
mals, $1.9 billion for birds, and $5.6 million for reptiles
(Pimentel 2011; Pimentel et al. 2000). This is a conservative
estimate in that it accounts for only a subset of all 81 mam-
mal, 99 bird, 69 reptile, and 11 amphibian species that could
potentially be considered (Fall et al. 2011). Additionally, the
estimates do not consider all costs. For example, damage
estimates for feral swine (Sus scrofa) ($1.5 billion U.S.)
(Pimentel 2011) include only crop damage and control costs,
but not damage to other property such as landscaping and
vehicles (via collision) or to native plant and animal species,
soil, or water. Traditionally excluded from discussions of
invasive terrestrial vertebrates are a group of species that
have become naturalized and culturally accepted, such as
feral horses (Equs caballus). In this section, we will also
exclude species undergoing natural range expansion into
previously unoccupied areas, even when facilitated by a
human modified landscape, such as coyotes (Canis latrans)
spreading to the Eastern United States. Here we cover eco-
nomic and ecological impacts of vertebrates that alter the
biological and physical composition, structure, or function
of native populations, communities, or ecosystems in ways
that decrease the ecosystem services or have other undesired
ecological effects (Ricciardi et al. 2013) while also noting
some examples of positive effects on particular species.
Native flora are often affected directly by the actions of
invasive vertebrate grazers such as goats (Caprinae), rabbits
(Leporidae), and horses and burros (Equidae). In Olympic
National Park in Washington State, mountain goats
(Oreamnos spp.) were introduced in the 1920s (Houston and
Schreiner 1995) and are known to impact vegetation near
rocky outcrops, as goats preferentially graze on alpine plants
such as Idaho fescue (Festuca idahoensis) and showy sedge
(Carex spectabilis) (Pfitsch and Bliss 1985). They also dam-
age other native vegetation through the creation of dirt wal-
lows (Pfitsch and Bliss 1985). Similarly, wild burros (Equus
africanus asinus) impacted sensitive vegetation through
grazing in Grand Canyon National Park in Arizona and were

ultimately removed (Houston and Schreiner 1995). Removal
of grazers is often a management goal, but ecosystems are
complex and removal of grazers can lead to novel issues. For
example, on Santa Cruz Island in California, the removal of
introduced grazers created an increase in the abundance of
invasive weeds (Myers et al. 2000).

Direct agricultural costs are associated with invasive
wildlife. Starlings (Sturnus vulgaris) occur at high densities
in agricultural areas and are estimated to cause more than
$800 million in damage by eating grain (Pimentel et al.
2000). Sixty individual starlings were introduced in the
United States in 1890 when an attempt was made to bring in
every bird species described in the plays of William
Shakespeare. This frivolous action has led to a population
explosion, where today starling numbers are greater than 150
million individuals and span the entire continent (Homan
et al. 2017). Similarly, domestic hogs (Sus scrofa) were
introduced into mainland North America in the sixteenth
century by Spanish explorers and later by settlers looking to
have a constant and familiar food supply. The native range of
Eurasian wild boar (also Sus scrofa, from which domestic
hogs are derived) is North Africa and Eurasia, but feral swine
(including feral hogs, wild boar, and admixtures of the two)
have expanded in North America to at least 38 states (Bevins
et al. 2014). Massive agricultural damage (Jay et al. 2007;
McClure et al. 2015) and contamination of agricultural crops
and potable water with E. coli and other disease pathogens
(Jay et al. 2007; Kaller and Kelso 2006) have accompanied
this population and range expansion.

Invasive terrestrial vertebrates can also directly impact
native fauna. Invasive black rats (Rattus rattus) are voracious
nest predators on many Hawaiian bird species, including the
‘Elepaio (Chasiempis species complex), monarch flycatchers
rated as “vulnerable” by the International Union for the
Conservation of Nature (Amarasekare 1993; Loope et al.
1988; Vanderwerf and Smith 2002). On O’ahu, after rat con-
trol was instituted via snap traps and poison baits, researchers
noted a 112% increase in ‘Elepaio reproduction; a 66%
increase in survival of female ‘Elepaio; restoration of site
fidelity, female age structure, and female recruitment; and an
increase in the population growth rate (Vanderwerf and Smith
2002). Globally, island ecosystems, especially the avifauna,
have been strongly impacted by invasive terrestrial verte-
brates (Harper and Bunbury 2015; Jones et al. 2008, 2016).

Although most direct effects of invasive vertebrate spe-
cies on native flora and fauna are detrimental to the native
populations, there are cases where invasive species improve
conditions for native populations (Rodriguez 2006). Invasive
vertebrates can act as a food subsidy to native predator popu-
lations. In the United Kingdom, invasive rabbits (Oryctolagus
cuniculus) have increased populations of European wild cats
(Felis silvestris), polecats (Mustela putorius), red Kkites
(Milvus milvus), and common buzzards (Buteo buteo) (Lees
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and Bell 2008). In the United States, there is evidence that
invasive terrestrial vertebrates can make up substantial por-
tions of the diet of native carnivores, including endangered
species. For example, the dominant prey item in the diet of
the Florida panther (Puma concolor) is feral swine (42% of
scats contained this species) (Maehr et al. 1990).

Terrestrial invasive species can have direct impacts not
only on other species but on the geomorphology of the land-
scape itself. These “ecosystem engineers” (Jones et al. 1996)
can change the ecology of an entire system by disrupting the
hydrology or changing the vegetative community. One ter-
restrial invasive vertebrate species acting as an ecosystem
engineer in the United States is nutria (Myocastor coypus), a
semiaquatic rodent native to South America. The species was
introduced at the end of the nineteenth century into California
and later into the Southeastern United States for fur farming
(Evans 1970). Nutria are known as major consumers of veg-
etation and can completely denude an area surrounding a
waterbody (Fall et al. 2011). They have aquatic and terrestrial
dispersal capabilities and are spreading throughout the United
States (Guichén and Cassini 1999). Nutria can change the
course of a waterway and are blamed for turning vegetated
marshes into open water ponds, impacting natural tidal flood
controls (Swank and Petrides 1954). Nutria also use a burrow
for rearing young, which has been shown to weaken levees
and other irrigation structures. They are also major crop pests
in the Southeastern United States where they damage rice,
sugarcane, cereal, grain, beets, peanuts, melons, and alfalfa
(Fall et al. 2011). Overall, the species has the ability through
its burrowing and food habits to morphologically change an
area, which in turn impacts entire aquatic communities.

Invasive feral swine are also ecosystem engineers. The
damage they cause is due to their digging, rooting, and plow-
ing activities, which damage crops, lead to soil erosion, and
have been shown to disrupt wetland ecosystems (Engeman
et al. 2007; Fall et al. 2011). This damage is greatest in wet
environments but can also impact terrestrial wildlands and
agricultural areas. From an ecological perspective, feral
swine rooting has been shown to influence plant succession
and species composition, which in turn has trophic effects on
other species that utilize those plant communities (Campbell
and Long 2009; Engeman et al. 2007). Feral swine also dep-
redate many native vertebrates including birds, reptiles, and,
reportedly, domestic livestock (Seward et al. 2004).

Ecosystem engineers are a type of keystone species,
which is a species whose impact is large relative to its pro-
portional biomass in the community (Mills et al. 1993).
Burmese pythons (Python bivittatus) in the Florida
Everglades could be considered a keystone invasive terres-
trial vertebrate. Burmese pythons were imported to the
United States from Southeast Asia through the pet trade and
now are a top predator in the Everglades, where they were
first sighted in the 1980s. They have spread throughout

southern Florida including all of Everglades National Park
(Dorcas et al. 2011). Road surveys from 2002 to 2011 have
documented declines in sightings of native vertebrates: rac-
coons (Procyon lotor) (99.3%), opossum (Didelphis virgin-
iana) (98.9%), bobcats (Lynx rufus) (87.5%), and rabbits
(Sylvilagus spp.) (100%) (Dorcas et al. 2012). All of these
species are prey of Burmese pythons.

Indirect effects of an invasive vertebrate species on native
populations can take several forms, including negative
impacts on the health of humans and native fauna. Invasive
vertebrates can harbor pathogens that cause disease, act as
new vectors for disease pathways, reduce crop yield or harm
livestock that in turn leads to increased human disease, and
contaminate potable water (Davis 2009; Fall et al. 2011; Hall
et al. 2008; Meng et al. 2009). A simple example is the abil-
ity of feral swine to spread diseases such as brucellosis, lep-
tospirosis, influenza, and pseudorabies, which impact
humans either through direct pathogen transmission or
through indirect transmission through livestock (Hall et al.
2008; Witmer et al. 2003). In a review of emerging infectious
diseases in humans, Jones et al. (2008) found that 60.3%
were zoonoses, with 71.8% originating in wildlife; it is not
surprising that introductions of terrestrial vertebrates are
linked to increases in human disease. Similarly, non-native
arctic fox (Alopex lagopus) on the Pribilof Islands, a critical
northern fur seal (Callorhinus ursinus) breeding ground,
may be responsible for the spread of Salmonella enteritidis
in seals, as foxes are often seen feeding on placentae and
dead pups and are a known reservoir of this disease in other
locations (Stroud and Roelke 1980).

Invasive vertebrates can compete with native fauna for
resources. Feral swine consume oak (Quercus spp.) and hick-
ory (Carya spp.) mast, thereby competing directly with native
wildlife for this important food source (Elston and Hewitt
2010; Henry and Conley 1972). Competition can also be for
the same resource used in different ways. For example, non-
native grazers, such as European rabbits (O. cuniculus) or
goats (Capra hircus), can reduce the abundance and distribu-
tion of native vegetation, which may be used by other species
for cover and food. Between 1903 and 1923, rabbit grazing
was responsible for the local extinction of 26 species of plants
on Laysan in Hawaii (Atkinson 1989; Courchamp et al. 1999).
Transformation of this native ecosystem by rabbits has been
blamed for the loss of several species of land birds on Laysan
and the reduction of several reptile populations (Atkinson
1989). These indirect effects can also impact multiple trophic
levels. On islands where there are both non-native domestic
cats and rats, rats can serve as an important overwinter food
source for cats, which in turn affect predation rates of native
birds (Courchamp et al. 1999; Zavaleta et al. 2001).

Trophic level effects can be difficult to demonstrate as the
strength of interaction can attenuate throughout a food web
or chain; alternatively, a trophic cascade can occur if a top
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predator’s abundance changes, thereby altering prey density,
which releases the lower trophic level. Some of the best tro-
phic interaction studies have been conducted on oceanic
islands. Pigs were introduced to California’s Channel Islands,
became feral, and rapidly increased in abundance. Golden
eagles (Aquila chrysaetos) were drawn to the islands and
ultimately colonized due to the constant food subsidy of the
feral pigs. Golden eagles then began preying on native
Channel Island foxes (Urocyon littoralis), whose numbers
declined precipitously, which released the competitively
inferior native spotted skunk (Spilogale gracilis amphiala),
whose numbers boomed (Roemer et al. 2002). Similarly,
Croll et al. (2005) show that released foxes on the Aleutian
Islands severely reduce seabird numbers (see below), which
then ultimately impacted nutrient transport from the ocean to
the land. The change in nutrient transport influenced soil fer-
tility and changed native grasslands to forb- and shrub-
dominated ecosystems (Croll et al. 2005). These oceanic
island studies consistently show that a terrestrial invasive
apex predator can affect food webs in complex ways involv-
ing top-down forcing and bottom-up nutrient exchanges
(Maron et al. 2006).

A plethora of indirect economic costs are associated with
managing invasive terrestrial vertebrate species. Costs of
removing predators such as arctic fox, cats (Felis catus), and
rats (Rattus spp.) on islands are substantial, but necessary to
protect threatened seabirds (Ebbert and Byrd 2002). Foxes
were first brought to the Aleutian Islands in the mid-1700s,
and a fox farming boom continued there through the early
part of the 1900s. However, escaped foxes that established
invasive populations caused much ecological damage to sea-
bird colonies requiring active management remediation.
Removal of foxes on 39 islands, while expensive, was imme-
diately successful with a fivefold increase in nesting birds in
10 years (Ebbert and Byrd 2002). The native Aleutian goose
(Branta hutchinsii leucopareia) population in the Aleutian
Islands went from 1000 birds in 1975 to over 35,000 by 2000
once invasive mammal predators were removed. Similarly,
restoration by the removal of wild pigs has been necessary
for the recovery of native mammals on California’s Channel
Islands (Roemer et al. 2002). Likewise, in Hawaii, almost all
of the native birds are threatened by invasive rodents and
other mammalian predators (Amarasekare 1993; Hammond
et al. 2015; Harper and Bunbury 2015). In addition to eradi-
cation costs are the costs of threatened species recovery (e.g.,
captive breeding programs) for those endemic Hawaiian
birds impacted by invasive predators.

2.4.1 Key Findings

* Invasive terrestrial vertebrates cause impacts to native
systems through a wide variety of mechanisms, including

overgrazing, seed consumption, predation and related
indirect trophic effects, resource competition, and hybrid-
ization with native species.

e Invasive vertebrates (e.g., feral swine or nutria) that act as
ecosystem engineers through rooting, burrowing, or alter-
ing hydrologic patterns can cause substantial ecological
and economic impacts.

» Invasive vertebrates can also introduce or serve as vectors
of harmful pathogens that cause disease in wildlife, live-
stock, and humans.

e Economic impacts associated with invasive vertebrates
include not only damage to crops and ecosystems but costs
of their control or eradication and the cost of recovering or
conserving native species threatened by the invasion.

2.4.2 Key Information Needs

e Economic impacts of invasive vertebrates are likely
underestimated, and better accounting of the full costs
associated with damage to native flora and fauna, soil,
water, property, and human health are needed, in addition
to costs associated with crop damage and control efforts.

o Effects of introducing invasive vertebrates can attenuate
through food chains when the species functions as either
prey or predator, resulting in numerous direct or indirect
interactions. Additional research should focus on identi-
fying and quantifying complex impacts that cascade
across trophic levels.

2.5 Impacts of Invasive Plants in Aquatic

Systems

Invasive plants are found throughout the United States across
a wide variety of aquatic habitats, including lakes, ponds,
rivers, streams, estuaries, and wetlands. Species of concern
represent diverse taxonomic groups and include not only
angiosperms (monocotyledonous and dicotyledonous flow-
ering plants) but also macroalgae with plant-like growth
forms. There are three main growth forms of aquatic invasive
plants: floating (on the water’s surface), submersed (rooted
underwater but potentially topping out to form surface mats),
and emergent (erect stems above or on the surface of the
water/saturated soils).

Regardless of growth form, aquatic invasive plants can
have severe effects, altering environmental conditions, eco-
system processes, plant and animal communities, and human
uses of water bodies. Freshwater aquatic habitats appear to be
disproportionately vulnerable to and negatively affected by
invasive species compared to terrestrial habitats (Moorhouse
and Macdonald 2015). This is because of both the wide range
of vectors available for spread of live organisms, such as
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boats, ballast water, and the aquarium trade, and the suscepti-
bility of aquatic systems to hydrologic, nutrient, and other
disturbances (Lodge et al. 1998; Zedler and Kercher 2004).
Aquatic invasive plants are not only “drivers” of change that
directly alter habitats but also “passengers” of change that
have become more abundant in response to anthropogenic
stressors and disturbances (sensu MacDougall and Turkington
2005). The extent to which invasive plants impair aquatic
habitats, and to which they can be effectively controlled,
depends on a variety of factors, including site conditions,
detection and response times, and management decisions.

As invasive plants become more abundant in an aquatic
habitat, their potential impacts on environmental conditions
increase. These environmental changes can then have cas-
cading effects on biodiversity, ecosystem functioning, and
human uses. A fundamental attribute altered by invasive
plants is light availability, particularly when canopy-
producing floating (e.g., water hyacinth (Eichhornia
crassipes)) or submersed species (e.g., hydrilla (Hydrilla
verticillata) and Eurasian watermilfoil (Myriophyllum
spicatum)) reduce underwater penetration of sunlight (Smith
and Barko 1990; Villamagna and Murphy 2010) or tall emer-
gent species (e.g., non-native common reed (Phragmites
australis haplotype M) and hybrid cattail (Typha x glauca))
overtop shorter native plants (Larkin et al. 2012a). Aquatic
invasive plants can also alter microclimates, for example,
reducing water and substrate temperatures and variability
(Larkin et al. 2012a; Schmitz et al. 1993), and water chemis-
try parameters (e.g., pH, redox potential, and nutrient con-
centrations) (Carpenter and Lodge 1986; Hummel and Kiviat
2004; Posey et al. 1993). Dissolved oxygen is of particular
concern, as it can become depleted when high biomass of
senesced invasive plants undergoes microbial decomposition
or at night or during prolonged cloud cover when oxygen-
producing photosynthesis gives way to oxygen-consuming
respiration in large mats of vegetation (Caraco and Cole
2002; Pennington 2014; Sousa 2011).

Changes to key ecosystem processes accompany these
shifts in environmental conditions. For example, primary pro-
ductivity often increases with aquatic plant invasions (Nichols
and Shaw 1986; Zedler and Kercher 2004). Movement of
water may be disrupted by dense growth of non-native vege-
tation and sediment can be trapped at higher rates (Petticrew
and Kalff 1992; Rooth et al. 2003). Rates of litter decomposi-
tion, sediment accumulation, and cycling of carbon, nitrogen,
and other nutrients can be altered (Joyce et al. 1992). Changes
in dominant vegetation following invasions influence the
food webs and flow of energy through aquatic systems
(Gratton and Denno 2006; Kelly and Hawes 2005).

In evaluating these and other impacts of invasive species,
it is important to bear in mind that both native and non-native
species can act as ecosystem engineers in aquatic habitats
(Crain and Bertness 2005; Duffy 2006; Posey et al. 1993). It

is when non-native species have traits that are novel in the
habitats they invade, i.e., when they occupy distinct ecologi-
cal niches, that their impacts are potentially greatest (Moles
et al. 2008; Ricciardi and Atkinson 2004). For example, inva-
sive aquatic plants may occupy areas of habitat that would
otherwise be unvegetated, produce substantially more bio-
mass, or differ from native species with respect to growth
form, phenology, tissue chemistry, position in the habitat, or
other functional traits (Bolduan et al. 1994; Nichols and
Shaw 1986; Posey et al. 1993). Under these circumstances,
there is high potential for harm to aquatic habitats and asso-
ciated human uses of these systems.

One of the major impacts of invasive aquatic plants is loss
of plant diversity. Native macrophytes can be displaced by
invasive species that are superior competitors for space,
light, or nutrients (Gettys et al. 2014). Earlier phenology,
more rapid growth, multiple reproductive mechanisms, or
other “weedy” traits enable invasive macrophytes to outcom-
pete native species for light (Woolf and Madsen 2003; Zedler
and Kercher 2004). High stem densities and thick floating
mats monopolize space, depriving native plants of suitable
habitat (Hummel and Kiviat 2004; Schooler et al. 2006).
Higher rates of nutrient uptake and utilization can also con-
fer competitive advantages to invasive aquatic species over
native species (Larkin et al. 2012b; Van et al. 1999).

The effects of aquatic invasive plant species on fish and
other wildlife are of great concern. By reducing dissolved
oxygen, dense growth of invasive plants can drive off or
cause mortality of invertebrates and fish (Madsen 1997).
Invasive plants can also have less acute effects that nonethe-
less deprive invertebrates, fish, and birds of suitable habitat,
foraging resources, or nursery/breeding sites (Able and
Hagan 2000; Glisson et al. 2015). However, because invasive
plants may provide shelter and primary production that ben-
efit certain animals, aquatic invasive plants do not necessar-
ily decrease total invertebrate or fish diversity but may
instead alter the community composition of these groups by
favoring species adapted to higher stem densities or other
differences in structure (Chick and Mlvor 1997; Engel 1987;
Theel et al. 2007). Despite the clear value of macrophytes in
general for fish and other organisms, the importance of par-
ticular plant species to particular animal species is generally
not well resolved (Kovalenko et al. 2010). This makes it dif-
ficult to predict how aquatic plant invasions will ultimately
affect animal communities. For example, canopy-producing
invasive plants may enhance fish and wildlife habitat at early
invasion stages by providing food, shelter, or substrate for
macroinvertebrates but can eventually decrease these eco-
logical services if the invader becomes overly abundant.

In addition to their broad environmental and ecological
impacts, aquatic invasive plants can impair economic and
recreational uses of aquatic systems. Dense mats of floating
and submersed plants restrict navigation and impede water
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movement important for flood control, irrigation, and hydro-
power (Eiswerth and Johnson 2002; Penfound and Earle
1948). Recreational uses of lakes and rivers are disrupted
when nuisance vegetation fouls boat motors or interferes
with waterskiing, fishing, or wildlife viewing (Gettys et al.
2014). Decreased aesthetic value and interference with rec-
reation reduce property values and tourism income (Charles
and Dukes 2008; Horsch and Lewis 2009). While a dollar
value is not easy to assign to the impacts of aquatic invasive
plants, they are an important component of the estimated
$120 billion per year that invasive species of all types impose
on the US economy (Pimentel et al. 2000).

The risk posed by invasive plants to a given aquatic habitat
depends on geography, climate, propagule pressure from
source populations, habitat characteristics that influence sus-
ceptibility to invasion, and management effort. Regional priori-
ties for early detection and management are a moving target
given that new species continue to be introduced to the United
States or expand their ranges into new regions within the
United States (Essl et al. 2011; Maki and Galatowitsch 2004).
This uncertainty is compounded by climate change, which will
enable certain aquatic invasive species to invade new areas and
habitat types (Hellmann et al. 2008; Rahel and Olden 2008).

The degree to which a particular water body is susceptible
to invasion depends on landscape and local factors. Locations
closer to, or hydrologically connected to, source populations
of aquatic invasive plants or those that are heavily used by
boaters are more likely to receive seeds, fragments, or other
propagules that can establish new populations (Buchan and
Padilla 1999; Jackson and Pringle 2010). High levels of
development activities by humans along shorelines or within
watersheds act as disturbances that benefit opportunistic
invasive species, for example, by altering hydrology, sedi-
mentation, and nutrient loading (Vander Zanden and Olden
2008; Zedler and Kercher 2004).

The physical and chemical characteristics of a water body
have a large influence on invasion risk. A fundamental char-
acteristic of aquatic systems is their trophic state. In shallow
lakes, differences in trophic status are associated with regime
shifts between clear, macrophyte-dominated and turbid,
phytoplankton-dominated alternative states (Scheffer 2004).
Turbid states can support harmful algal blooms, but high
light penetration in the desirable clear state can promote high
productivity of submersed plants, including invasive species
(Gettys et al. 2014; Scheffer 2004). Water depth affects light
penetration and temperature, which are often limiting factors
for growth of submersed invasive species (Barko and Smart
1981; Madsen et al. 1991). Thus, water drawdowns during
droughts can lead to new infestations or accelerate expansion
of existing infestations (Barrat-Segretain and Cellot 2007).
Bathymetry and extent of the littoral zone determine poten-
tial habitat area available to submersed and emergent inva-
sive species (Vis et al. 2003). Whether water flow is relatively

static, moderate, or fast dictates which species are able to
establish in a given water body (Madsen et al. 2001). Once
established, sediment and water column characteristics—e.g.,
sediment texture and bulk density, nutrient availability, pH,
and oxidation—influence aquatic plants’ fitness and produc-
tivity, potentially making the difference between an invasive
species simply being present versus occurring at nuisance
levels (Barko and Smart 1986; Fleming and Dibble 2015;
Squires and Lesack 2003).

Ultimately, the impacts of aquatic invasive plants depend
greatly on the diligence of aquatic and wetland monitoring
and the degree of management responses directed against the
invasive plants. Proactive efforts to prevent new invasions
can be cost-effective relative to post-invasion, long-term
management (Keller et al. 2008). Early detection and rapid
response efforts can identify new infestations at stages when
eradication may still be feasible (Anderson 2005). The use of
existing invasive or prohibited plant lists and predictive mod-
els can help guide search efforts (Tamayo and Olden 2014),
and advances in citizen science offer opportunities to develop
large-scale detection networks for invasive plants (Crall et al.
2015). When invasive populations are already well estab-
lished, sustained active management efforts can achieve
effective control and conserve ecological structure and func-
tion (Kovalenko et al. 2010). However, large-scale or long-
term management efforts may be complex and expensive.
Thus, it is important to proceed with clearly defined goals,
consult the most current control technologies, and imple-
ment a robust monitoring program to enable course correc-
tions (Blossey 1999; Zedler 2005).

2.5.1 Key Findings

» Inaquatic environments, invasive plants of various growth
forms (floating, submersed, or emergent) can have large
negative effects that can alter environmental conditions,
ecosystem processes, plant and animal communities, and
biological diversity. Compared to terrestrial habitats,
freshwater aquatic habitats are disproportionately vulner-
able to plant invasions.

e Aquatic invasive plant impacts generally increase as their
abundance increases and when novel traits allow them to
exploit distinct ecological niches. Mechanisms by which
invasive plants affect aquatic systems include reducing
sunlight penetration; altering water temperature, pH, and
nutrient concentrations; and reducing dissolved oxygen
content.

* Invasive aquatic plants can greatly impair human uses of
water bodies by restricting navigation; impeding water
movement important for flood control, irrigation, or
hydropower; disrupting recreational activities; and
decreasing aesthetics, property values, and tourist income.
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e The physical and chemical characteristics of a water body,
such as trophic state, depth, flow rate, and sediment char-
acteristics greatly influence its vulnerability to invasive
aquatic plants.

2.5.2 Key Information Needs

» Research to clarify the importance of particular plant spe-
cies to particular animal species in aquatic systems is
needed in order to better predict how aquatic plant inva-
sions will affect animal communities.

e Understanding how climate change is likely to affect the
ability of invasive aquatic species to invade new areas and
habitat types would help improve regional efforts at early
detection and management prioritization.

2.6 Impacts of Invasive Animals

in Aquatic Systems

The introduction and establishment of invasive animals in
aquatic environments is a key threat to the conservation of
aquatic biodiversity and the provisioning of aquatic ecosys-
tem services. The distribution of most aquatic animals is
naturally constrained by drainage divides, but these barriers
are frequently overcome by human-mediated movement of
organisms among watersheds at many scales. Over 300 non-
native aquatic animals are established in North America, and
these species represent a broad taxonomic spectrum, includ-
ing mollusks, crustaceans, insects, fish, amphibians, reptiles,

Fig. 2.8 Aquatic invasive
species. (a) Zebra mussels
(Dreissena polymorpha).
(Photo courtesy of Randy
Westbrooks, Invasive Plant
Control, Inc., Bugwood.org);
(b) silver carp
(Hypophthalmichthys
molitrix). (Photo courtesy of
Kate Gardiner, https://www.
flickr.com/photos/
ennuiislife/4120213381); (c)
rusty crayfish (Orconectes
rusticus). (Photo courtesy of
U.S. Geological Survey,
Bugwood.org); (d) brook
trout (Salvelinus fontinalis).
(Photo courtesy of Michael
Young, USDA Forest Service)

mammals, and microorganisms (Strayer 2010). These
include species translocated from other continents or from
one part of North America to another.

Not all non-native aquatic animals are invasive. Those
non-native species recognized as having net negative effects
on native biodiversity, ecosystem functioning, human health,
or economic conditions are labeled as invasive (Sala et al.
2000), and the focus of this science synthesis is on species in
this category. However, the effects of non-native species and
human perceptions of these effects vary widely according to
context. For example, brook trout (Salvelinus fontinalis) are
the focus of conservation efforts as they decline in their
native range in Eastern North America, but they negatively
impact native fish populations when released as non-natives
into the Rocky Mountains (Fausch et al. 2009) (Box 2.6,
Fig. 2.8d). Non-native species, particularly sport fishes, may
be esteemed by some segments of society for recreation, but
considered invasive by others because of their negative eco-
logical impacts. Some non-native species have been present
in their non-native range for so long, and it is difficult to
evaluate their effects. The Asian clam (Corbicula fluminea)
was introduced into North America in the 1930s and is now
the dominant bivalve there, but evidence of its negative
effects is equivocal (Haag 2012; Strayer 1999). Still other
non-native aquatic species appear to have no obvious nega-
tive effects, but in most cases these have not been studied
well enough to determine what, if any, more subtle effects
they may have on populations, communities, and ecosys-
tems. Although our focus here is on aquatic invasive species
with well-recognized impacts, it is essential to note that for
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Box 2.6 Aquatic Invasive Animal Species in Varying
Contexts

Aquatic invasive species include a wide range of taxa
that have a variety of impacts. Taxa and impacts range
from invasive bivalves, such as zebra mussels
(Dreissena polymorpha) (Fig. 2.8a), which encrust
native mollusks, interfering with their feeding and
reproduction, to  fish  like  silver  carp
(Hypophthalmichthys molitrix) (Fig. 2.8b), which have
become the dominant species by biomass in some sec-
tions of North American rivers and can outcompete
juvenile native fish for planktonic food resources.
Zebra mussels and silver carp are not native to North
America, originating from Northcentral Europe and
Asia, respectively. In contrast, rusty crayfish
(Orconectes rusticus) (Fig. 2.8c) and brook trout
(Salvelinus fontinalis) (Fig. 2.8d, lower fish) are native
to North America, but humans have moved them
beyond their native ranges to other regions of the con-
tinent, where they have net negative impacts on the
species native to those regions and on the aquatic eco-
systems upon which native species depend. Rusty
crayfish, native to the Southcentral United States, prey
on, compete with, and hybridize with native crayfish in
the Upper Midwest. Brook trout, native to the Eastern
United States, compete with native cutthroat trout
(Oncorhynchus clarkii) (Fig. 2.8d, upper fish) in the
Western United States and prey on their offspring, con-
tributing to concerns about native species’ population
viability.

many non-native aquatic species, additional research is
needed to determine whether or not they are invasive.

The breadth of ecosystem effects of non-native species,
from indeterminate to extreme, is illustrated in the
Laurentian Great Lakes, where there are established pop-
ulations of at least 90 non-native aquatic animals, most of
which appear to have been introduced via commercial
shipping (Holeck et al. 2004; Ricciardi 2001). Of the doz-
ens of zooplankton species introduced into the Great
Lakes, dramatic effects are demonstrated for only a few,
and these effects vary spatially (e.g., Strecker and Arnott
2008). In contrast, zebra mussels and quagga mussels
(Dreissena spp.) have radically transformed aquatic eco-
systems in the Great Lakes region and throughout the rest
of North America. Their effects include dramatic declines
in phytoplankton and zooplankton and the near-
elimination of native bivalves (Strayer et al. 1999)
(Fig. 2.8a).
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The distribution, abundance, and per capita effects (i.e.,
the effect per individual or per biomass unit, see Sect. 2.1.4)
of non-native species in recipient habitats are the primary
determinants of their ecosystem impacts (Parker et al. 1999;
Ricciardi et al. 2013). When non-native species exploit pre-
viously unoccupied ecological niches, they may have par-
ticularly large effects. For example, epibenthic bivalves were
absent in the Great Lakes prior to the introduction of
Dreissena, which may have been a factor in their success.
However, ecological novelty is not a prerequisite for becom-
ing invasive. Rusty crayfish (Orconectes rusticus) displace
native crayfish species to which they appear ecologically
similar (Wilson et al. 2004) (Fig. 2.8c). Similarly, filter-
feeding Asian carps can compose up to 80% of the overall
fish biomass in midwestern rivers despite the historical pres-
ence of a variety of native filter-feeding fishes (e.g., gizzard
shad (Dorosoma cepedianum) and paddlefish (Polyodon
spathula)) (Sass et al. 2010) (Fig. 2.8b). Regardless of the
factors that influence invasiveness (i.e., propensity of a spe-
cies to cause net negative ecological impacts), the effects of
aquatic invasive animal species can be manifested in several
ways, including alteration of food webs or trophic relation-
ships, habitat modification, and genetic hybridization.

Food web or trophic impacts can take a variety of forms.
Many aquatic invasive animal species exert ecosystem effects
by direct predation on native species. For example, non-
native lake trout (Salvelinus namaycush) consume juvenile
native cutthroat trout (Oncorhynchus clarkii) in Yellowstone
Lake (Ruzycki et al. 2003), and rusty crayfish consume eggs
of native fish in the family Centrarchidae (Wilson et al.
2004). Invasive species also may parasitize native species
(e.g., sea lamprey (Petromyzon marinus) parasitism of native
lake trout in the Great Lakes (Lawrie 1970)) or as pathogens
cause disease in native species (e.g., whirling disease, caused
by Myxobolus cerebralis, infecting native salmonids (Gilbert
and Granath 2003)). Invasive species can compete directly or
indirectly for food with native organisms. Adult silver carp
(Hypophthalmichthys molitrix) compete directly with juve-
nile yellow perch (Perca flavescens) for plankton, and
reduction of phytoplankton abundance by Dreissena may be
a major factor in the decline of native bivalves (Strayer
1999). The feeding behavior of invasive species may also
have indirect, cascading effects on other organisms at pro-
gressively higher or lower trophic levels. An example of a
trophic cascade occurred with the introduction of the opos-
sum shrimp (Mysis diluviana) in Flathead Lake, MT (Ellis
et al. 2011). Opossum shrimp preyed heavily on native zoo-
plankton, causing significant declines in their abundance. In
response to declining zooplankton, the native planktivorous
fish that fed on them also declined, reducing the food avail-
able for piscivorous kokanee salmon (Oncorhynchus nerka),
resulting in their decline. Ironically, kokanee are also intro-
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duced in this ecosystem, but they sustain a popular sport fish-
ery and attract a concentration of migrating bald eagles
(Haliaeetus leucocephalus), which feed on kokanee. After
introduction of opossum shrimp, the crash in the kokanee
population effectively ended the sport fishery and forced the
eagles to relocate. A similarly complex outcome is invasional
meltdown, in which invasions by one species facilitate inva-
sions by others and, as a group, these non-native species can
completely restructure faunal communities and trophic link-
ages. One example of this type of invasional meltdown is the
establishment of round goby (Neogobius melanostomus) in
the Great Lakes, which was facilitated by the presence of one
of its preferred prey items from its native Ponto-Caspian
range, zebra mussels (Dreissena polymorpha), which had
previously invaded and become abundant in the ecosystem
(Ricciardi 2001).

Invasive aquatic animals can modify the physical and
chemical environment, which affects native species and eco-
systems in various ways. Common carp (Cyprinus carpio)
feed by rooting in soft substrates, and this behavior can
increase water column turbidity and nutrient levels and result
in a decrease in aquatic plants and macroinvertebrates
(Parkos et al. 2003). Accumulations of Dreissena can trans-
form areas of soft sediments into reefs of dead and living
shells, which provide habitat for a different array of macro-
invertebrates than would be present otherwise (Radziejewska
et al. 2009). Waste excretion by dense aggregations of New
Zealand mud snails (Potamopyrgus antipodarum) can dra-
matically raise nitrogen levels in otherwise low-productivity
habitats (Hall et al. 2003). These changes can produce envi-
ronmental conditions more conducive to non-native species
than to native species. For example, common carp are
adapted to turbid conditions that result from their feeding
behavior, but bluegill (Lepomis macrochirus), smallmouth
bass (Micropterus dolomieu), and other native centrarchids
in these systems are visual feeders that may be affected nega-
tively by increases in turbidity (Wolfe et al. 2009).

Hybridization between native and invasive species is also
a widespread and growing concern (Perry et al. 2002).
Hybridization poses little risk for species that are sufficiently
divergent and have strong reproductive barriers, but closely
related taxa are vulnerable to hybridization. Non-
introgressive hybridization, such as between invasive brook
trout and federally listed bull trout (Salvelinus confluentus)
in the Northwest (DeHaan et al. 2010), results in offspring
that are largely inviable or infertile, causing reduced recruit-
ment of the native species. Introgressive hybridization pro-
duces viable offspring that can spread non-native genes in
later generations. Native Pecos pupfish (Cyprinodon peco-
sensis) in the Southwestern United States have been rapidly
assimilated by invasive sheepshead minnow (Cyprinodon
variegatus), resulting in loss of pure pupfish populations
(Rosenfield et al. 2004). In some fish species, introgressive

hybridization has led to range reductions of native species,
with formerly occupied areas hosting parental forms of the
non-native taxon or admixed individuals (McKelvey et al.
2016; Ward et al. 2012).

Humans experience a range of direct and indirect impacts
of invasive aquatic animals. For example, Dreissena can clog
municipal and industrial water intakes, and cyanobacterial
blooms associated with high Dreissena densities cause taste
and odor problems in water supplies (Vanderploeg et al.
2001). Dreissena can also interfere with recreational oppor-
tunities, including angling, boating, and swimming (Lovell
et al. 2006; Rothlisberger et al. 2012). Reduced commercial
fish stocks and increased costs of power generation have also
been identified as impacts of Dreissena (Rothlisberger et al.
2012).

Attempts to control invasive species can have unintended
negative consequences for native species and, as such, are an
indirect ecological impact of aquatic invasive species.
Mechanical or chemical control of invasive species, such as
rotenone treatments for fish or chelated copper for Dreissena,
may inadvertently harm populations of non-target organ-
isms, such as amphibians and macroinvertebrates (Billman
et al. 2011; Hamilton et al. 2009; Montz et al. 2010).
Unnatural barriers designed to prevent the spread of invasive
aquatic animals may interfere with the life cycle and habitat
requirements of native fish species (Fausch et al. 2009).
Aside from the harm they may cause to native species, con-
trol efforts are often unsuccessful, reinforcing the impor-
tance of prevention, early detection, and rapid response in
managing biological invasions (Vander Zanden and Olden
2008).

The taxonomic diversity of invasive aquatic animals and
the wide range of mechanisms by which they affect native
ecosystems make it impossible to generalize what types of
impacts are the most, or least, important, common, or severe.
The effects of invasive aquatic animals are not only wide
ranging as to type and severity; they are also manifest at mul-
tiple levels of biological organization, from genes to organ-
isms to populations to communities to ecosystems. Human
interests, including recreation, navigation, and water quality,
are also affected negatively by the ecological changes caused
by invasive aquatic animals. Additional research is needed to
understand and quantify these ecological changes to better
inform societal responses to aquatic invasive animals (Walsh
et al. 2016).

2.6.1 Key Findings

e Invasive aquatic animals cause wide-ranging ecological
and economic impacts. For example, invasive dreissenid
mussels have transformed food webs in the Laurentian
Great Lakes and elsewhere in North America. Their
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effects include dramatic declines in phytoplankton and
zooplankton and the near-elimination of native bivalves.

e Types of impacts of invasive aquatic animals include
alteration of food webs and trophic relationships, habitat
modification, and genetic hybridization with native
species.

* Many non-native aquatic animals have not been studied
well enough to fully determine their ecological and eco-
nomic impacts.

2.6.2 Key Information Needs

e Additional study is needed to clarify the role and effects
of non-native animals in aquatic systems.

* For the vast majority of invasive aquatic animals, accurate
assessments of ecological and economic impacts are
needed.

* Studies of per capita effects of invasive aquatic animals
have been more frequent than studies of population-level
impacts. Additional work is needed for more invasive
aquatic animals to scale information about per capita
effects to the population and community levels.
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