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ABSTRACT: Many invasive rodent species have become established in the United States and its territories, both on the mainland
and on idands. While most were introduced accidently, some were introduced for food or fur. These rodents have caused serious
impacts to native flora and fauna, agriculture, and other resources. They have caused the extinction of many species of birds in
insular ecosystems.  Although many methods are used to control or eradicate introduced rodents, rodenticides and traps are the main
tools. Since the early 1990s, agencies have been eradicating rodents from various idands, primarily for conservation purposes.
There have been numerous eradication attempts in the United States and most have been successful. We review introduced rodent
impacts and eradications, both successful and unsuccessful, which have occurred, with an emphasis on the United States. Finally,
we consider some research needs and some remaining chalenges in invasive rodent management and eradication in the United
States, including the use of toxicants, land access, public attitudes, resource availability, and monitoring difficulties.
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INTRODUCTION

Many species of plants, microbes, and animas have
been introduced around the world. Species are consid-
ered “alien” or “invasive” when they are not native to an
area, but become established and cause, or are likely to
cause, economic or environmental harm or harm to
human health (NISC 2008). Pimentel (2011) compiled
information on the economic and environmental costs of
introduced species around the world. Some vertebrate
species were introduced purposefully, while others were
introduced inadvertently or by escaping captivity.
Purposeful introductions include animals used for food,
fur, as work animals, or as companion animals. In some
cases, they were introduced as a means of biologica
control (e.g., mongoose introduced to control rats). Game
animals (including birds, mammals, and fish) have been
widely introduced outside their native ranges to provide
sporting opportunities and a source of game meat. Larger
mammals, such as pigs and goats, were often introduced
to idands by early explorers so that a supply of meat
would be available to ships stopping on their long
voyages. Those same ships were infested with rats and
mice which, as aresult, have colonized much of the world
(Drake and Hunt 2009). Many species of terrestria
vertebrates have been introduced into parts of the United
States and its territories (Witmer and Fuller 2011), as has
happened worldwide (Long 2003, Lever 2005, Kraus
2009).

The most common vertebrate introductions are the
commensal rodents, which have been widdly introduced
around the world (Long 2003) both on mainland settings
and idands. However, it should be noted that many
native rodent species occur worldwide. Approximately
40% of adl mammalian species are rodents; this amounts
to about 2,277 species (Wilson and Reeder 2005). Native
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rodents have ecologica, scientific, socia, and economic
values (Witmer et a. 1995, Witmer and Singleton 2011).
Rodents are important in seed and spore dispersd;
pollination; seed predation; energy and nutrient cycling;
the modification of plant successon and species
composition; and as prey for many predators. Addition-
ally, some species provide food and fur for human uses.
Rodents are also used extensively in medical research.

As invasive species, however, rodents are particularly
problematic because they have many characterigtics that
make them very effective invaders. Rodent species have
adapted to dl life-styles. terrestria, aquatic, arboreal, and
fossorid (underground living). Most rodent species are
smal, secretive, nocturnal, adaptable, and have keen
enses of touch, taste, and smell. In contrast to the nor-
mally small-bodied rodent, the capybara (Hydrochaeris
hydrochaeris) of South America can reach 70 kg in mass.
Rodents have excdlent abilities to jump, climb, swim,
and sgueeze through small openings (Timm 1994, Fitt et
al. 20114). For most species of rodents, the incisors cor-
tinualy grow throughout their lifespan, requiring constant
gnawing to keep the incisors sharp and at an appropriate
length. Additionally, rodents are known for their high
reproductive potential: Many species have multiple litters
per year with as many as 8-10 young per litter (Corrigan
2001). Many species of rodents are omnivorous and can
survive on a wide array of food Rodents can
survive long periods of inclement weather or food short-
ages by doring foods for later use and by summer
estivation and winter hibernation.

Numerous invasive rodents have become established
in parts of the United States and its territories (Witmer
and Pitt 2012). These include several species of rats
(Rattus spp.), house mice (Mus musculus), Gambian giant
pouched rats (Cricetomys gambianus), nutria (Myocastor
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coypus), hoary marmots (Marmota caligata), and arctic
ground squirrds (Spermophilus parryii). While most
were introduced accidently, some were introduced for
food or fur. Additionaly, some native species of rodents
[voles (Microtus spp.) and deer mice (Peromyscus spp.)]
have been placed on idands, at least on atemporary basis,
to study rodent species interactions (e.g., Crowell and
Pimm 1976, Crowell 1983). Introduced rodents have
caused serious impacts to native flora and fauna,
agriculture, property, and other resources in the U.S. and
around theworld (e.g., Long 2003, Shielset a. 2014).

Severd types of damage have been caused by rodent
introductions to the United States (Hygnstrom et al. 1994,
Witmer and Singleton 2011). The substantial and world-
wide loss of human food, both crops in field and stored
foodstuffs, has been documented in severa reviews
(Meerburg et d. 2009a, Witmer and Singleton 2011). In
addition to consuming human foodstuffs, rodents aso
contaminate much more stored food through high levels
of defecation and urination. Rodents also transmit many
diseases to humans, companion animals, and livestock
(Meerburg et al. 2009b). For example, the plague
bacteria, Yersinia pestis— causal agent of the Black Death
that killed millions of humans worldwide in severa
pandemics — reached North Americain the late 1800s via
infected rats on ships arriving in California ports (Witmer
2004).

Rodents can be pralific on idands where they have
few or no predators. Their omnivorous foraging has led
to the endangerment or extinction of numerous idand
species, especiadly bird species (Moors and Atkinson
1984, Witmer et a. 1998, Vetch and Clout 2002,
Engeman et a. 2006, Towns et a. 2011, Vetch et 4.
2011). While their impacts to seabirds have long been
known, invasive rodents aso impact seeds and seedlings,
invertebrates, sea turtle eggs and hatchings, and other
resources (Witmer et a. 20073, Caut et a. 2008, Angdl et
a. 2009, Towns et d. 2009, Drake et d. 2011, S Clair
2011, Shiels et al. 2014). Most seabirds that nest on
idands have not evolved to ded with mammalian
predators and are very vulnerable to introduced rodents
and other speciesintroductions.

In addition to direct effects, rodents can have many
indirect effects on idand resources through competition
and trophic cascade effects (Russdl 2011). Invasive
rodents have reached over 80% of the world’s island
groups, where they have caused the demise of many
endemic species (Atkinson 1985). As a result, there has
been a concerted worldwide effort to eradicate introduced
rodents from idands with numerous successes (Howald et
al. 2007, Witmer et a. 2011). These efforts have relied
heavily on the use of rodenticides (Howald et a. 2007,
Witmer et al. 2007b). In this paper, we review aspects of
invasive rodent management and the eradication attempts
in the United States. We aso discuss some of the
challenges that remain.

INVASIVE RODENT MANAGEMENT

Many methods and tools have been developed and
used to control rodent populaions or to reduce the
damage they cause (Witmer and Fitt 2012). Which
methods are commonly used varies greetly from region to
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region around the world as well as between developed
and developing countries (Witmer and Singleton 2011).
Methods used dso vary with regard to the type of
management:  With long-term management of rodent
populations (such as in agricultural and urban/suburban
setings) a greater variety of approaches are used,
generaly through an Integrated Pest Management (IPM)
srategy (Witmer 2007, Witmer and Singleton 2011).
While traps and rodenticides are the mainstays of rodent
population management, IPM aso employs habitat
management, exclusion, and sanitation (Hygnstrom et al.
1994). On the other hand, if eradication of the invasive
rodent species is the management goal, rodenticides are
heavily relied upon, athough traps may be used to some
extent with the rodenticides. Some of the methods are
highly regulated, and regulations vary across politica
jurisdictions. The many methods used to manage rodent
populations and damage have been described at length by
Prakash (1988), Buckle and Smith (1994), Hygnstrom et
a. (1994), Caughley et a. (1998), and Witmer and
Singleton (2011). In this paper, we will only address
traps and rodenticides in more detail, because they are the
main methods to monitor, manage, and eradicate invasive
rodents on idands.

A wide array of traps have been developed and used
to manage rodents and many types are commercialy
avalable (Winn 1986, Hygnstrom et a. 1994, Proulx
1999). Trap types are subdivided into live traps and kill
traps. With live traps, the rodent becomes contained in a
box or cage trap after tripping atreadle. Another type of
live trap is the leg-hold trap, which when tripped by the
rodent’s paw, springs the jaws of the trap to close tightly
around the leg and hold the animal until the trapper
arrives. Leg-hold traps are generally only used for larger
rodent species such as nutria, muskrats, and beaver. Live
traps often can be purchased at hardware or garden stores
aswell asthrough catalogues or websites. Leg-hold traps
are generaly obtained through websites or catalogues.
Multiple capture live traps have been developed and
tested for some rodent species such as nutria (Witmer et
a. 2008). Animals captured in live traps can be relocated
to other locations (where regulations alow) or
euthanized. An advantage of live traps is that non-target
animals captured often can be rel eased unharmed.

Kill traps cause the rapid death of the rodent by body
congtriction when the rodent trips the trap’s trigger
mechanism. The most common type of rodent kill trap is
the snap trap. These are commonly sold at hardware and
garden stores.  Another type of kill trap is the Conibear
trap, used for larger rodent species. They can be
purchased through websites or catalogues. Hygnstrom et
al. (1994) provided good illustrations of various types of
traps and directions for their proper and effective use.
Effective trapping requires skill and practice. Using the
proper type of trap for the Situation, proper placement,
and appropriate bait is very important to achieve a high
level of trap success (i.e, a high capture rate). A
disadvantage of kill traps is they can injure or kill non-
target animals, including birds.

Various types of traps are also used to monitor rodent
populations. Rodent population monitoring is essential so
that necessary management action can be taken before



populations get very large, a which point extensive
damage to resources cannot be avoided.

Rodenticides are widdly used in the United States as
well other parts of the world. Because of their toxic
nature and potential harm to people, pets, and livestock,
rodenticides are carefully regulated by the United States
Environmental Protection Agency (EPA) as well as by
state agencies. There are many types of rodenticides, and
these vary by active ingredient as well as formulation
(Witmer and Eisemann 2007). These materials vary
widely in their mode of action and in toxicity. The types
and uses of rodenticides in the United States were
reviewed by Witmer and Eisemann (2007). Their
specific use for conservation purposes (i.e., the eradica
tion of invasive rodents) was reviewed by Witmer et d.
(2007b).

Proper training and careful use is required to safely
use rodenticides so that they are effective in reducing
rodent populations while minimizing the hazard to non-
target animas. An EPA-approved product label provides
considerable information on the product and its use,
including: the registrant and EPA registration number(s);
active ingredient and concentration; target species and
settings in which it may be used; directions for use
storage and disposal requirements, precautionary
satements, safety and environmenta hazards, and
threatened and endangered species considerations.

Both primary (direct consumption) and secondary
hazards (consuming a poisoned rodent or poisoned non-
target animal) can occur to non-target animas when
rodenticides are used. Rodenticides such as brodifacoum
(a second-generation anticoagulant) are highly toxic but
also result in persistent residues in body tissues of animals
that consume poisoned rodents (Witmer and Eisemann
2007). There is a growing concern about the secondary
effects of these residues in predatory animas (eg.,
Thomas et a. 2011). The main safeguard for the safe use
of rodenticides in the United States is carefully following
the EPA labd instructions for the product. Other
considerations include the product used; when, where,
and how it is applied; cleaning up spills promptly; and not
using rodenticides where highly valued or protected
wildlife occur (determined by scouting the area before
use).

INVASIVE RODENT ERADICATION

Since the early 1990s, federa and state agencies,
aong with conservation organizations, have been
eradicating rodents from various idands in the United
States, primarily for conservation purposes. There have
been about 400 attempted eradications worldwide with a
success rate of about 85%. There have been far fewer
atempts at idand eradication in the United States
(Witmer et a. 2011), with a somewhat lower success rate
(~73%; approximately 22 successful eradications in 30
attempts). For several idands in the United States and
around the world, however, it is too early to determine if
the attempted eradication has been successful or not. In
recent years, there have been more attempts to determine
if an eradication attempt failed or there was a rapid re-
invasion by rodents from nearby idands or from ships or
cargo. Genetic analyses of DNA from rats before and/or
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after eradications is helping sort out the issue of re-
invasion versus faled eradication (eg., Savidge € 4.
2012). Numerous additiona eradications are underway
or being planned. Most (~70%) rodent eradications
around the world have used the second-generation
anticoagulant brodifacoum (Howald et a. 2007). In the
United States, however, about haf of eradications have
used the firg-generation anticoagulant diphacinone
(Witmer et d. 2011). Initid rodent eradications used
hand-broadcast and bat dation application  of
rodenticides, but in recent years, aerial broadcast via
helicopter has become common. This alows rodent
eradications on much larger and more rugged idands,
such as Rat Idand, Alaska (2,700 ha) (Witmer et 4,
2011). Currently, the USDA Anima and Plant Hedlth
Ingpection Service (APHIS) has two rodenticides
registered with the EPA for idand conservation purposes:
one formulation of diphacinone pellets, and two
formulations of brodifacoum pellets (Witmer et al.
2007b).

A variety of mitigation measures are employed to
reduce non-target hazards and environmental impacts.
Examples include the rodenticide type, formulation,
method and timing of baiting; placement of some non-
target wildlife species in captivity until after the baiting
operation; remova of rodent carcasses; and avoidance of
bait placement in aquatic systems (Witmer et a. 2007b).
In genera, impacts to non-target species during invasive
rodent eradications should be considered in terms of
population-level  effects, rather than the effects to
individuals, and in terms of the “greater good’ that is
achieved from a successful eradication. While there will
probably always be some losses of non-target animals,
proper precautions should minimise such risk and allow
for the rapid recovery of affected populations (Howald et
al. 2005). Thoseinvolved with successful invasive rodent
eradications on idands are often surprised at how rapidly
the island’s flora and fauna recover after rodents are
removed (e.g., Witmer et a. 2007a, Aguirre-Munoz et a.
2008, Ruscoe et d. 2012).

Planning and conducting a successful invasive rodent
eradication from idands poses many chdlenges and
should not be undertaken without a thorough commit-
ment and adequate resources. The basic tenets of a suc-
cessful eradication are: all individuals must be put at risk;
animals must be removed faster than they can reproduce;
and the risk of immigration must be zero (Parkes and
Murphy 2003). An eradication attempt that is 99% suc-
cessful can ultimately result in 100% failure. Because of
the large commitment of resources and funds in eradica
tion efforts, the potentia for failure should be minimized.
Planning and implementation components include: pre-
liminary monitoring and research; feasibility of eradica
tion; regulatory compliance; public information and
communications media; public support; technical assis-
tance and operations; planning, logigtics, procurement of
equipment and other services, monitoring and research;
staff recruitment and training; implementation; contin-
gency planning; follow up monitoring; and implementa-
tion of a bio-security plan. Adequate attention must be
given to all these aspects of an eradication attempt.



CONSERVATION CHALLENGESAND
RESEARCH NEEDS

A number of challenges remain with invasive rodent
management and eradication in the United States. Some
of the challenges faced include public and agency con-
cerns about the use of toxicants and traps, land access
(especially to private lands), public atitudes, resource
availability, and detection and monitoring difficulties
(Witmer and Hall 2011, Witmer et al. 2011, Witmer and
Fitt 2012). Additional challenges are surfacing as we
attempt more rodent eradications on tropical idands. For
example, while most methods used in rodent eradications
were developed for temperate idands, tropica idands
pose additional problems, such as relatively rapid bait
degradation and bait consumption by invertebrates (espe-
ciadly land crabs). Additiona challenges are posed by
inhabited idands and by certain geophysical features of
the idand setting such caves, diffs, shordines, and tree
canopies. While it may be tempting to develop and apply
a “cookbook’ approach to invasive rodent eradications, it
is important to acknowledge and address the varying
climates, topographies, plant and anima communities,
and varying species interactions that occur on islands.

Nonethel ess, we will hopefully continue to relieve the
burdens on insular and mainland ecosystems caused by
rodent introductions. The flora and fauna of idands gen-
erally respond favorably and rapidly after invasive ro-
dents are removed. Endemic, threatened, or endangered
species can be, and have been, re-introduced after suc-
cessful rodent eradications. For example, the endangered
<. Croix ground lizard (Ameiva polops) was recently re-
introduced to Buck Idand in the United States Virgin
Idands after the successful eradication of roof rats (R
rattus) (Witmer et a. 2007a). The recent eradication of
Polynesian rats (R. exulans) and house mice from Cocos
Idand (a smdll idand off of Guam) set the stage for the
re-introduction of the endangered Guam rail (Gallirallus
owstonii) (Lujan et a. 2010).

Additiona research is needed to improve existing
methods and to devel op new methods for invasive rodent
detection and control. More research is needed in both
letha and nonlethal means of resolving rodent damage
stuations (Witmer et a. 1995, Witmer and Singleton
2011, Witmer and Fitt 2012). The research should in-
clude, but not be limited to, detection methods, new
rodenticides, effective repellents, barrier development and
improvement, biological control, fertility control, and
habitat manipulation. Researchers aso need to identify
effective commercialy-available rodenticide formula
tions for the various invasive rodentsin each region of the
country as Fitt et al. (2011b) have done for rats and mice
in Hawaii and Witmer and Moulton (2014) have done for
house mice on the United States mainland. Another
important research need is greater evaluation of the effec-
tiveness of combinations of techniques, given that combi-
nations could potentidly be much more effective in the
reduction of damage and may be more acceptable to the
public.

CONCLUSIONS
Invasive rodents will continue to pose challenges to
land and resource managers, commodity producers, and
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homeowners. Many tools are available to reduce rodent
populations and associated damage. They should be used
in a well-thought-out IPM approach. Rodenticides will
continue to be an important tool against rodents and their
damage, but care must be exercised in their use. It is
probably safe to assume that much of the public will
continue to be leery of toxicant use. Hence, public
education will be important to ensure continued
avalability of rodenticides.  Continued technology
development and transfer are essential to improve the
effectiveness and safety of rodenticides and other
methods used to control or eradicate invasive rodents.

Seabird populations, sea turtle populations, and other
idand resources warrant protection from invasive rodents.
The recovery of fauna and flora on uninhabited idands
after a successful rodent eradication is particularly notable
and thus should continue to inspire future research and
eradication efforts. The significant impacts of introduced
rodents on native flora and fauna have been repeatedly
demongtrated. Invasive rodents are very adaptable, can
exploit a wide array of resources as food and cover, and
can increase reproduction very quickly when and where
abundant resources exist (Macdonald et al. 1999). While
invasive rodents will continue to pose chalenges to land
and resource managers, they can be controlled or even
eradicated with a well-planned and adequately-supported
effort using rodenticides and other tools. With proper
planning, non-target losses will be minimal and those
populations, along with other idand resources, will often
recover quickly after the invasive rodents have been
removed.
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