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9.1 Introduction

Invasive species have a major effect on many sectors of the
U.S. economy and on the well-being of its citizens. Their
presence impacts animal and human health, military readi-
ness, urban vegetation and infrastructure, water, energy and
transportations systems, and indigenous peoples in the United
States (Table 9.1). They alter bio-physical systems and cul-
tural practices and require significant public and private
expenditure for control. This chapter provides examples of
the impacts to human systems and explains mechanisms of
invasive species’ establishment and spread within sectors of
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the U.S. economy. The chapter is not intended to be compre-
hensive but rather to provide insight into the range and sever-
ity of impacts. Examples provide context for ongoing Federal
programs and initiatives; support State and private efforts to
prevent the introduction and spread of invasive species; and to
eradicate and control established invasive species.

Invasive species are a problem for humans as well as the
ecosystems they inhabit as economic impact analyses have
indicated (Pimentel 2011; Pimentel et al. 2005).
Approximately 50,000 non-native species have been intro-
duced into the United States, including plants, animals, and
microbes (Pimentel et al. 2005). Many of these species were
intentionally introduced to control erosion or as agricultural
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Table 9.1 Key impacts of invasive species on the humans and the sys-

tems that support them?

Sector

Impact

Animal and
human health

Spread of infectious disease; dermatitis;
respiratory allergies; wounds and bites; loss of
native species

Military
readiness

Diminished military force health; decreased
aircraft safety; decreased safety on training
grounds; hampered movement of equipment,
vehicles, and supplies; equipment and
infrastructure damage

Urban areas

Tree damage and mortality; infrastructure
damage; loss of native species

Water resources
and systems

Decreased water quality and quantity; flooding;
water infrastructure damage; diminished
recreational opportunities

Energy systems

Damage to electrical equipment, utility lines,
and poles; damage to hydropower facilities

Transportation Reduced visibility; flooding; increased fire risk;
systems damage to roadways and railroad tracks and ties
Forest and Decreased forage; cattle poisoning; disease
grassland transmission to cattle; loss of timber and
products non-timber forest products

Indigenous Loss of native foods, medicines, ceremonial
peoples materials, and species with cultural value

*With proper control and management measures, many impacts can be
avoided or abated

crops, livestock, landscaping, game species, or pets. Others
were accidental hitchhikers on imported products or came by
natural catastrophic disturbances, such as hurricanes. Once
established in the United States, many of these species
became invasive (~6500 species) and have caused significant
unintended economic losses, threatened human and animal
health and safety, and disrupted human activities. Some of
the consequences include: reductions in agriculture, forestry,
and livestock production; damage to infrastructure; altera-
tion of water and nutrient cycles; changes in the availability
of clean water; and introduction and spread of new or re-
emerging diseases. In addition, invasive species can alter dis-
turbance regimes and threaten biodiversity through atypical
fire, predation, competition, and disease transmission, often
in concert with other invasive species, to cause cascading
impacts throughout entire ecosystems (Doherty et al. 2016).
Humans, and their support systems, may be particularly
vulnerable to impacts from invasive species. Invasive species
are frequently introduced to urban areas or economic centers,
where they may influence humans because of their close prox-
imity and relative abundance. Human behavior in urban areas
tends to encourage the increase and spread of invasive species,
making humans and their support systems even more vulner-
able to their impacts. These behaviors include landscaping,
clearing native vegetation, and creating disturbed environ-
ments in which few species other than invasives can survive.
Costs are incurred in the public and private sectors because
of damage to landscapes, animals, infrastructure, and humans,
and through management efforts to prevent and mitigate this
damage and ensure human safety. Unfortunately, in many

cases, these costs have not been quantified. Economic cost data
are often not available, and when available, there may be no
system in place to summarize or analyze costs. Costs may also
be masked within other expenses as a component of larger
management initiatives such as habitat restoration. Additionally,
there is no direct way to evaluate costs associated with impacts
on aesthetics or cultural practices, so estimates of indirect costs
or willingness to pay are used. At this point in time it is not pos-
sible, even with the best available data, to provide a full
accounting of costs related to invasive species (see Chap. 14).

9.2 Invasive Species and Animal

and Human Health

Animal and human health have been impacted by a wide range
of invasive species, including vertebrate animals (mammals,
birds, reptiles, fish), invertebrate animals (insects), microbial
organisms (fungus, bacteria, viruses), and plant species. These
species can affect animals and humans directly by spreading
disease or acting as chemical or biological irritants, or indi-
rectly by serving as vectors for invasive or non-invasive organ-
isms that affect health. Invasive species alter the provision of
goods and clean water, and may influence safety, as discussed
in other sections. Health-related impacts from invasive species
may be challenging to prevent when there are lag times
between introduction, establishment, and early detection.

9.2.1 Impacts of Invasive Mammals

on Animal and Human Health

Invasive mammals in the United States include dogs, cats,
horses, pigs, and other domesticated animals that were intro-
duced for livestock and pets but have become feral, as well as
wild species that were accidentally introduced. The European
or black rat (Rattus rattus), Norway or brown rat (Rattus nor-
vegicus), and house mouse (Mus musculus), for example, were
unintentionally introduced through trans-Atlantic shipping
and other international trade routes (Pimentel et al. 2005).
Rats are known to destroy stored food and grain, damage
crops, and prey on poultry, with estimated economic losses
of over $19 billion per year to the agricultural sector
(Pimentel et al. 2000). Moreover, invasive rodents are vec-
tors of serious diseases that infect humans and animals such
as salmonellosis, leptospirosis, plague, and murine typhus
(Pimentel et al. 2005). Some of these bacterial diseases are
directly spread through contamination of feed, food, and
water systems; others, like plague, are spread by fleas carried
by rodents. The rodent fleas can infect domestic pets which
reside in homes, and subsequently transmit disease to
humans (Ettestad 2017; Weniger et al. 1984). In addition to
their capacity to transmit disease, invasive mammals (rats
and feral cats, dogs, and pigs) are considered to be a major
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factor in the extinction of 87 bird, 45 mammal, and 10 reptile
species worldwide. These invasive predators also threaten
596 species listed as either vulnerable, endangered, critically
endangered, or possibly extinct (Doherty et al. 2016).

Feral and other free-roaming domestic cats (Felis catus),
whose populations have been estimated at over 30 million
and rising, prey on native birds, small mammals, amphibians,
and reptiles (Pimentel et al. 2005). It is estimated that feral
cats kill at least 240 million birds each year in the United
States (Jessup 2004; Pimentel et al. 2000). The total damage
to the U.S. bird population is estimated to be at least $17 bil-
lion per year when lost recreational costs (hunting, bird
watching, etc.) are included (Pimentel et al. 2000). The free-
ranging behavior of feral cats in shared habitats with native
wildlife also predisposes them to exposure to common infec-
tions associated with numerous parasites and other transmis-
sible infectious diseases (Jessup 2004). Many of these
diseases are zoonotic or capable of infecting humans and
domestic animals.

Feral cats can harbor the bacterium Pasteurella multo-
cida, which can be transmitted by cat bites and cause virulent
disease in wild birds (avian cholera) and domestic poultry
(fowl cholera), and severe infections in humans. Feral cats
also are the host for Toxoplasma gondii, a protozoan parasite
causing infection in humans and animals in the United States
(Dubey 2010; Dubey and Jones 2008). Additionally,
Toxoplasma-infected feces can enter coastal waters and
cause toxoplasmosis in marine mammals (Barberi et al.
2016; Harris et al. 2002; Miller et al. 2008; U.S. Department
of Commerce National Oceanic and Atmospheric
Administration 2016).

Feral swine (Sus scrofa) have become established across
the United States and have been reported in at least 35 States.
Their origins date back to the late 1400s to early 1500s when
European explorers and settlers brought their domestic swine
to the Americas to serve as a source of food. Free-ranging
feral swine populations were established in the United States
as a result of open livestock management practices and
opportunistic escapes from shooting preserves or commer-
cial farm operations. Subsequent intentional releases of
Eurasian wild boar for sport hunting occurred in the 1900s in
some parts of the country. Wild boar and domestic swine eas-
ily inter-bred, forming additional hybridized populations of
feral swine. It is currently estimated that there are over six
million feral swine in the United States (Fall et al. 2011).

Feral swine are known to carry at least 30 viral and bacte-
rial diseases such as swine brucellosis (Brucella suis), tuber-
culosis, leptospirosis, hepatitis (hepatitis E virus),
pseudorabies, and influenza, and nearly 40 parasitic diseases,
including toxoplasmosis and trichinosis, which can be trans-
mitted to humans, pets, livestock, and wildlife (Fall et al.
2011; Meng et al. 2009; Witmer et al. 2003). Brucella suis
infections were reported in hunters who contracted the dis-
ease from feral swine in Florida (Meng et al. 2009). Pederson

et al. (2012) found feral swine exposure to brucellosis in 13
States, with exposure rates ranging from 1% to 14% of the
feral swine population. Swine brucellosis and pseudorabies
pose a significant threat to the commercial swine industry,
affecting the health and productivity of individual animals
resulting in infertility, abortions, lameness in adults, and high
mortality in young pigs. The industry spends millions of dol-
lars each year in surveillance and prevention measures dedi-
cated to eradicating disease, supporting animal well-being,
and reducing economic impacts attributed to animal mortality
(USDA APHIS 2016; Witmer et al. 2003). Feral swine also
present a threat for introducing or spreading foreign animal
diseases in the United States such as foot-and-mouth disease,
classical swine fever, and African swine fever. These foreign
agricultural diseases can be introduced either through illegal
importation of wild boar from countries where those diseases
are prevalent, or by facilitating spread when outbreaks occur
in commercial livestock. Swine-adapted influenza viruses
also circulate in some feral swine populations that occur in
proximity to commercial swine operations. These viruses can
be easily transmitted between swine populations and can
infect people, as documented in historic and more recent
“swine flu” epidemics in the United States and other coun-
tries (Miller et al. 2017; Olsen 2002).

Escherichia coli O157:H7 is a virulent strain of bacteria
causing severe intestinal and hemorrhagic disease in people
(Griffin and Tauxe 1991). Although cattle have been consid-
ered a primary reservoir of this bacterium (Hancock et al.
1994), it has been isolated from feral swine feces. In 2006,
people in 26 States and Canada became ill from E. coli
O157:H7 after consuming contaminated, bagged baby spin-
ach harvested from feral swine fecal-contaminated agricul-
tural fields in central California (Jay et al. 2007).

9.2.2 Impacts of Invasive Birds on Animal

and Human Health

Non-native birds introduced to the United States include spe-
cies such as rock pigeons (Columba livia), English/house
sparrows (Passer domesticus), and European starlings
(Sturnus vulgaris). Pigeons were intentionally introduced
with poultry and livestock in the 1600s. House sparrows and
starlings were introduced in the 1800s, house sparrows to
control canker worm and starlings as ornamental birds. Since
introduction, these species have become established through-
out the United States and thrive in association with human
activities, particularly in urban areas. These birds harbor and
transmit more than 50 diseases to humans and other animals,
and are common reservoirs for bacterial diseases such as sal-
monellosis, colibacillosis (E. coli), and chlamydiosis; fungal
diseases (histoplasmosis); parasitic diseases (toxoplasmosis);
and viral diseases including influenza and West Nile Virus
(WNYV) encephalitis. For example, Kauffman and LeJeune
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(2011) report that starlings can carry and transmit E.coli
O157:H7 to cattle. Humans that consume dairy and beef
products from infected cattle may subsequently become
infected with the bacteria (Hancock et al. 1994; Kauffman
and LeJeune 2011). House sparrows are known to be an
important host for WNV, facilitating spread of this intro-
duced vector-borne viral disease (Hayes et al. 2005).

9.2.3 Impacts of Insect Vectors and Vector-
borne Diseases on Humans

and Animals

Vector-borne diseases are transmitted to animals and humans
by insect vectors such as muscid flies, mosquitos, ticks, and
fleas, typically through bites that introduce infectious patho-
gens. These vectors can carry pathogenic viruses, bacteria,
and parasites and transfer these infectious agents among sus-
ceptible hosts. In the United States, there are at least 14 noti-
fiable vector-borne diseases that are threats to national public
health and that can cause significant illness and mortality
(Beard and Eisen 2016). Several of these, such as Lyme dis-
ease and Rocky Mountain spotted fever, have spread to new
areas over the past decade, due, in part, to the expanded geo-
graphical ranges of their vectors (Beard and Eisen 2016).

Many of these vectors are invasive species. For example,
approximately 15 invasive mosquitoes now inhabit Florida,
most of which arrived in the past decade. Two new invasive
arrivals from Latin America and the Caribbean, Culex pano-
cossa and Aedeomyia squamipennis, were just detected near
Everglades National Park in late 2016 (Blosser and Burkett-
Cadena 2017). These mosquitoes are suspected vectors of
Venezuela equine encephalitis virus, which can cause fatal
infections in humans, horses, and other animals. In Hawaii, a
State with no native mosquito species, the introduced Culex
quinquefasciatus mosquito spread quickly, vectoring avian
malarias that have devastated Hawaii’s native bird popula-
tions (van Riper et al. 1986).

Other vector-borne diseases have recently been reported
in the United States, including WNYV, dengue, chikungunya,
and Zika virus. These diseases have been introduced to the
United States either through infected travelers carrying the
disease or the inadvertent movement of invasive vectors
inside international cargo containers. Once in the United
States, competent vectors may spread diseases further by
infecting susceptible hosts. For example, the yellow fever
mosquito, Aedes aegypti, which originated in Africa and has
been reported in Florida, along the Gulf coast, and the
Washington, D.C. region, can carry and transmit more
recently arrived pathogens such as those that cause dengue,
chikungunya, and Zika virus.

9.2.4 Impacts of Microbial Pathogens

on Animals

White-nose syndrome (WNS) is a lethal fungal disease
prevalent in North American bats and caused by an intro-
duced non-native fungus, Pseudogymnoascus destructans
(Pd). WNS was first reported in upstate New York in 2006,
and has since spread to 30 U.S. States and five Canadian
provinces. The Pd fungus is a cryophilic (cold-loving) spe-
cies originating in Europe and Asia. It thrives in cave envi-
ronments and is thought to have been introduced into the
United States through international recreational caving
activities. Models suggest that WNS will eventually spread
across the entire United States (Maher et al. 2012) since
cave climatological data indicate sufficient microclimates
exist for growth of the fungus throughout North America
(Perry 2013).

WNS has been found in nine species of hibernating bats
in North America, with mass mortality and significant pop-
ulation declines primarily in the little brown bat (Myotis
lucifugus), northern long-eared bat (Myotis septentriona-
lis), Indiana bat (Myotis sodalis), and tri-colored bat
(Perimyotis subflavus) (Turner et al. 2011). In 2012, the
U.S. Fish and Wildlife Service and collaborating scientists
estimated that up to six million bats had died from WNS
since 2006 (Reeder et al. 2012; Turner et al. 2011). Due to
severe population declines due to WNS, the northern long-
eared bat was listed in 2016 as endangered. Bats are impor-
tant in sustaining healthy forest and agricultural ecosystems,
and provide many ecosystem services benefits to humans,
including crop pollination and insect control (Boyles et al.
2011; Lopez-Hoffman et al. 2014). Tourism associated
with bat-viewing has been estimated to contribute $6.5 mil-
lion annually to some local economies (Bagstad and
Wiederholt 2013).

Another invasive and infectious fungal disease, chytrid-
iomycosis, has been spreading globally for many decades
causing worldwide declines and extirpations of amphibian
populations. Chytridiomycosis is caused by the chytrid
fungus, Batrachochytrium dendrobatidis (Bd), which has
been linked to the commercial exportation of African
clawed frogs (Xenopus laevis) for use in research, human
pregnancy testing, and the pet trade. More recent evidence
suggests that cycling weather patterns (flooding, hurri-
canes, the El Nifio Southern Oscillation) also may have
contributed to spread of this virulent disease (Daszak et al.
2000; Kolby and Daszak 2016). A closely related patho-
genic fungus, Batrachochytrium salamandrivorans (Bsal),
has emerged recently in Europe and is causing widespread
mortality in salamanders. Although not yet reported in the
United States, major concerns exist for its potential intro-
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duction into North America, and the risk of causing cata-
strophic losses to native U.S. salamander species, including
many species likely susceptible to Bsal (Grant et al. 2016;
Martel et al. 2013; Yap et al. 2015).

9.2.5 Impacts of Invasive Plants on Animal

and Human Health

Invasive plants can affect animal and human health by pro-
viding habitat for vectors of disease. For example, Japanese
barberry (Berberis thunbergii) was introduced into the
United States in the late 1800s as an ornamental plant and
promoted as a replacement for the common barberry
(Berberis vulgaris). Now present in over 30 States and four
Canadian provinces, it forms dense stands or thickets favor-
able to blacklegged/deer tick (Ixodes scapularis) populations
(Elias et al. 2006; Williams and Ward 2010). Deer ticks are a
key vector for Lyme disease in humans and animals, caused
by the bacterial spirochete Borrelia burgdorferi (Beard and
Eisen 2016).

Other invasive plants cause harm to humans through
direct contact, causing irritation to the skin or other tissues.
For example, giant hogweed (Heracleum mantegazzianum)
was imported from the western Caucasus area into Europe
and North America as an ornamental plant due to its immense
size. However its milky sap can cause severe dermatitis,
much like poison oak (Toxicodendron diversilobum) and poi-
son ivy (Toxicodendron radicans) (Jones and Russell 1968).
The sap of tree of heaven (Ailanthus altissima) can cause
myocarditis (an inflammation of the heart muscle) in humans
(Bisognano et al. 2005). In addition, the architecture of some
invasive plants can cause harm, as large thorns may rip skin
or clothing. An infestation of yellow star-thistle (Centaurea
solstitialis) may effectively eliminate an area from any use or
activity, such as grazing, recreational activities (such as hik-
ing or birding), and military purposes (see Sect. 9.3.3).

9.2.6 Next Stepsin Management
and Mitigation of Invasive Species
for Animal and Human Health

Global travel and trade, international movement of livestock,
translocation of wildlife and pets, modern agricultural prac-
tices, and changing climate patterns have led to the introduc-
tion of non-native invasive vertebrate and invertebrate
animal, plant, and microbial species, and the emergence of
novel infectious diseases across North America and other
continents. Expansion of the geographic range of invasive
species and introduced diseases arises from changes in the
inter-relationships between the native host, invasive patho-
gen, and the local environment or ecosystem. Intervention in

one or more of these factors can disrupt or prevent the dis-
ease cycle. The same integrated approach can apply in devel-
oping control strategies to disrupt the life cycles of invasive
species. Multi-disciplinary investigations are needed into the
ecology, disease transmission and pathogenesis, and popula-
tion biology of invasive species and introduced diseases to
identify underlying causes and ways to prevent spread
(Daszak et al. 2000).

In addition, collaboration across Federal, State, local, and
tribal governments; stakeholders; and the private sector can
help minimize and mitigate the spread of invasive species.
Research is needed to develop new technologies and meth-
ods that enhance early detection and rapid response to eradi-
cate or control invasive species and restore native species and
ecosystems. Increased efforts to promote public education,
address regulatory gaps, and coordinate with national and
foreign governments to prevent introduction, minimize
movements, and address impacts of invasive species may
also be effective. Since many health impacts begin with local
invasions, either intentional or inadvertent, actions by indi-
vidual citizens and local communities to prevent, mitigate,
and eradicate invasive species may be particularly effective.

9.3 Invasive Species and Military

Readiness

Invasive species impact military operations directly and indi-
rectly through effects on combat readiness; human health, as
discussed above; and recovery efforts for threatened and
endangered species. Military personnel conduct crucial
training, testing, and operational activities in air, land, and
aquatic landscapes that must be managed and maintained for
mission readiness. The Department of Defense (DoD) man-
ages approximately 25 million acres of land encompassing
over 420 large installations, of which 342 have natural
resources significant enough to require management under
the Sikes Act (DoD 2017). Access to DoD lands is often
restricted, resulting in undisturbed areas that harbor rare and
sometimes unique habitats. In fact, DoD lands have higher
levels of biological diversity and more sensitive species per
acre than other Federal lands (NatureServe 2015). Invasive
species can have significant detrimental effects on these sen-
sitive habitats. In addition to the impacts on natural resources,
invasive species can affect testing, operational, and training
activities; military personnel health, security, and installation
infrastructure; and global movement of personnel and equip-
ment that can and do result in land use restrictions and added
expenses for DoD.
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9.3.1 Operational Impacts Due to Invasive

Species

9.3.1.1 Impacts on Military Personnel Health

Safety and health of military personnel and operations can be
significantly impacted by invasive species in a variety of ways.
Invasive species can cause injury, transmit disease-causing
pathogens, and serve as a refugia for vectors, hosts, and patho-
gens. They may interfere with safety and security by obscur-
ing unexploded ordnance, serving as fuel for wildfires, and
impeding lines-of-site monitoring for security forces person-
nel. For instance, military personnel and dogs have been
attacked by invasive feral swine. Soldiers have also been
injured with burns and temporary blindness caused by contact
with giant hogweed during training operations. Red imported
fire ants (Solenopsis invicta) and recently little fire ants
(Wasmannia auropunctata) in the Pacific can cause intense
burning and swelling through their mass biting/stinging, and
may also seriously injure, blind, or kill sensitive animals.
Invasive plants such as honeysuckles (Lonicera spp.) and bar-
berries (Berberis spp.) serve as refugia for infected ticks that
transmit diseases to military personnel (Dalsimer 2002).

The DoD is very concerned about introducing disease
pathogens and their reservoirs, as well as arthropods that
may vector diseases (see Sects. 9.2.3 and 9.2.4). Introductions
of invasive diseases can impact local and deployed forces,
and require significant surveillance, testing, and control
measures at affected installations (DoD AFPMB 2016). The
2016 Zika outbreak in the New World interfered with mis-
sions, and resulted in country clearance burdens requiring
aircraft disinsection (spraying aircraft for insects) to elimi-
nate potential mosquito vectors.

9.3.1.2 Impacts on Personnel and Operational
Safety

Invasive species and wildlife management is essential around
training ranges and airfields to protect aircrews and aircraft
and ensure safe military flight operations as these can attract
birds and other wildlife that pose bird/wildlife aircraft strike
hazards (DoD 2017). In addition to impacting flight opera-
tions, invasives also can damage runways, infrastructure, and
surrounding areas. Managing for invasives in and around air-
fields and training ranges is a DoD priority.

Invasive plants, such as the common reed (Phragmites
spp.) in wetland habitats at several military installations
along the Chesapeake Bay, not only affect wildlife but can
obscure clear lines-of-sight, thus threatening base security.
The DoD actively manages Phragmities through targeted
herbicide spraying and reseeding with native plants to limit
common reed growth and expansion (DoD 2011).

Invasive insects that cause tree mortality also create
safety hazards from falling trees until dead trees can be
removed. The invasive coconut rhinoceros beetle (Oryctes

rhinoceros) bores holes into crowns of coconut and other
palm trees (Arecaceae), often resulting in widespread tree
mortality and interference with training operations in
Hawaii and Guam. In Hawaii, the DoD is collaborating with
the U.S. Department of Agriculture, Animal and Plant
Health Inspection Service (USDA APHIS), State of Hawaii
Department of Agriculture, and the University of Hawaii to
eradicate the coconut rhinoceros beetle from Hawaii through
an integrated program that includes population monitoring,
removal of breeding sites, and public outreach and educa-
tion campaigns (HDOA 2016).

9.3.2 Environmental Impacts of Invasive
Species on Defense

9.3.2.1 Impacts to Threatened, Endangered,
and At-risk Species

Approximately 60 listed species and over 70 species at risk
of needing listing protection occur only on DoD lands, which
harbor a higher density of sensitive species than on any other
federally managed lands (NatureServe 2015). DoD strives to
prevent and control the introduction, spread, and establish-
ment of invasive species which can have devastating effects
on sensitive species. For instance, DoD manages invasive
feral swine through monitoring, hunting, trapping, and pub-
lic outreach and education to help prevent the swine from
destroying nesting habitats, eating endangered plants, and
damaging infrastructure and training lands. Another example
is at Marine Corps Base Hawaii where the military conducts
amphibious vehicle training in mudflats invaded by pickle-
weed (Salicornia spp.). The activity not only breaks up and
destroys the pickleweed, but helps protect the endangered
native Hawaiian stilt (Himantopus mexicanus knudseni),
which nests in the mudflats, by creating additional nesting
habitat (U.S. Marine Corps 2001).

9.3.2.2 Impacts on Wildfire

Invasive grasses, including fountain grass (Pennisetum seta-
ceum) in Hawaii and cheatgrass (Bromus tectorum) in the
Western United States, have become the dominant ground
cover on many military installations. Species composition is
dramatically altered following invasion by these grasses
which creates wildfire-friendly conditions in ecosystems that
are not wildfire adapted (Coates et al. 2016).

Uncontrolled wildfires threaten the safety of military per-
sonnel and their families. Wildfires pose a risk to infrastruc-
ture and degrade testing and training lands, and may spread
beyond military boundaries to local communities. These
fires are expensive to control and mitigate. In addition,
smoke and atmospheric particulate matter negatively impact
air quality and can inhibit training activities and military
flight operations (DoD 2017).
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The DoD is actively engaged in managing both invasive
species and wildfire. Military natural resource managers use
prescribed fire to reduce or clear excess vegetation including
cheatgrass, halogeton (Halogeton spp.), musk thistle
(Carduus nutans), salt cedar (Tamarix spp.), tumbleweed
(e.g., Kali spp.), and Sahara mustard (Brassica tournefortii)
to support recovery of fire-tolerant native species such as
longleaf pine (Pinus palustris) (Sustainable Fort Bragg
2017).

9.3.3 Economic Impacts on Defense

9.3.3.1 Mitigation Costs

Invasive species surveillance, prevention, management, and
control are integrated in a variety of DoD programs includ-
ing Operations, Training, Pest Management, Natural
Resources, and Morale and Welfare. Collectively, DoD
invests significant resources into managing and mitigating
invasive species. For instance, Marine Corps Base Camp
Pendleton in southern California spent approximately $1.2
million over a 5-year period to control invasive species that
could have severe impacts on infrastructure, native ecosys-
tems, and training activities (DoD 2017). The Navy also
invests considerable funds by implementing voluntary adop-
tion and application of U.S. Coast Guard guidelines for con-
trolling ship ballast water to prevent the introduction of
invasive aquatic organisms into U.S. waters. Similarly, the
fee-for-service military agricultural pre-clearance inspection
program (Defense Transportation Regulation 2018a, b) helps
to prevent accidental introduction of invasive species, and
facilitates the safe return of military personnel, vehicles,
equipment, and cargo from locations around the world.

To avoid the inadvertent introduction of invasives when
moving equipment, vehicles, and supplies for military and
humanitarian relief activities, DoD implements costly man-
agement practices including utilizing cleaning facilities and
equipment, and having plant and pest quarantine officers
inspect military equipment and personnel (DoD AFPMB
2017). Inspections and cleanup operations are performed in
partnership with USDA APHIS, and are intended to prevent
the transport of non-native animal and plant pests. In addi-
tion, DoD has phytosanitary regulations (e.g., DoD 4149.01-
M-1) for wood packing materials (WPM) to prevent
introduction of pests through transport of uninspected WPMs
used in shipping (DoD 2017).

9.3.3.2 Lost Capability Costs

Invasive species also have indirect economic impacts through
lost capability, including limiting field maneuvers and train-
ing exercises. For instance, several years ago, parachute
training had to be halted at Fort Hunter Liggett, CA due to a
severe infestation of yellow star-thistle in a parachute drop

zone, which would have injured soldiers, snagged and torn
their parachutes, and clogged vehicle air filters. The Fort
used an integrated pest management strategy incorporating
hand pulling, mowing, herbicide treatment, and biological
control that significantly reduced yellow star-thistle density
on about 10,000 acres. Costs for control and alternative pro-
tocols to continue mission activities were substantial (DoD
2011). Whenever invasive species interfere with operational
activities, costly workarounds must be implemented to
ensure that military personnel can sustain mission
readiness.

9.3.4 DoD Invasive Species Management

9.3.4.1 Policy and Guidance

The DoD’s policy and guidance related to invasive species
management focuses on Pest Management, Operations and
Maintenance, and Natural Resources programs. DoD pro-
vides policy and guidance to (1) prevent the introduction of
invasive species; (2) detect and respond rapidly to, and con-
trol populations of such species using integrated pest man-
agement (IPM) techniques; (3) monitor invasive species
populations accurately and reliably; (4) restore native spe-
cies and habitat conditions in ecosystems that have been
invaded; (5) conduct research on invasive species, develop
technologies to prevent introduction, and provide the latest
IPM techniques for their control; and (6) promote public
education on invasive species (DoD 2017). The Military
Services also comply with Executive Order 13751,
Safeguarding the Nation from the Impacts of Invasive
Species (No. E.O. 2016).

DoD natural resources managers control invasive species
by implementing integrated pest management plans, which
focus on identifying and monitoring pests, pathogens, and
insects; setting action thresholds; and preventing and con-
trolling pests. Integrated Natural Resources Management
Plans (INRMPs) are used to guide how military installations
will manage their natural resources, including control of
invasive species. Installations are required to identify, priori-
tize, monitor, and control invasive and noxious species and
feral animals whenever feasible (DoD 2018). In addition,
DoD requires that native species be used, where feasible, to
restore habitats impacted by invasive species. Installations
endeavor to conserve and protect water resources, use locally
adapted native plants, avoid using invasive species, and mini-
mize the use of pesticides and supplemental watering.

9.3.4.2 Managing Invasive Species Through
Biosecurity Plans

Increasingly, the DoD is using biosecurity plans as a means

of addressing mission impacts associated with invasive spe-

cies often in conjunction with Endangered Species Recovery
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efforts. For instance, the Department of the Navy developed
a regionally vetted plan called the Regional Biosecurity Plan
(RBP) for Micronesia and Hawaii to guide relocation of
U.S. Marine Corps personnel to Guam, and invested nearly
$4 million to proactively address regional concerns about the
risks of invasive species to terrestrial, freshwater, and marine
environments. The RBP was produced in cooperation with
the U.S. Geological Survey, Smithsonian Environmental
Research Center, National Invasive Species Council,
University of Guam, and USDA APHIS and assesses inva-
sive species risk pathways with a focus on threats from the
coconut rhinoceros beetle, brown tree snake (Boiga irregula-
ris), and other serious invasives in the Pacific (University of
Guam and the Secretariat of the Pacific Community 2014).
The Department of the Navy has also implemented an inva-
sive species-focused biosecurity plan for Naval assets on San
Clemente Island in California (DoD 2017), Hawaii, and
other locations.

9.4 Invasive Species Effects on Urban
Plant Communities, Infrastructure,

and Safety

Urban areas are the epicenter of many, if not most, non-
native plant, insect, and pathogen invasions (Alston and
Richardson 2006; Smith et al. 2006). Urbanization and the
import of plant species for landscaping are directly linked.
Most imported plants are non-native and some may become
invasive, potentially spreading into surrounding rural and
natural areas (Duguay et al. 2007; Guo et al. 2006; McDonald
et al. 2008).

Invasive plants may change the community structure of
the natural vegetation in urban areas such that native species
are less dominant (Lambrinos 2000). They may alter nutrient
cycling or add novel allelopathic compounds to the soil,
resulting in disturbed conditions that favor further invasion
and deter re-establishment of native species (Gomez-
Aparicio and Canham 2008a; Murrell et al. 2011; Stinson
et al. 2006). Such changes in ecosystem (Ehrenfeld 2003;
Gomez-Aparicio and Canham 2008b) and disturbance (Mack
and D’ Antonio 1998) processes may occur anywhere along
the urban-rural interface. Urbanization also produces dis-
turbed open areas subject to invasion (Alston and Richardson
20006), heat islands (Botkin and Beveridge 1997; Oke 1995;
Pickett et al. 2001), impervious surfaces, and toxic soils
(Cannon and Horton 2009; Gill et al. 2007; Leishman and
Thomson 2005) that only a few, often non-native, plants can
tolerate.

Urban residents value the decorative nature of many non-
native plant species, and the sale of these plants and land-
scaping costs associated with their planting and maintenance
can be a key component of urban and suburban economies,

including housing valuation and landscaping, and other busi-
nesses associated with horticulture and supplying plants
(Des Rosiers et al. 2007; Drew et al. 2010; With 2002).
According to the U.S. Census of Horticulture Specialties,
there were over 23,000 horticulture operators in 2014 that
conducted about $13.8 billion in sales, and approximately
12,400 of these operators were in the floriculture sector,
which conducted $5.9 billion in sales (USDA National
Agricultural Statistics Service 2014). Of course, not all hor-
ticulture sales are of non-native plants, and not all non-native
plant sales pose a risk of invasion. Unfortunately, there are
substantial difficulties associated with identifying which
non-native plants will become invasive and managing a
highly disaggregated industry. Controlling risk associated
with commercial horticulture and nurseries, therefore,
requires balancing the risk of invasion with the benefits peo-
ple derive from non-native plants (Knowler and Barbier
2005).

Invasive insects and diseases may be inadvertently
imported with landscaping plants or other imported goods,
damaging both native and non-native plant communities.
Invasive plants, insects, and animals can harm the built envi-
ronment, incurring public and private costs for repair and
replacement, and presenting safety risks to urban residents.

9.4.1 Invasive Species and Urban Plant

Community Composition

When regionally distinct native communities are replaced
with locally expanding, non-native communities with no bar-
riers to expansion, there may be homogenization of species
(Collins et al. 2002; McKinney and Lockwood 1999; Olden
and Rooney 2006). The result is that one urban area often
shares many of the same plant species with other urban areas.
Although these urban areas may share many of the same
non-native plants, they may still have a rich flora of different,
albeit rare, native species that could be maintained (Kowarkik
2011; Schwartz et al. 2006).

Possibly, homogenization in the United States may not be
fully realized since the oldest cities are only a few centuries
old (Clements and Moore 2003; Lososova et al. 2012). A
study of native and non-native flora of Boston; New York;
Philadelphia; Washington, D.C.; Detroit; Chicago;
Minneapolis; and St. Louis found that those cities only
shared 7.5% of their non-native species. They also only
shared 11.6% of their native species, with distinct East Coast
and Midwest city clusters, suggesting geography still plays
an important role in defining species compositions in these
urban areas (Clements and Moore 2003). A study of 110 cit-
ies worldwide found that the majority of urban plant species
were still native; however, their densities had declined sub-
stantially to 25% of the overall density of all plant species.
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This change in density is correlated most strongly with land
cover and city age (Aronson et al. 2014).

Phylogenetic diversity, or differences in evolutionary ori-
gin, of non-native plants is lower than that of native plants,
both within single cities and across cities; phylogenetic
diversity is even lower for non-native species with residence
times of multiple centuries. Non-native species in the United
States are significantly overrepresented by six families:
Boraginaceae, Brassicaceae, Fabaceae, Caryophyllaceae,
Chenopodiaceae, and Solanaceae (Ricotta et al. 2009).
Functionally related species often share a common origin
and phylogenetic history, suggesting that limited phyloge-
netic diversity equates to limited functional diversity (Darwin
1859). Thus, low functional diversity may limit the range of
ecosystem services that non-native species in urban areas
can provide.

Globally, pollinator declines are attributed to habitat loss
associated with urbanization. Nonetheless, there is empirical
support suggesting that non-native entomophilous plants
(reliant on insects for pollination) are easily integrated into
existing native plant-pollinator networks, acting as addi-
tional or in some cases the only sources of pollen and nectar.
Thus, non-native plants (including entomophilous invasive
plants) may serve to keep pollinator populations viable (Potts
et al. 2010; Stout and Morales 2009). Unfortunately, this pol-
lination “buffer” may only benefit generalist pollinators.
Many native species interact with specialist pollinators; con-
sequently, displacement or reduction in abundance of these
native plants by non-native species also leads to a subsequent
reduction in specialist pollinators (Traveset and Richardson
20006).

9.4.2 Effects of Invasive Insects and Disease
on Urban Plant Health

Previous chapters have described the effects of invasive
insects and disease on forest and grassland communities,
but they can also affect urban areas. Urban forests and
trees provide critical benefits such as helping filter air and
water, controlling storm water, conserving energy, and
providing animal habitat and shade. They also reduce
noise, provide places to recreate, support mental health,
and add economic value to our communities. According to
Nowak et al. (2002), the total value for urban forests in the
contiguous United States is about $2.4 trillion. They place
the value of New York City’s urban forest near $5.2 bil-
lion. These estimates are based on compensatory values,
the value homeowners would have to be paid to be as well
off should one of their trees be removed. These values
largely reflect the cost of replacing the tree (purchasing a
new tree and having it planted). A broader look at values
associated with urban trees is given in Roy et al. (2012),

which reviews 115 urban tree studies. Many of the papers
reviewed discuss the role of trees in making the urban
environment more pleasant, in increasing property values,
in providing shade and wind protection, and in lowering
energy costs. Many also address the costs associated with
trees, including prevalence of pollen allergies, release of
volatile organic compounds, and reducing solar access.
One study in Minnesota found that a 10% increase in tree
cover within 100 m of a home increases the home’s sale
price by about $1400 (Sanders et al. 2010). Donovan and
Butry (2009) found that tree cover on the west and south
sides of houses in their sample resulted in a 5% reduction
in summertime electricity use.

With overarching branches that create beautiful shaded
canopies, elm trees (Ulmus spp.) are well suited as street
trees, and they have been planted in rows along streets and
walkways of large cities and small towns across North
America. The uniformity of these monocultures is not only
aesthetically pleasing but efficient from the standpoint of
nursery production, planting, and maintenance. However,
these monocultures are susceptible to insects or pathogens
that can invade and quickly move through the area. Dutch
elm disease, caused by the invasive fungi Ophiostoma ulmi
and Ophiostomoma novo-ulmi, has spread rapidly through
urban areas and produced severe damage to vegetation. Not
only is the invasive pathogen able to quickly colonize the
native host, but it is able to efficiently move to neighboring
trees because it is vectored by the non-native European elm
bark beetle (Scolytus multistriatus), whose populations
exploded with the abundance of dying host material. When
the Dutch elm disease fungus was first introduced into North
America around 1930, there were approximately 77 million
elms in cities and towns across North America; however, by
the 1970s, only about 34 million elms survived. The costs of
removal of many dead elms and of protection of the remain-
ing trees has had a significant economic impact on munici-
palities and homeowners.

A historical analysis of the economic impacts of non-
native forest insects by Aukema et al. (2011) found that
homeowners and local governments bear the largest costs
from invasive insects. Local government expenditures for
management, and residential property value losses were the
two highest cost categories. Additionally, they found that
woodborers were consistently the most economically dam-
aging insect feeding guild. Nowak et al. (2002) found that in
select cities, the potential tree losses from the Asian long-
horned beetle (Anoplophora glabripennis) ranged from 12%
to 61% of city tree populations with an estimated value of
$72 million to $2.3 billion per city. As of the end of 2016,
Asian longhorned beetle infestations were being managed by
USDA in New York, Massachusetts, and Ohio. In an effort to
eradicate this non-native woodborer in Massachusetts and
Ohio, more than 40,000 host trees have been removed from
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these two States since 2008 and 2011, respectively (USDA
APHIS 2017).

Perhaps the invasive insect with the most significant
impact in urban areas is one of the most recently established
species, the emerald ash borer (EAB) (Agrilus planipennis).
This woodborer, native to Asia, was first found in the Detroit,
MI-Windsor, Ontario area in 2002 but was likely introduced
five to 10 years prior to then (see Chap. 7 for details on EAB
biology and management). As with Dutch elm disease, EAB
moved rapidly along city streets and caused extensive mor-
tality where ash trees (Fraxinus spp.), especially green and
white ash (Fraxinus pennsylvanica and Fraxinus americana)
and their cultivars, were commonly planted in monocultures
as elm replacements in the aftermath of Dutch elm disease. It
is estimated that 100 million ash trees in both rural and urban
landscapes have been killed by EAB, but perhaps the great-
est economic impact has been realized in urban forests. A
2009 estimate of the potential cost of EAB treatment,
removal, and replacement in urban communities over a
10-year period was $10.7 million (Kovacs et al. 2010).
Simulations in this study were based on EAB expanding to
25 States between 2009-2019 and affecting 17 million ash
trees. As of the spring of 2020, EAB was found in 35 States
(USDA APHIS 2020).

The management of EAB in North America highlights
some of the challenges faced when dealing with a new inva-
sive. Very little was known about EAB prior to 2002, even in
the Asian literature. Research in North America basically
had to start from scratch to understand EAB biology, life
cycle, host relationships, and population biology. One of the
greatest challenges was to develop tools to effectively survey
for this insect. Although regulations were quickly established
to limit the movement of EAB, it became readily apparent
that infestations had already spread beyond the known
infested area. As these isolated infestations developed, the
beetles again were unknowingly spread to additional loca-
tions. In many cases it was determined that EAB was in an
area for 3-5 years before being detected.

Across North America, other invasive insects and patho-
gens have had economic and social impacts in the urban
environment. Although some of these invasive species, such
as chestnut blight (Cryphonectria parasitica) and gypsy
moth (Lymantria dispar dispar) have had greater impacts in
natural forests, they also have impacted urban and suburban
forests (see Sect. 9.8). In the Western United States, the wal-
nut twig Dbeetle/thousand cankers disease complex
(Pityophthorus juglandis and Geosmithia morbida) and the
shothole borer (Euwallacea spp.)/Fusarium species complex
have recently caused significant local impacts on urban for-
ests. In the Eastern United States, bacterial leaf scorch
(Xylella fastidiosa) has reportedly caused gradual mortality
of a number of different species of urban street and park trees
(see Chap. 2).

9.4.3 Impacts on Urban Safety and the Built

Environment

Unless removed, dead and dying trees damaged by invasive
species can be extremely hazardous in the urban environ-
ment. Limbs and even whole trees can fall on roads, houses,
cars, and power lines, destroying property and threatening
human safety. Dead trees and invasive grasses, such as cheat-
grass and buffelgrass (Pennisetum ciliare) (Balch et al.
2013), may elevate the risk of wildfire, particularly in drought
years, affecting open spaces in western cities such as Denver
and Boulder, CO. The National Storm Damage Center esti-
mates that trees cause about $1 billion in property damage
each year attributed to severe weather.

Invasive species may also cause harm to the built environ-
ment (ISAC 2016). English ivy (Hedera helix) can root in the
grouting between masonry, destroying the structural integ-
rity of brick structures over time, while African land snails
(Achatina fulica) can eat the concrete stucco of buildings
(ISAC 2016). The Formosan termite (Coptotermes formosa-
nus) has also caused significant damage to structures in the
United States. It can enter buildings from the ground through
cracks, joints, and utility conduits, and can even maintain
colonies on flat rooftops (Su and Scheffrahan 2016); once
established it consumes cellulose in wood. Prevention, con-
trol, and repair of structural damage is estimated to cost con-
sumers over $1 billion per year (Lax and Osbrink 2003).

Invasive birds and mammals may cause additional dam-
age to structures. Birds can leave droppings, crack windows,
bore into wood, and build nests that may be a nuisance.
Control costs for rock pigeons are estimated at $2 billion per
year in the United States (Pimentel et al. 2005). Norway rats
can live below building foundations and inhabit walls, cel-
lars, and lower floors of buildings; their gnawing and bur-
rowing can damage the wood and insulation of the buildings
and undermine the foundations (Timm 1994).

9.4.4 Management Options

Urban areas are not as conducive to management tools often
used in rural and natural areas, such as fire, pesticides, poi-
son baits, addition of top predators, and fencing to reduce
herbivory. Eliminating pests and managing for native species
will entail increased engagement of community members
(Dearborn and Kark 2009), which may be facilitated through
public education and volunteer engagement programs,
including those that engage community members in restora-
tion and citizen science. Local arboreta and public and pri-
vate botanical gardens can often be of assistance, providing
both education and local expertise to the community.

Urban areas could potentially avoid homogenization or a
loss of native species densities through planting of native
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species (preferably, historically common to the area or
locally suitable), reducing the presence of invasive species,
and applying a landscape-level approach to urban planning.
A landscape approach might involve establishing intercon-
necting gardens dominated by native and/or non-invasive
non-native plants via corridors, such as utility rights-of-way,
road medians, subdivision entry displays, and walking paths.
This scaling up from the garden to the neighborhood, and
finally to a city-wide landscape of connected gardens, parks,
and planted corridors, requires cooperation among a range of
stakeholders across all sectors of society (home owners, city
planners and parks departments, and housing developers).
Such collaboration is often only possible when economic
incentives (e.g., resulting increase in property value) or mea-
surable ecosystem services (e.g., improved community
health and well-being) (Goddard et al. 2009; Ignatieva et al.
2011) are provided.

Researchers have begun developing provisional seed
zones for native species (Bower et al. 2014). Having seed
zones established for native species, especially those that are
nested within an ecoregion and include more detailed
species-specific fitness (growth and reproductive) responses
over an environmental gradient, will enable urban planners
and individual city dwellers to select native species that are
genetically and ecologically suitable to their site. More
importantly, they could select species that can survive within
a relatively broad environmental gradient and would there-
fore be less vulnerable to changes in temperature or precipi-
tation, and to invasive species (Havens et al. 2015).

Urban areas can limit impacts of invasive plants if the
remnant ecosystems are managed sustainably. Managers can
actively remove invasive species and avoid practices that cre-
ate openings suitable for invasive species, such as harvest
and prescribed fire, or involve equipment that might aid the
spread of invasive species. Successful regeneration of native
species after removal of invasive species has had mixed suc-
cess (Kettenring and Adams 2011) and may require active
control of other factors, such as excessive deer herbivory
(Huebner et al. 2010), toxic runoff from adjacent impervious
surfaces (Gill et al. 2007; Leishman and Thomson 2005),
new insects and pathogens introduced with non-native land-
scape plants (Liebhold et al. 2012), soil compaction, urban
air pollution and nitrogen/sulfur and ozone deposition
(Nowak 2010; Ziska et al. 2004), and urban heat (Pickett
et al. 2001). Many people are supportive of planting native
species preferentially over better-known non-natives as long
as they are aware of the native species, can purchase them,
and can control where they plant them (Doody et al. 2010).
Thus, educating the public about native species that are
available for them to plant instead of non-native species is
just as important as educating them about the potential nega-
tive impacts of non-native plants. The City of Portland, OR,
for example, publishes a plant list of native plants that home-

owners and landscapers are encouraged to use, and a list of
nuisance plants that people are encouraged not to plant and
that are prohibited on city grounds and projects (Bureau of
Planning and Sustainability 2016). In some instances, cities
may opt to quantify costs associated with invasive species in
an effort to incentivize businesses not to sell potentially prof-
itable invasive plants.

As non-native plant imports are the major source of inad-
vertent introductions of invasive insects and pathogens
(Liebhold et al. 2012), use of native species in urban green
spaces will also decrease the abundance of invasive insects
and pathogens in urban areas. Once established, the impact
of insects and pathogens can be substantial, and management
actions required to reduce such impacts will be required. In
urban areas, the management of Dutch elm disease usually is
accomplished in one of three ways: reduction of the bark
beetle vector populations, prophylactic protection of elms
with fungicides, or the long-term use of breeding for host
resistance. Large-scale treatment of elms with insecticide
spraying produced significant ecological impacts, and for the
most part has been abandoned (Karnosky 1979). The use of
bark beetle trap trees along with pheromone-baited traps has
shown promise (Lanier 1989) but has not been utilized
widely.

Perhaps what has proven to be the most effective strategy
for most municipalities is the diligent surveillance and
removal of infected trees or branches. Scouting to identify
new infections, followed by timely pruning of infected trees,
or injections of fungicides to stop spread within a tree, have
proven to be very cost-effective. Sanitation, or the rapid
removal of beetle- and disease-infested trees, is also an inte-
gral component of effective management. Cities such as
Washington, D.C. and Winnipeg, Canada still have extensive
elm populations due to their utilization of integrated man-
agement programs. Although it is expensive for municipali-
ties to sustain effective management programs (Winnipeg
spends approximately $3 million annually), it is still less
costly than the city-wide removal of large, dead trees (Pines
2009).

9.5 Impacts of Invasive Species on Water

Resources and Systems

Globally, human use of freshwater surpasses long-term sup-
plies by approximately 25%; this is possible due to water
transfers between watersheds and extraction of groundwater
supplies (Catford 2017). Invasive plants, vertebrates, and
invertebrates can alter water supplies by altering water
courses via accretion or clogging of waterways, or by reduc-
ing vegetation cover, leading to increased evapotranspiration
rates; invasive species also impede human use of water sys-
tems through eutrophication, alteration of sediments, fouling,



214

A.S.Marsh et al.

and impeding access. Therefore, a key concern attributed to
invasive species in the United States is the potential reduc-
tion of available and usable water resources. Concern about
these impacts is increasing because predicted global climate
change is anticipated to alter patterns of discharge and tem-
perature, potentially enhancing habitat for invasive species
rather than for native species, further exacerbating the eco-

nomic effects of invasive species management and
remediation.
9.5.1 Impacts of Invasive Species on Water

Quantity

As the human population continues to increase in the United
States and globally, water demands for irrigation, drinking,
and other household uses will continue to rise. This is par-
ticularly challenging in areas that face frequent droughts and
water shortages, such as California, an increasingly popu-
lated state. The July 2016 estimated population of California
was 39.4 million and is projected to grow by 0.76% annually,
or 6.5 million additional people by 2036 (California
Department of Finance 2017). This will place even higher
demands on water infrastructure.

Invasive plants are a particular concern because they can
reduce freshwater availability through high rates of transpi-
ration. For example, saltcedar (Tamarix spp.), originally
introduced to North America as nursery stock in the 1800s
(DiTomaso 1998), is now common in the Southwestern and
interior Northwestern United States (Kerns et al. 2009).
Although there have been studies that document high rates of
water use by native plants (Cohn 2005), some have found
that saltcedar uses significantly more water than native spe-
cies (~1.4-3.0 billion m* annually), at an estimated cost of
$26.3-$67.8 million dollars in water that could be used for
agriculture, drinking water, or hydropower (Pejchar and
Mooney 2009; Zavaleta 2000). A large saltcedar tree can
uptake 760 L of water in a single day, leading to desiccation
of streams and springs, potentially lowering the water table
and limiting water supplies to native species (DiTomaso
1998 and references therein). While saltcedar was originally
marketed as an ornamental shrub, it was also used for wind-
breaks and to stabilize eroding stream banks. In places, the
dense and stable root architecture of salt cedar exceeds that
of native riparian species, leading to immobilized channels
with increased sediment deposition. This process gradually
restricts channel width and increases flow rates, which
enhances flooding and promotes dispersal of invasive species
further away from the stream bank (DiTomaso 1998).

Tall-statured grasses such as the giant reed (Arundo
donax) and the common reed have significantly altered wet-
lands in North America (Zedler and Kercher 2010). Both
species readily spread via clonal rhizome fragments, grow in

near monocultures (outcompeting native plants), use the C3
photosynthetic pathway, which makes them less efficient in
their use of water than C4 grasses, and produce highly flam-
mable aboveground biomass, thus making them a fire hazard
(Bell 1997; Meyerson et al. 2000). Giant reed colonizes arid
regions such as southern California, where its high rate of
water consumption (nearly 9 mm of water per day in one
study (i.e., Watts and Moore 2011) and 1700 mm/year in
another (i.e., Iverson 1998)) further reduces water availabil-
ity and exacerbates drought conditions. The common reed is
among the most widely spread and best-studied species
globally, and is highly invasive in both freshwater and brack-
ish wetlands (Meyerson et al. 2016). This invasive wetland
plant has transformed wetlands into uplands because of its
high productivity and production of slowly decomposing
biomass, which acts as a significant barrier to water accessi-
ble for recreation. Martin and Blossey (2013) estimated that
over a 4-year period in the United States, nearly $20 million
dollars were spent on common reed control (often with pes-
ticides) with limited success at eradication.

In Hawaii, invasive species may exacerbate already sig-
nificant reductions in freshwater supply. Computer models
that simulate changes in water yields on the Big Island of
Hawai‘i found that stream flows could be reduced by 50%
due to climate change, and project an additional 2% loss due
to invasive species such as strawberry guava (Psidium cattle-
ianum) and invasive ginger (Hedychium gardnerianum)
(Ayron et al. 2016).

9.5.2 Impacts of Invasive Species

on Infrastructure and Water Quality

Invasive aquatic invertebrates may be particularly problem-
atic for human water infrastructure. Invasive Dreissenid
mussels, which include the zebra mussel (Dreissena poly-
morpha) and the quagga mussel (Dreissena bugensis), are
well-known for their harm to native mussels and water qual-
ity and costly effects on infrastructure, fish hatcheries, navi-
gational locks, and recreation. Zebra mussels are found in at
least 30 U.S. States and in over 600 lakes and reservoirs,
including the Great Lakes (Benson 2017). Zebra mussel pop-
ulations can become so dense that they effectively smother
aquatic plants and organisms on the bottom of lakes and
encrust water intake pipes. This may significantly impact
cooling systems of power plants, turbines used in hydro-
power generation, and water treatment facilities with costs of
hundreds of millions of dollars across all sectors (Connelly
et al. 2007; Strayer 2009).

In addition, aquatic invasive species can affect ambient
water quality. Zebra mussels and other introduced invasive
bivalves (e.g., the quagga mussel and Asiatic clam (Corbicula
fluminea)) are highly productive filter feeders. When their
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populations are sufficiently large, they can significantly
reduce the concentration of phytoplankton in the systems
that they colonize. This may increase water clarity but can
lead to a collapse in the pelagic community as seen in the
Hudson River in 1991 (Strayer 2010). Selective filter feeding
by zebra mussels has also promoted blooms of the toxin-
producing cyanobacterium Microcystis aeruginosa, which
can poison wildlife, domestic animals, and humans if
ingested (Butler et al. 2009; Falconer 2005; Vanderploeg
et al. 2001)

9.5.3 Impacts of Invasive Species

on Recreation and Public Safety

Many invasive species, such as common reed or Japanese
knotweed (Fallopia japonica), can impede water views and
public access to recreational water bodies. Invaders can also
pose public hazards associated with build-up of flammable
biomass. Such species aggressively colonize shorelines of
lakes, rivers, and coastal areas and require repeated and
costly management efforts for their control. In some cases,
the dense vegetation associated with invasive species can
provide cover for illegal or illicit activities. Zebra mussels
and introduced bivalves colonize lake and river bottoms.
Their sharp shells can cut bare feet making water shoes a
necessity and barefoot swimming a thing of the past.

Many States have implemented regulations that require
cleaning the hulls of boats and other equipment to prevent
the unintended spread of invasive plants and animals from
lake to lake and river to river. For example, Minnesota,
Missouri, Alaska, Vermont, and Maryland either prohibit or
discourage anglers from wearing “porous soled” boots (often
with felt bottoms) because these types of fishing boots can
transport many invasive species: zebra mussel larvae, rock
snot algae (Didymosphenia geminata), water fleas
(Bythotrephes longimanus (cederstroemi), Cercopagis pen-
goi), viral hemorrhagic septicemia (Oncorhynchus 2
novirhabdovirus) which affects fish, whirling disease
(Myxobolus cerebralis), faucet snails (Bithynia tentaculata),
and New Zealand mud snails (Potamopyrgus antipodarum)
(MN DNR 2017). Traditional cleaning methods (e.g., bleach)
do not adequately kill the hitchhikers on these boots, there-
fore switching to alternative types of non-felt bottomed foot-
wear is preferred. While necessary, such measures place an
unwanted burden on recreational fishermen that may dis-
courage their compliance.

Some non-native fishes are deliberately stocked with
intent to provide recreational opportunities for anglers. For
example, in the West, recreational fisheries have been stocked
with smallmouth (Micropterus dolomieu) and largemouth
bass (M. salmoides). There are recreational trophy fisheries
for Atlantic salmon (Salmo salar) in Oregon, while fisheries

for rainbow trout (Oncorhynchus mykiss) exist in many loca-
tions in Eastern North America. In 2015, the American
Sportfishing Association estimated that freshwater sport fish-
eries support a $115-billion annual industry (ASA 2015).
When introduced non-native sport fish become invasive, the
strong economic value of non-native sport fishes may com-
plicate efforts to restore or protect native fishes (Cambray
2003). Some non-native sport fishes are strong predators and
may dominate food sources or habitat thereby restructuring
native ecosystems (Cambray 2003).

9.5.4 Management Approaches for Water
Resources and Systems

It will continue to be a challenge to manage water resources
colonized by invasive species, particularly with the emer-
gence of climatic variability and change. Because invasive
species interact with both the biotic and abiotic environment,
detailed knowledge of the life history of invaders and infor-
mation on the site being invaded is needed to maximize man-
agement efforts. In addition, the interaction of novel
groupings of species and the advent of climate change are
creating new ecosystems (Hobbs et al. 2009), often through
destruction and re-structuring of existing native systems
(Simberloff and Von Holle 1999). Consequently, it will be a
challenge to develop effective strategies for managing water
resources. Managers of aquatic systems are likely to encoun-
ter new invaders that require treatments (Strayer 2010) which
may strain budgets. Long-term monitoring of invaded and
restored sites, and real-time reporting of invasive species
sightings in publicly available datasets, could facilitate
detecting new introductions (or decreases in invader popula-
tions). Such information would assist managers in targeting
high-priority areas for control, and potentially improve man-
agement efficiency by allowing managers to target more than
one invasive species at a time (Catford 2017). Continued
efforts by Federal, State, and local agencies;
governmental organizations; and other private entities to
educate the public about the negative effects of invasive spe-
cies on water resources, and to employ outreach efforts to
engage the public, are critical in combatting and reporting
aquatic invasive species. Additional details for early detec-
tion, management approaches, restoration, and rehabilitation
for aquatic invasives and aquatic ecosystems are also dis-
cussed in Chaps. 6, 7 and 8.

non-

9.6 Invasive Species and Energy Systems

Terrestrial and aquatic energy systems can be conduits for
connectivity and dispersal of invasive species. Terrestrial
energy systems are often extensions of urban ecosystems and
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connect rural areas through utility corridors. In aquatic sys-
tems, reservoirs or long slow-water river reaches associated
with hydropower dams and energy generation often serve as
prime habitat for invasive predatory warm-water fishes (that
ultimately may have strong recreational value) and affect
native fish survival and the trophic structure of river reaches.
In both terrestrial and aquatic environments, invasive species
can directly damage energy infrastructure, contribute to haz-
ards that can damage infrastructure, and incur costs for
removal.

9.6.1 Impacts of Invasive Species and Energy

Systems

Several species have caused direct damage to electrical
equipment. Invasive tawny crazy ants (Nylanderia fulva)
infest electrical equipment and cause short circuits, equip-
ment failures, and obstructions in switching mechanisms.
It is estimated that tawny crazy ants cause $146.5 million
in damage to electrical equipment (ISAC 2016). The monk
parakeet (Myiopsitta monachus), which is native to South
America, causes short circuits and electrical fires because
of its nesting behavior. The damages and power outages
attributed to the stick-built nests lead to an increase in
operation and maintenance costs (Booy et al. 2017). Brown
tree snakes were accidentally introduced to the island of
Guam after World War II. They cause power outages by
actively crawling up utility poles, climbing power lines,
and entering transformers. It is estimated that a single
island-wide power outage caused by the snake can cost the
power utility company more than $6 million per year
(Pimentel et al. 2005).

Invasive aquatic mollusks (i.e., zebra mussel, quagga
mussel, Asian clam (Potamocorbula amurensis)) can cause
significant expense if/when they contaminate hydropower
facilities. Because these species deeply encrust exposed
pipes, openings, or surfaces, they can clog water intakes and
pipelines (Rosaen et al. 2012). These invasives can also infil-
trate interior portions of power plants and dams, greatly
affecting operations and increasing maintenance costs (ISAC
2016). The Anderson Economic Group cites mollusk infesta-
tion as the reason behind the closure of the Detroit Edison
(later named DTE Energy) Power Generation Plant in
Monroe, MI; customers were without power for 3 days (Park
and Hushak 1999).

When invasive species damage or kill trees, these trees
and associated limbs can pose a threat to utility lines and
poles. Utility companies face increasing costs to maintain
power lines in areas where trees are infested or diseased
(Aukema et al. 2011). Power companies not only need to
repair damaged wires and poles after treefall, but need to

clear corridors of trees to prevent potential damage to lines.
The highly invasive vine kudzu (Pueraria montana var.
lobata) can smother poles and lines, increasing fire hazards
and weighing down lines; it is estimated that kudzu costs
power companies $1.5 million per year (Blaustein 2001).

Occasionally, energy systems play a role in the convey-
ance of non-native species, for example, utility corridors
may function as a focal point for invasion of adjacent natural
ecosystems by non-native plant species (Zink et al. 1995).
Activities associated with oil and gas development can facili-
tate the spread of invasive species through large-scale land
clearing, movement of people and equipment, and transport
of soil. Development activities promote the transfer of peo-
ple and equipment from distant locations and thus facilitate
the transport of invasive species to and from sites. Recently
disturbed land lends itself to easy movement of invasive ani-
mals such as feral swine and rats (IOGP et al. 2010) and
establishment of invasive plants that thrive in the disturbed
soils and shade-free environment. Much like fire breaks,
these corridors can promote the spread of invasive species
into wildland areas (Keeley 2006).

In aquatic settings, hydropower dams used for energy
generation cause significant changes to free-flowing rivers.
Reservoirs created by dams and changes in river gradient due
to altered flow patterns may alter thermal regimes and flow
pathways (Poff et al. 1997). Additionally, reservoirs become
important destinations for anglers, boaters, and others seek-
ing recreation. Because boats are a primary vector in the
unintentional introduction of aquatic invasive species, reser-
voirs may be among the initial areas contaminated in any
particular region (Rothlisberger et al. 2010). Lastly, inten-
tional introduction of invasive sport fishes may alter trophic
systems and increase pressure on native fishes that are also
contending with significant habitat changes associated with
hydropower dams.

9.6.2 Management Options for Energy
Systems

Management of invasive species that affect energy systems
varies in terrestrial and aquatic ecosystems and includes a
range of treatment options described in greater detail in
Chap. 7. Invasive plants are often controlled in energy corri-
dors through mowing regimes, removal of vines, and use of
herbicides.

In areas impacted by zebra mussels, hydropower compa-
nies maintain water intakes by clearing mussels from intake
pipes. Anti-fouling paint and hypochlorite systems can be
used to inhibit further colonization. In the Great Lakes
region, hydropower companies spend millions of dollars
annually to mitigate the mussel problem and deliver lake
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water to power generation facilities (Rosaen et al. 2012). The
Bonneville Power Administration estimated that it would
cost approximately $1.8 million to install hypochlorite
systems and apply anti-fouling paint to 26 hydropower dams
in Idaho to address the zebra mussel problem (Phillips et al.
2005).

There has been some discussion of using the harvested
biomass of some of the established fast-growing invasive
plant species as feedstock for biofuels (Jakubowski et al.
2010; Young et al. 2011). However, numerous challenges
remain including the limited number of biorefineries; the
costs of biomass harvest, transportation, and storage; envi-
ronmental damage during harvest; and the potential to fur-
ther spread invasive species during transport (Quinn et al.
2014).

9.7 Invasive Species and Transportation

Systems

U.S. transportation systems include roads, railways, airways,
and water transport. They not only crisscross the Nation but
connect all private and public lands. As such, they can be
important corridors of invasive species. Invasive species can
impact transportation infrastructure, the safety of travelers,
and property values. Costs associated with control of inva-
sive species are extensive but are not fully tracked. For exam-
ple, States do not itemize the cost to control invasive plants
in roadside construction or maintenance.

This section covers road and rail transportation systems
but does not cover air systems. Impacts associated with water
transportation are addressed in Sects. 9.5 and 9.6.

9.7.1 Road and Railways as Conduits

of Invasive Species Spread

Roadsides are prone to the invasion of non-native plant
(Gelbard and Belnap 2003; Mortensen et al. 2009; Rentch
et al. 2005) and animal (Hulme 2009; King et al. 2009) spe-
cies as roads and road maintenance are vectors for their dis-
persion. For example, spread rates of Japanese stiltgrass
(Microstegium vimineum) are notably higher along roads
than in forests and wetlands (Mortensen et al. 2009). Fire
ants have been spread over long distances and on different
roads because the soil used for roadside fills came from the
same ant-infested soil depot (King et al. 2009; Stiles and
Jones 1998). Invasive cane toads (Rhinella marina) in
Australia travel more quickly using roads than the adjacent
vegetated sites (Brown et al. 2006), a particular concern as
cane toads have also been introduced to Hawaii and the
Caribbean. Several studies also show that the likelihood of

an invasive plant being present in abundance increases sig-
nificantly with proximity to a road (Flory and Clay 2009;
Huebner and Tobin 2006). Roads provide a constant source
of disturbance in the form of open, bare areas with high light
levels that make them susceptible to rapid colonization by
opportunistic species, including invasive species (Parendes
and Jones 2000).

Invasions are particularly common in roads or railways
that are paved, have a wide verge, or are in open areas as
opposed to forested areas (Hanson and Clevenger 2005; Joly
et al. 2011; Kalwij et al. 2008; Neher et al. 2013). Paved
roads tend to have alkaline soils and are also characterized
by higher metal concentrations, conditions that may be better
tolerated by some invasive plants than native plants (Barbosa
et al. 2010; Neher et al. 2013). Off-road vehicle trails are also
an important conduit for invasive species into more remote
forested sites (Rooney 2005). Some invasive plants, such as
the common reed, can be found on older roadsides that have
a history of exposure to de-icing salts, ditch digging, and
nitrogen input from nearby agricultural fields (Jodoin et al.
2008). Invasive earthworms may also be found on older
roads with reduced forest cover and on agricultural soils
(Cameron and Bayne 2009; Hulme 20009).

During the process of road-building or upgrading a high-
way, top soils are scraped, stockpiled, and moved throughout
the construction site. When the soils are moved, existing
invasive seed and vegetative parts as well as invasive insects,
earthworms, and pathogens may also move. Sand and gravel
materials imported for building the road may also contain
invasive species (Godefroid and Koedam 2004; Johnston and
Johnston 2004). Top soils or mulch imported for special
plantings may not be screened or treated before transport,
and thus may harbor additional invasive propagules (Kruse
et al. 2004).

In some areas, invasive species such as sweetclover
(Melilotus officinalis), smooth brome (Bromus inermis),
perennial rye (Lolium perenne), bird’s-foot trefoil (Lotus
corniculatus), crownvetch (Securigera varia), and reed
canary grass (Phalaris arundinacea) have been purpose-
fully introduced post-construction to control erosion
because many native warm season or perennial plant spe-
cies are slow to establish. However, some research indi-
cates that highly effective seed mixes could be provided for
these corridors if greater efforts were directed at selecting
the right native seed mixes (Seastedt et al. 2008; Tinsley
et al. 2006).

Vehicles can carry invasive seed and produce air turbu-
lence that spreads seeds (Ansong and Pickering 2013; Taylor
et al. 2012; Von der Lippe and Kowarik 2007). A review of
13 studies conducted across the globe involving seed disper-
sal associated with cars concluded that 626 species of seed
were collected on vehicles (Ansong and Pickering 2013).
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9.7.2 Impacts of Invasive Species on Roads

and Railways

Once established on roadsides, invasive plant species have
been reported to reduce visibility and block roads and rail-
ways because of falling trees or accumulation of leaf litter.
The United Kingdom has estimated such interference has
cost at least £30 million ($39 million) annually (Williams
et al. 2010). Existing or future colonization of non-native
invasive plants can reduce the biodiversity of flora and the
presence of associated butterflies and moths in roadside
verges (Valtonen et al. 2006). Nutria (Myocastor coypus), a
large invasive semi-aquatic rodent, can burrow into flood
levees, undermining their structural integrity and leaving
low-lying road and railways vulnerable to water damage
(Leblanc 1994).

Invasive species can also enhance natural disturbances
that can damage transportation infrastructure. For instance,
cheatgrass increases the frequency of wildfires (Whisenant
1989), which may damage roads and railway systems by
warping roadways and tracks, producing toxic gas, and
destroying railway ties (Bonati et al. 2012; Rutz et al. 2014;
Schartel et al. 2010).

9.7.3 Management Options for Roads
and Railways

Management options are available to limit the introduction,
establishment, and spread of invasive plant species along
roadways. Within the National Highway System, each State
is responsible after initial construction or upgrade for main-
tenance of all interstate, State, county, and local roads. States
are eligible for Federal financing to prevent and control nox-
ious weeds (invasive plants that cross the threshold of harm
to agriculture, environment, or human health) on rights-of-
way or roadsides; however, few States have fully used fund-
ing for weed control because State maintenance departments
must compete against funding for pavement and bridges
within their State’s budgets.

Control of invasive plants prior to construction or
upgrades can limit regrowth of invasive plants on the site
later. Although the Federal Highway Administration recom-
mends that all States inventory their roadside vegetation
(including existing species, planted species, and invasive
plants) and has developed a GPS-inventory protocol, few
States keep good baseline records. As a result, States may
not be aware of the presence of invasive plants at a given site
or if their control efforts were successful on that site.

To limit the transfer of invasive weeds and seed, mulches
applied for erosion control and sand and gravel pits used as
sources for materials can be certified as weed-feed. In addi-
tion, roadside crews can use seed mixes for erosion control

and roadside landscaping that are free of invasive species.
The use of native grassland species requires less mowing and
less use of chemicals to control weeds. Plantings of native
grasses may actually limit the invasion of new invasive spe-
cies (Pokorny et al. 2005; Sheley and James 2010). The
Federal Highway Administration has also supported the
development of a native erosion control sod to fulfill the
needs of National Pollutant Discharge Elimination System
erosion control permits.

Spread of invasive plants can be controlled after roadside
maintenance. Portable washing machines are available so
crews can wash equipment on site after mowing and con-
struction operations and before equipment is moved offsite
(Fleming 2008). If timed correctly, mowing can be an effec-
tive control method for some invasive plants. For example, if
Japanese stiltgrass is mowed low right after it flowers in late
August and early September, but before it fruits in late
September or early October, this annual will fail to repro-
duce seed that year (Shelton 2012). Unfortunately, roadsides
are often inhabited by a wide variety of species with different
flowering and fruiting times. In addition, with many roads to
mow, coordinating the timing of mowing may not be a real-
istic option. Attempts at reducing the spread of invasive spe-
cies along roads are also most effective if all landowners
along the corridor coordinate their efforts. However, this can
be a challenge (Epanchin-Niell et al. 2010).

By spot spraying sites for invasive species rather than
blanket spraying herbicides, or by using biocontrol alterna-
tives, crews can limit disturbance that might allow for the
colonization of invasive plants. Site disturbance can also be
reduced by limiting grazing on difficult-to-access steep
slopes and wetlands. The use of yearly prescribed fires on
road shoulders may be effective to control invasive plants in
some grassland areas with low traffic. By alternating herbi-
cides, managers may limit increases in chemical resistance
in weeds.

Knowledge of best management practices varies among
States and even among State maintenance districts, and
therefore training may be useful. Botanical expertise within
State Departments of Transportation (DOT) can help states
identify site-specific native seed mixes preferred for use in
projects. Roadside managers with sufficient expertise and
capacity can become frontline reporters of new invasive
plants. In Minnesota, a DOT maintenance worker identified
and reported oriental bittersweet (Celastrus orbiculatus) on
a roadside, providing Minnesota DOT the opportunity to
mobilize a response to limit its spread. GPS inventory meth-
ods for examining transportation corridors can help mini-
mize the costs associated with the inventory of invasive
species.

State partnerships with public and private lands across the
right-of-way fence line can also be established to minimize
invasions. For example, in 2009 the Minnesota DOT entered
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into a Memorandum of Understanding with the Fond du Lac
Band of Lake Superior Chippewa in order to address con-
cerns over use of herbicides and tree encroachment. Both
parties agreed on the need to control invasive species.

9.8 Invasive Species and Forest

and Grassland Products

As invasive species have become established in many U.S.
forests and rangelands, they may interact with introduced
livestock as well as the forest species we have come to rely
on for timber and non-timber forest products. They can
impact the health, productivity, and survival of these provi-
sioning species and the management expenses associated
with the production of food, feed, fuel, and fiber (DiTomaso
2000; French 2017; Kenis et al. 2017).

Invasive species are of great concern in most agricultural
production; however, production systems such as croplands,
orchards, and enclosed contained commercial animal opera-
tions are beyond the scope of this assessment. However, for
cattle grazing on pastures or rangelands in Texas, the inva-
sive cattle ticks, Rhipicephalus annulatus and R. microplus,
carry the parasite Boophilus microplus, which causes tick
fever (bovine babesiosis). Millions of dollars have been
spent to keep the ticks from entering the United States from
Mexico, and quarantine zones have been implemented along
the border of Texas. In 2010, Texas A&M University esti-
mated the costs of treatment of cattle ticks at $122,983,110
(Anderson et al. 2010). The ticks can also use native and
imported ungulates as hosts, thus potentially spreading
throughout native rangelands. White-tailed deer (Odocoileus
virginianus) have been the most important alternative hosts.
A January 2017 survey has shown the ticks are again advanc-
ing and extending their range throughout Texas (Texas
Animal Health Commission 2017).

Invasive plant species can also decrease the quantity and
quality of forage for livestock (DiTomaso 2000). Some have
low palatability or may be poisonous, or may change soil or
hydrologic regimes. Knapweeds and star-thistle (Centaurea
spp.) and leafy spurge (Euphorbia esula) may reduce graz-
ing capacity by as much as 50% (Olsen 1999). In California,
the occurrence of yellow star-thistle on private land is esti-
mated to cost cattle ranchers $7.65 million dollars annually
in lost forage (Eagle et al. 2007). Leafy spurge in Montana,
North Dakota, South Dakota, and Wyoming has been esti-
mated to decrease grazing capacity by approximately 90,000
cattle (Leistritz et al. 2004).

Alteration of fire regimes by invasive annual grasses such
as cheatgrass, medusahead (Taeniatherum caput-medusae),
and ventenata (Ventenata dubia) is a particular threat to
western rangeland products. Invasion by grass species fol-
lowing fire can promote strong feedbacks, a process fre-

quently referred to as the “grass-fire cycle” (Chap. 2, Box
2.1, this volume). It is widely recognized that there is an
emergent risk of rangeland degradation and reduction in for-
age because of invasive-dominated grasslands that burn
readily (Chambers et al. 2014). New approaches, such as
using late-season cattle grazing, are now being evaluated to
reduce cheatgrass and other annual invasives (Schmelzer
et al. 2014). Due to the poor forage quality, ranchers must
provide protein supplements to cattle grazing on these
grasses (Schmelzer et al. 2014).

Since invasive species can impact forest species composi-
tion and productivity, and the capacity of native species to
regenerate after disturbance, they can impact the supply of
both timber and non-timber forest products. Invasive inverte-
brates, pathogens, and plants have a direct impact on forest
products in the United States, although there is limited infor-
mation available on the extent of economic damages to the
forest products industry (Kenis et al. 2017).

Emerald ash borer, which affects all species of ash trees in
the Eastern United States (Herms and McCullough 2014), is
estimated to cause $60 million in timber value loss (Aukema
etal. 2011). White ash is the most commercially important of
the ash species; white ash logs are processed into diverse
products including tool handles, baseball bats, railroad ties,
flooring, cabinets, furniture, and cargo crates (MacFarlane
and Meyer 2005). Additionally, mortality of black ash
(Fraxinus nigra) has been of particular concern to Native
Americans and other artisans who use black ash for basket-
making (Diamond and Emery 2011).

The ability of Asian longhorned beetle to attack multiple
genera of apparently healthy hardwood trees is estimated to
cause $41 billion in potential losses to forest products, com-
mercial fruit, maple syrup, nursery, and tourist industries
(Fleming et al. 2002; Meng et al. 2015; USDA APHIS PPQ
2007). This woodborer is of great concern in North America
because of the economic importance of maple (Acer spp.),
one of its primary host genera. Maple is a prominent compo-
nent of the northern hardwood forests that range from south-
eastern Canada to central New England west to the Great
Lakes region, and is valued for its colorful fall foliage and
maple syrup products (Dodds and Orwig 2011).

Gypsy moth larvae cause damage to broadleaved trees
such as oak (Quercus spp.) and aspen (Populus spp.) by feed-
ing on foliage. Defoliation has resulted in declines in the
radial increment of oak trees (Muzika and Liebold 1999),
and successive years of defoliation may cause extensive tree
mortality. Aukema et al. (2011) estimate annual timber losses
due to gyspy moth at $4.6 million.

The walnut twig beetle, a species native to the
Southwestern United States but invasive in the East, is vector
to a fungus (Geosmithia mobida) that causes thousand can-
kers disease in walnut trees (Juglans spp.) (Utley et al. 2013).
Black walnut (J. nigra) is prized for its resistance to decay,
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and its uses in wood products include furniture, specially
items, gunstocks, and paneling (Voulgaridis and Vassiliou
2005). Black walnuts are valued as food and medicine, and
are of commercial value. Hammons Products estimates that
it harvests over 25 million pounds of black walnuts, mostly
from wild trees (Chamberlain et al. 1998).

The invasive fungi Ceratocystis fimbriata and Fusarium
oxysporum have been of particular concern in Hawaii. On the
Big Island, C. fimbriata has damaged native ‘Ohi‘a
(Metrosideros polymorpha), which is not only a culturally
important endemic tree, but also important for construction
and specialty wood products, and whose flowers are used to
make lei. Leaves of infected trees turn yellow and brown,
and tree mortality may occur within a few weeks; 100%
stand mortality can occur in 2-3 years (Friday et al. 2015). F.
oxysporum has been responsible for wilt disease in koa trees
(Acacia koa) (Gardner 1980), which has made regeneration
of koa a challenge. Koa is one of Hawaii’s largest native
trees, valued for its wood, which is used to make furniture,
veneer, and crafts (Skolmen 1974). The wood is one of the
most expensive in the world, and due to its tonal properties is
used to make instruments such as the ukulele and acoustic
guitar (Shafto and McDaniel 2009); dyes are also made from
its bark (Krauss 1974; Krohn-Ching 2016).

In some areas, invasive plants may outcompete native
tree species, making it difficult or more costly for landown-
ers to sustain healthy forests that ultimately can be har-
vested for forested products. Kudzu is a significant
challenge for forest managers because it grows rapidly, and
can wind itself around trees, shading native foliage and
inhibiting photosynthesis (Forseth and Innis 2004).
Affected trees may die within 2-3 years (Britton et al.
2002; Mitich 2000). Lost forest productivity due to kudzu
is estimated at $100-500 million per year (Forseth and
Innis 2004). In Hawaii, invasive grass-fire complexes have
replaced much native dry forest (Bruegmann 1996). These
forests are a source of many forest products including those
derived from koa and ‘Ohi‘a .

9.8.1 Management Options to Limit Damage

to Forest and Grassland Products

Management options to limit the introduction, establish-
ment, and spread of invasive species and to restore impacted
ecosystems have been addressed in Chaps. 6, 7, and 8 and,
consequently, are only briefly addressed in this section.

On rangelands, management of invasive plants can
include a range of tactics including mechanical control, man-
agement of grazing, prescribed fire, revegetation programs,
biological and chemical control, and integrated approaches
(DiTomaso 2000). Mechanical control may include tilling,
mowing, hand-pulling, and use of heavy machinery for inva-

sive woody plants. Shifts in grazing strategies may be used to
change the intensity and type of foraging and disturbance to
soils (Olsen 1999). Prescribed fire can be effective but must
be carefully timed prior to when seed production of invasive
species occurs, in order to prevent their further spread.
Timing of herbicide applications is also critical and may vary
depending on the herbicide used (DiTomaso 2000).

For invasive insects such as emerald ash borer, goldspot-
ted oak borer (Agrilus auroguttatus), and Asian longhorned
beetle, significant effort has been placed on limiting trans-
port of host material, including firewood, logs, and nursery
stock (Haack 2006; Haack et al. 2010a; Koch et al. 2012a;
Seybold et al. 2010). In 2009, USDA APHIS formed the
National Firewood Task Force to develop a coordinated
response to address outreach and voluntary and regulatory
aspects of firewood movement at a national level (USDA
APHIS PPQ 2010). Quarantines have been used to limit the
spread of several invasive invertebrates. Several States have
restricted the movement of walnut from counties with thou-
sand cankers disease (USDA Forest Service et al. 2011). The
Asian longhorned beetle has been under quarantine by State
and Federal officials since its initial detection in the United
States in 1996; eradication programs have been put in place
in detected areas (Haack et al. 1997; Haack et al. 2010b;
Lopez et al. 2017). Heating and fumigation may allow for the
use and marketing of some infected wood (Audley et al.
2015; Wang 2012).

The spread of gypsy moths has been slowed by using
pheromone traps to monitor low-level populations and then
aerially applying pheromone flakes to disrupt mating (Sharov
et al. 2002). To suppress or eradicate populations of gypsy
moth, managers have often used aerial applications of
Bacillus thuringiensis var. kurstaki, a bacterial pesticide
(Kauffman et al. 2017). A naturally occurring nucleopolyhe-
drosis virus (NPV) is also being used in aerial and ground
applications to suppress gypsy moth populations. The NPV
product Gypchek was first registered as a general use pesti-
cide with the U.S. Environmental Protection Agency in 1978
and, until recently, was produced through a contract with the
USDA Forest Service (Reardon et al. 2012).

Research has also focused on developing more resilient
forest stock. For example, efforts are underway to breed
EAB-resistant ash. This work has involved examining the
genome of Asian ash species that are less prone to infection,
as well as the genome of isolated native ash populations
which have survived in infected areas (Knight et al. 2012;
Koch et al. 2012b; Whitehill et al. 2012). Scientists in Hawaii
have worked to identify wilt-resistant koa seed for restora-
tion and reforestation. With technical assistance from the
USDA Forest Service, the Hawaii Agriculture Research
Center has identified resistant parent trees, established seed
orchards, and identified provisional seed zone guidelines
(Dudley et al. 2017).



9 Sectoral Impacts of Invasive Species in the United States and Approaches to Management

221

9.9 Invasive Species and Indigenous

Peoples

Native cultures and economies are grounded in land and nat-
ural resources (Pretty 2002). Any species that adversely
impacts the water, land, plants, and animals on which indig-
enous peoples rely has negative consequences for these com-
munities and cultures. Native peoples also have millennia of
experience adapting to social and ecological change, which
includes non-native species (Crosby 1986). Understanding
indigenous experiences and traditional ecological knowl-
edge is essential to developing invasive species management
programs that honor the U.S. trust responsibility to Native
peoples, and also is of benefit to others.

As 0f 2016, there were 566 federally recognized American
Indian and Alaska Native tribes or communities in the United
States, and an additional 60 tribes have been recognized
through formal processes of U.S. State governments
(National Conference of State Legislatures 2017). Tribes and
Native communities hold over two million acres of land
(National Congress of American Indians 2015) and have
retained rights to hunt, fish, and gather on millions of addi-
tional acres. Treaty and case law require the Federal govern-
ment to work with tribes and Native communities as
sovereign nations for the protection of their lands and the
resources on which they depend (National Congress of
American Indians 2015). This doctrine extends to identify-
ing, monitoring, and managing invasive species. Tribal cul-
tural perspectives are covered extensively in Chap. 12.

9.9.1 Impacts of Invasive Species

on Indigenous Peoples

Tribal natural resource professionals indicate that invasive
species are having adverse impacts on the lands and com-
munities they serve (for in-depth discussion see Chap. 12).
Native perspectives on these species and what should be
done about them are informed by recent and historical
experience. In cases where recently arrived biota result in
the rapid reorganization of landscapes, and/or replacement
of culturally important species in two human generations or
less, invasive species may be culturally impoverishing
(Pfeiffer and Voeks 2008), with effects that include loss of
access to cultural keystone species for food, medicinal, cer-
emonial, and other purposes (Garibaldi and Turner 2004)
and interruptions of place-based traditions that literally
ground indigenous identity (Pretty 2002). In other cases,
invasives have enriched Native peoples’ diets and pharma-
copoeias, as exemplified by the weedy northern European
species, English plantain (Plantago major L.) (Crosby
1986).

Indigenous communities are mindful of the social and
political histories of many biological invasions. For example,
the Dawes Act of 1887 resulted in privatization and owner-
ship of land by non-Indians inside the boundaries of the
Crow Indian Reservation, setting the stage for the contempo-
rary invasion of Russian olive (Elaeagnus angustifolia L.)
(Pretty Paint-Small 2013). Further, indigenous communities
have suffered negative impacts from some programs designed
to address invasive species, including use of toxic chemicals
and biocontrol agents (Norgaard 2007; Pfeiffer and Voeks
2008).

The introduction of new species as a result of climate
variability and change (see Chap. 4) increases demands on
overcommitted Native and tribal natural resources depart-
ments, and creates both opportunities and challenges for col-
laboration with non-Native institutions. Each new invasive
species identified will create a need for these staffs (with
moderate resources) to work with community members,
tribal government, and external land management agencies,
in addition to their normal activities on the land. While there
will be opportunities for tribes and Native communities to
form learning partnerships with non-Native institutions, in
the absence of established relationships of mutual respect
and protocols for collaboration, the incidence of contested
responses to invasive species may increase.

The incidence of rapid reorganization of landscapes, and
replacement of culturally important native species, likely
will increase with changing climate. As noted above, indig-
enous peoples have extensive experience adapting to new
circumstances, but the pace of change can outstrip the capac-
ity to adapt successfully, without significant cultural and
economic disruption. In some cases, the consequence may
be wide ranging for the health and well-being of Native and
tribal communities, including loss of access to foods, medi-
cines, crafts, and ceremonial materials, as well as the means
for pursuing culturally appropriate sources of income.

9.9.2 Management Options

Future responses of indigenous communities to invasive spe-
cies will reflect their cultures and economies. A non-native
species is not necessarily regarded as undesirable to Native
cultures. This judgment may hinge on whether a species is
seen to compromise social, cultural, and economic well-
being. For example, the Eastern Band of Cherokee Indians
defines an invasive species as one that causes net harm to the
tribe’s economic or cultural resources. Where a species is
determined to be harmful, some commonly used control and
eradication methods may be unacceptable, and consequently
indigenous communities may object to the invasive species
management programs used or recommended by other land
management agencies. One such case is the response of the
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Kashia Band of Pomo Indians to sudden oak death due to the
pathogen Phytophthora ramorum. Although sudden oak
death threatens a cultural keystone species (chishkale, or
tanoak (Notholithocarpus densiflorus)), its primary inocu-
lum source also is a culturally important species (pepper-
wood (Umbellularia californica)). Removal of pepperwood
is one approach to managing sudden oak death. The Kashia
decline to choose one culturally important tree species over
another (Alexander et al. 2017).

Human health implications of pesticides and herbicides
are paramount concerns for indigenous peoples, who may
rely particularly heavily on food, medicine, and other materi-
als harvested directly from the environment by community
members. The Shoalwater Bay Tribe’s experience with the
tidal zone invasive plant spartina (Spartina alterniflora
Loisel.) offers an example. Initially, the tribe declined to
issue permits for herbicide applications to remove spartina
on reservation land. When tribal members became increas-
ingly aware of spartina’s negative impacts on fishing and the
State of Washington adopted an alternative chemical for its
eradication, the Shoalwater Tribe partnered with the State’s
Spartina Technical Working Group. The tribe ultimately con-
sented to targeted applications of the alternative herbicide on
its lands, conducted by its own Natural Resources
Department.

9.10 Key Findings and Gaps in Information
and Technology

9.10.1 Key Findings

e (Global travel and trade, international movement of live-
stock, translocation of wildlife and pets, modern agricul-
tural practices, and changing climate patterns have led to
the introduction of invasive vertebrate and invertebrate
animals, plants, and microbial species, and the emergence
of novel infectious diseases across North America and
other continents.

e Expansion of the geographic range of invasive species
and introduced diseases arises from changes in the inter-
relationships between the native host, invasive pathogen,
and the local environment or ecosystem. Intervention in
one or more of these parameters can disrupt or prevent the
disease cycle.

» Invasive species pose numerous site-specific challenges
to the U.S. military, many of which significantly impact
mission critical activities. DoD implements a wide array
of approaches to combat the spread of, and threats from,
invasive species, often with the support of partners (pub-
lic and private).

e Invasive species can damage infrastructure in urban and
rural areas (e.g., buildings, utility lines, electrical sys-

tems), and pose a risk to human health and safety. Invasive
species may increase the risk of wildfire in the wildland-
urban interface and number of hazardous trees in a
community.

e Proper maintenance of urban plant communities at resi-
dential to city-wide scales may deter the spread of exist-
ing invaders. Creating green corridors can help reduce
physical properties conducive to invasive species.
Increasing the quantity of interconnected green infra-
structure in urban areas may eventually make it easier to
re-introduce native species.

» Invasive species can affect the amount of water available
to communities, as well as the quality of untreated water.
Control of invasive mussels is a serious maintenance
problem for boat owners, and for power plants and other
facilities that have water intake.

* Roads and railways are conduits for invasive species.
Treatment of invaded areas, following nationwide poli-
cies, can help slow the spread of invasive species and limit
invasion of nearby natural areas as well as rural
communities.

e If not properly managed, invasive species can diminish
the value of grazing lands, decrease the productivity of
timberlands, and reduce production of non-timber forest
products. Lost value and expenditures for management
present major economic challenges for ranchers and for-
est managers.

e Invasive species have profound impacts on indigenous
cultures and economies, compromising food supplies, tra-
ditional health systems, and spiritual practices at the heart
of indigenous identity. Valuable insights for controlling
invasive species may be acquired from Tribes” and Native
communities’ traditional ecological knowledge and land
management practices (see Chap. 12).

e Better coordination of invasive species activities in all
sectors of the United States may yield novel approaches,
gains in efficiency, and increased capacity to respond to
future invasions.

9.10.2 Key Information and Technology Needs

e Better understand the ecology, disease transmission,
pathogenesis, and population biology of invasive species
that impact human health, and the environmental vari-
ables that affect their distribution and spread.

e Develop new technologies and methods for early detec-
tion and monitoring of invasive insects and pathogens in
forests, rangelands, urban areas, and transport systems,
and enhance the availability of real-time data.

e Develop new technologies and methods for reducing the
spread of invasive species and restoring native species
along the urban-rural-natural area interface.
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e Identify the trade-offs associated with controlling inva-
sive species (e.g., costs of control versus eradication, use
of pesticides, damage to native species, and costs of not
controlling the invasion).

e Better understand the interaction of climate change and
invasive species, and associated sectoral impacts.

e Conduct research on genetic resilience to invasive pests
and pathogens.

* Develop additional regional and species-specific infor-
mation on the economic costs of invasive species (due to
damage, management costs, and lost revenue) on infra-
structure, military resources, forest and grassland prod-
ucts, urban vegetation, recreation, and tribal resources.

e Develop economic estimates of the costs of invasive spe-
cies that factor in valuation of ecosystem services lost
(e.g., pollination, soil carbon storage) with the decline or
disappearance of native species.

» Identify how to best prioritize roads for treatment of inva-
sive plants and restoration of native species.

e Develop a better understanding of gaps and barriers to
interagency collaboration to prevent importation of high-
risk animals into the United States, and to oversee
imported animals.

e Better understand how economic incentives might be
used to encourage planting of native species in urban
environments with intent to limit the establishment and
spread of invasive species.

e Identify the effects of indigenous land management prac-
tices on invasive species.

» Identify best practices for socio-cultural adaptation plan-
ning and management in order to address the impacts of
invasive species in Native communities.
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