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Abstract The AlaskaMaritime National Wildlife Refuge encompasses over 1.9 million hectares and more than 2500
coastal islandsin Alaska. Like many other islandsintheworld, many refugeislands have had accidental and intentional
introductions of non-endemic mammals (e.g., Arctic and red fox, ground squirrel, Norway rat, house mouse, caribou,
reindeer, cattle, Arctic and European hare) that have drastically altered thesefragileinsular ecosystems. Although new
introductions are prohibited, accidental introductions, particularly of rodents, are till of great concern. As part of a
programmeto restore native biological diversity, refuge personnel have surveyed most islandsfor exotic species, evalu-
ated impacts of invasive wildlife on native birds, employed predator eradication methods, and assessed benefits of
successful eradication. Thispaper reviewsthe history of these projects; particularly the effort resulting in eradication of

introduced foxes from 39 islands totalling more than 500,000 hectares.
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INTRODUCTION

Impacts of alien species introductions to island ecosys-
temsall over theworld are well documented (e.g., Moors
and Atkinson 1984). In spite of isolation and a harsh en-
vironment, Alaskan islands have not escaped accidental
and intentiona introductions (Elkins and Nelson 1954;
Manville and Young 1965; Jones and Byrd 1979). Until
about three hundred yearsago, no terrestrial mammalswere
found on most islands (e.g., the central and western Aleu-
tian Islands) south of thewinter ice pack and isolated from
the mainland since the Pleistocene (USDA Bureau of Bio-
logical Survey 1938; Murie 1959; Hopkins 1967;
Tikhmenev 1978; Bailey 1993; Liapunova and Fedorova
1994). Surrounded by highly-productive seas, many of
these islands provided nesting sites for large populations
of marine birds. The native peoples of the region gener-
ally did not moveterrestrial mammals around, and the is-
lands retained largely intact faunas until Vitus Bering's
discovery voyagein 1741.

Thefirst deliberateintroductions occurred soon after 1741,
when Arctic foxes (Alopex lagopus) and red foxes (Vul pes
vulpes) were released on severa islands in the Aleutian
chain (Black 1984; Jason 1985; Bailey 1993). The hey-
day of fox ranching occurred between 1910 and 1940 when
nearly every habitable Aleutian island (about 86) was
stocked with foxes, except for afew idandseither too small
or too rugged for regular access by wooden boat. To sup-
plement the food availablefor foxes, particularly after bird
populations declined, some trappers stocked islands with
rodents such as ground squirrels (Soermophilus parryii)
to the further detriment of native bird species (Peterson
1967; Janson 1985; Bailey 1993). New island residents
brought with them livestock such as cattle, sheep, goats,
horses, reindeer and bison. By the 1940s, most islands
had some species of mammal introduced (Bailey 1993).

After the Second World War, caribou (Rangifer tarandus)
were purposely introduced to Adak Island (then a naval
base) for sporting purposes (Jones 1966).

Theearliest recorded accidental mammal introduction was
prior to 1780 when Norway rats (Rattus norvegicus) be-
came established on Rat I1sland from a Japanese shipwreck
(Brooks 1878; Brechhill 1977; Black 1984). Norway rats
became established on at least 16 other islands within the
refuge over the last 200 years (Bailey 1993).

Despite reduction of native bird populations on islands
with foxes and rats, enough islands remained free of ter-
restrial mammals in the early 20" century to draw atten-
tion of conservation-minded people to their wildlife val-
ues. Between 1909 and 1913, nine different islands or is-
land groupsin Alaskawere set aside as National Wildlife
Refuges, including the Aleutian I1slands where many in-
troductions of exotics had occurred.

Biologist O. J. Murie (1936, 1937) visited the region in
1936 and 1937; and he reported to government policy
makersin Washington, D.C. on the decline of seabirdson
refugeidandswith foxes. Thischanged government policy
ontheuseof theidandsfor fox ranching. Soon after WWII,
Robert Jones (the first resident manager of the Aleutian
Islands NWR) began eradication of introduced foxes.

The Aleutian Islands, other island refuges, and additional
islands not previously designated asrefugeswere consoli-
dated in 1980 to become the Alaska Maritime National
Wildlife Refuge (AMNWR) under the Alaska Nationa
Interest Lands Conservation Act authority. The AMNWR
refuge boundaries encompass 1.9 million hectaresand over
2500 islands around the coast of Alaska. Few islands are
greater than 2000 km?. The primary purpose of the new
refuge was to conserve (and restore where necessary)
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popul ations of marine birds, marine mammalss, and terres-
trial endemics. Most of the refuge land is undevel oped,
uninhabited and stable except for some scattered commu-
nities, military bases, and abandoned cattle ranches and
fox farms. Loss of habitat due to human development is
not asgreat athreat inthisregion asis habitat degradation
and conversion caused by invasive species.

Therefugeislands discussed in this paper extend from west
of Kodiak Island along the Alaska Peninsulaand through-
out the Aleutian Islands between the Bering Sea and the
Gulf of Alaska. Theseislands range from dlightly above
sealevel to steep glaciated volcanoes over 1900 m. Soils
form in volcanic ash or cinders over basaltic rock, and
higher elevations sometimes are covered in bare rock and
basaltic rubble. Vegetation types change with elevation
from coastal lowland bands of grass-covered dunesbacked
by herbaceous meadowsto dwarf shrub communities (e.g.
Salix spp. and Empetrum nigrum) in higher exposed ar-
eas. Precipitation (from 530 mm to 2080 mm) varies be-
tween large and small islands, and coastal and inland ar-
€eas.

Restoration of native biological diversity by removing in-
troduced predators and preventing additional accidental
introductions is a major priority of the refuge. Foxes,
ground squirrels, cattle, reindeer, caribou and rats are in-
vasive species of primary refuge management concern.
These species directly interfere with native birds through
predation or loss of nesting habitat because of vegetation
changes caused by overgrazing and trampling. Other ex-
otic animals currently inhabiting refuge islands, but hav-
ing minor or unknown impacts, include house mice (Mus
musculus), deer mice (Peromyscus sp.), voles (Microtus
spp.), hares (Lepus spp.), and hoary marmots (Marmota
calagita). This paper summarises issues involving the
major invasive species and how the refuge respondsto the
challengesthat they pose.

FOXES

Distribution

Foxeswereintroduced to islands by Russiansand by Aleut
fox ranchers. Foxes were released on more than 450
Alaskanidlands (Bailey 1993). Red foxesoccur naturally
on some near-shore islands along the Alaska Peninsula,
and on the Fox Islands in the eastern Aleutians. Rainfor-
estson Southeast Alaskaislands provided poor habitat for
red foxes, and they typically did not survive to become
self-sustaining populations. Nativeto Bering Seaislands
normally surrounded by sea ice (e.g. the Pribilofs, St.
Matthew and St. Lawrence islands), Arctic foxes are ap-
parently better adapted than red foxes to the Aleutian Is-
land environment (Fay and Cade 1959; Chapman and
Feldhammer 1982). Both speciessurvived best onislands
with tidal benches or accessible beaches for foraging.
These habitats provide food during late fall and winter
after migratory birdsleavetheisands (Stephenson 1970).
Bluefoxes (one morph of the Arctic fox) were morevalu-

able than red foxes and eventually were placed on more
islands than red foxes were. Introduced Arctic foxes cur-
rently remain on eight islands, which contain refuge lands,
and introduced red foxes are still present on one refuge
island.

Impact

Foxes severely reduce populations of nesting birds by eat-
ing eggs, nestlings and adult birdsin summer and caching
birdsand eggsfor later consumption. Particularly affected
are waterfowl, shorebirds, seabirds, and ptarmigan (Bai-
ley 1993). Vegetation also could be affected by the loss of
fertilisation from large bird colonies.

Most of Alaska's breeding seabirds are not adapted to co-
existingwithterrestrial mammals. Almost al isandswhere
introduced foxes persisted are treeless, so resident birds
are particularly vulnerable since most species nest on the
surface of the ground or in earthen burrows. For instance,
foxes eliminated populations of Aleutian Canada geese
(Branta canadensis leucopareia) on al but three islands,
driving this endemic taxaclose to extinction (Jones 1963;
Byrd 1998).

Local residents (Aleuts and non-native fox ranchers)
quickly recognised the impact of foxes on native birds,
particularly the abundant seabirds. Most islands were
stocked with only a few pairs of foxes (USFWS 1929-
1939; Janson 1985), yet these introduced predators and
their offspring quickly reduced populations of birds(Murie
1936; 1937; Swanson 1982; Black 1984).

Restoration

The staff of AMNWR began eradicating foxes from is-
lands in 1949. To date (2002) foxes have been removed
from 39islandstotalling more than 500,000 ha. Thereare
plans to eradicate foxes from at least four more islands.
Eradication efforts were hampered by federal regulations
prohibiting toxicant use after 1972. Nevertheless, pro-
gressively larger idands have been cleared using only traps,
firearms, snares, and M44 devices; in 1999 we extermi-
nated foxes by trapping from a 90,000 haisland. We plan
to eradicate foxes on smaller remaining islands without
toxicants. Ebbert (2000) compares methods used to eradi-
cate foxes on small and largeislands.

Response

The response of native bird populations to fox removal
hasrarely been quantitatively documented. Nevertheless,
it seems that populations of waterfowl, shorebirds, ptar-
migan, seabirds, and possibly passerinesincrease follow-
ing fox eradication, and without rel ease of captive-reared
birdsor trand ocations (Williamson and Emison 1969; Day
etal. 1979; Nysewander et al. 1982; Zeillemaker and Trapp
1986; Byrd et al. 1984; Byrd et al. 1997). Most populations
of nesting seabirds increased at least four to five folds
within 10 years of fox removal (Byrd et al. 1994). Ini-
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tially, restoration of the endangered Aleutian Canadagoose
required transplanting geese to fox-free islands (Byrd
1998), but their populations have now increased from less
than 1000 birdsin 1975 to more than 35,000 in 2000 due
to fox eradication (Byrd 1998).

RATS

Distribution

The adaptable Norway rat is established as far north as
Nome, Alaska (65 degrees north latitude). Norway rats
have become established on more than 16 islands within
the refuge (Bailey 1993). About five of these sites were
occupied by the military during WWII where numerous
cargo ships unloaded suppliesfrom ports where rats were
prevalent. Ship rats (Rattus rattus) also became estab-
lished for atime on one island occupied by the military,
but were confined primarily to buildings and apparently
disappeared when most buildings were removed (Taylor
and Brooks 1995).

Impact

Rats extirpate most species of burrow-nesting seabirds
(e.g., storm petrels Oceanodroma spp., Cassin’s auklet
Ptychoramphus aleuticus, tufted puffin Fratercula
cirrhata), and they probably reduce populations of
shorebirds (e.g., rock sandpiper Calidrisptilocnemis, black
oystercatcher Haematopus bachmani) and other ground-
nesting species. The probable result of rats becoming es-
tablished on refuge islands used by colonial waterbirdsis
the eventual destruction of fossorial, crevice-nesting, and
accessi ble surface-nesting seabird coloniesaswell asdras-
tic reductions of certain species of other ground-nesting
birds. On islands with introduced foxes, rats probably
provide supplemental winter food, which keeps fox
populations relatively high and thereby increases the im-
pact of foxes on native birds during the breeding season.
Some refuge islands (e.g., the Pribilof 1slands) have en-
demic small mammals that may be vulnerable to preda-
tion and competition by Norway rats.

Prevention

Chancesfor accidental rat invasions on additional refuge
islands are increasing now that fisheries, coastal tourism,
and human population areincreasing in Alaska. Oncerats
become established on islands larger than afew thousand
hectares, removal is difficult and expensive. Rapid re-
sponse following shipwrecks is needed to kill rats while
they remain on the ship or as they come ashore. The ref-
uge is prepared for such an eventuality (USDI 1993).
Panned actioninvolveslocal dispersal of single-dose baits
adjacent to a grounded wrecked vessel or on the vessel
itself.

Expanding on-shore fish processing development in the
Bering Sea hasrecently resulted in new fish plants on two
rat-freeislandsin the Pribilof Islands. Both communities,
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assisted by AMNWR staff, established bait and trap sta-
tionsat their docksto eliminateratsthat may dispersefrom
infested vessels. The refuge continues to assist the two
communitiesin devel oping and implementing rodent pre-
ventative measures (DeGange et al. 1995). Furthermore,
an education outreach isunderway to inform shipping com-
panies of the dangers of rats on their vessels.

GROUND SQUIRRELS

Distribution

At least two subspecies of Arctic ground squirrels occur
on approximately 17 refugeislands. Spermophilusparryii
ablusus was introduced in the Aleutian Islands, and S. p.
nebulicolaisfound on islands south of the Alaska Penin-
sula (Dufresne 1946). George Steller, naturalist on the
first Russian ship to sail in Aleutian waters, noted in the
Shumagin Island group that ground squirrelswere present
on islands near the Alaska mainland, but not on those far-
ther offshore (Golder 1925; Stejneger 1936).

Ground squirrelswere used by Native Alaskansand early
Russians for clothing (parkas) and food and were trans-
planted on someidandsfrom themainland or idandswhere
they were naturally occurring (L. Black, pers comm.).
Ranchersalso introduced ground squirrelsto someislands
asfood for foxes, after seabirds declined (Peterson 1967;
Swanson 1982; Janson 1985). Many introductions were
not documented, and it is unclear whether some current
populations on islands close to the mainland are native or
introduced (Bailey 1993). Preliminary genetic analysison
squirrels collected in the Shumagins shows minor differ-
entiation among islands (J. Cook, pers. comm.), but more
samples are needed to determineif any island popul ations
areunique.

Impact

Certain speciesof ground squirrelsprey on eggs (Errington
and Hamerstrom 1937; Horn 1938; Stanton 1944; Sowls
1948; Bedard 1969; L eschner and Burrell 1977; Sargeant
and Arnold 1984; Sargeant et al. 1985). Arctic ground
squirrel sin research enclosures pounce on large duck eggs
but are apparently not adept at opening them (B. Barnes,
pers. comm.). Nevertheless, thisspeciesisknown to take
passerine eggs (B. Barnes, pers. comm.) and chicks and
eggs of seabirds (Geist 1933; Cade 1951; Sealy 1966).
Theimpact of introduced Arctic ground squirrelson nest-
ing birdsin AMNWR isnot well documented, but we have
observed that storm petrels and other small burrow-nest-
ing species rarely occur on islands inhabited by ground
squirrels.

Ground squirrels also directly affect native vegetation by
feeding on stalks, stems and seeds, and contribute to
overgrazing and erosion (Bailey and Faust 1981; Bailey
and McCargo 1984). Thereis still aneed to collect and
analyse information to understand the biology and impact
of non-native Arctic ground squirrels on refuge islands.
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Restoration

We are at the beginning stages of devising or modifying
existing control methods to eradicate introduced ground
squirrels on 1450 ha Kavalga Island in the central Aleu-
tians. Elsewhereinthe United States, other ground squir-
rel species are controlled for agricultural purposes using
poison baits, fumigants, trapping and shooting. Poison
baits seem most practical for use onislandswithin theref-
uge. New registration may be required to use existing or
new toxicants on AMNWR.

Potential non-target speciesthat are the most likely scav-
engers of dead or dying ground squirrelsinclude bald ea-
gles (Haliaeetus leucocephalus), gulls (Larus spp.), and
common ravens (Corvus corax). We may need to collect
and dispose of ground squirrels dying above ground to
minimise secondary poisoning hazard.

Predicted Response

Vegetation reduced by ground squirrelswill likely recover
rapidly and erosion of overgrazed areas will be slowed.
Productivity will increase the first season after ground
squirrels are eradicated for bird species on which egg or
chick predation has been severe. We predict species that
nest in earthen burrows such as storm petrelsand surface-
nesters such as shorebirdsand passerineswill benefit most
from introduced ground squirrel eradication.

LARGE UNGULATES

Distribution of reindeer and caribou

Reindeer (Rangifer tarandus asiaticus), anative ungulate
of Eurasia, were brought to Alaskafrom Siberiain 1891.
Reindeer wereintroduced on several islandsin the eastern
Aleutians to provide Alaska natives a commercial com-
modity to enhance their economicinclusionintheterrito-
ry’sdevelopment (Swanson and Barker 1992). Ultimately,
reindeer were introduced to six islands that are now part
of AMNWR.

Caribou (R. t. arcticus) are native to mainland Alaska but
occasionally swim to nearby large isands. The only in-
troduction in the refuge is on Adak Island in the central
Aleutianswhere caribou were purposefully released inthe
late 1950s at the request of the U.S. Navy (Jones 1966).
They have persisted, and the herd was recently estimated
at approximately 900 animals (Williams 1998).

Distribution of livestock (cattle, horses,
sheep)

Although afew cattle were brought to some of theislands
during the fox ranching era, cattle ranching did not begin
on most Alaskan islands until after WWII. Cattle ranch-
ing has occurred on at least eight islands containing ref-
uge lands, but currently cattle occur on one refuge island

and three other islandswith both refuge and private lands.
These same islands al so have horses, and one has sheep.

Impact of introduced ungulates

Grasses and other flowering plants provide summer and
fall foods for ungulates, but it is during winter that food
becomeslimited. Reindeer detect lichensthrough asmuch
as 1m of loose snow and reach them by pawing. Reindeer
“crater” into mineral soil whileforaging on roots of forbs,
dislodging plants, causing more severe damage. I ntroduced
ungulates on relatively-small islands typically overgraze,
damage the vegetation communities, and sometimes starve
to death (e.g., Klein 1968). Thefirst reindeer released on
two islandsin the eastern Aleutians died out from starva-
tion relatively soon after stocking (Brickey and Brickey
1975), but later stockings have resulted in herdsthat have
persisted. For reindeer on Alaskan islands, the common
pattern has been rapid population growth resulting in de-
pletion of native forbs, especially lichens (Swanson and
Barker 1992). During overgrazing, more willow stem is
consumed than can grow each season, and the plant even-
tually dies. When less-preferred forageis depleted before
or during winter, the population crashes because of star-
vation (Palmer 1945). If the herd does not die out com-
pletely, the island does not sustain previous population
levels due to long-term damage to lichens. Lichens may
take 20 years or more to recover (Palmer 1945). Severe
overgrazing and trampling by reindeer on preferred hilly
areas al so cause soil erosion and permanent loss of natural
plant communities, reducing natural biological diversity
and, in some cases, causing desert conditions. Typically,
livestock are allowed to overgraze, and frequently cattle
are abandoned because of difficultiesin bringing them to
market. Selective grazing by cattle makes sandy coastal
areas especially vulnerableto damage (Talbot et al. 1984),
and cattle ranching has led to the establishment of inva-
sive plant species (Daniels et al. 1998).

Restoration and response

In most cases, reindeer, caribou, and livestock occur on
islandswith mixed ownership (usually with nativevillages)
within the refuge. Native traditional councils typically
manage reindeer for commercial meat and antler produc-
tion and sometimes for sport hunting. Cattle grazing has
been allowed by special permit. Ideally, introduced ungu-
lateswould be excluded from refuge properties, but there
isno current plan or funds to erect and maintain fencing.
Presently, the refuge staff workswith local traditional coun-
cils, other government agencies and with permittees to
develop management plans to minimise the negative im-
pacts of grazing, trampling, and erosion. Swanson and
Barker (1992) reviewed the history and range conditions
of reindeer populations on Alaskan islands.

In the past, the refuge staff has removed reindeer and cat-
tle from wholly-owned refuge islands, but these actions
caused controversy and resulted in hard feelings by some
local residents. For example, in the early 1990s, reindeer
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were removed from Hagemeister Island by live capture
and shooting after the permittee failed to comply with
maximum stocking rates, and damage was evident
(Swanson and LaPlant 1987). At great public expense,
450 reindeer werelive captured and transported to anearby
native village and the others were shot (most carcasses
distributed to village for food). Nevertheless, the press
provided substantial negative publicity (J. Stroebele, pers.
comm.). In another case in 1985, substantial funds were
spent to try to capture and transport feral cattle off
Simeonof Island to nearby private locations before the
remaining animals were shot. Again negative publicity
occurred. In spite of poor public relations these manage-
ment actions were necessary to restore native biological
diversity. Response of native vegetation to removal of
ungulates has occurred, and substantial restoration of some
plant communities appearslikely (S. Talbot pers. comm.).

Sport hunting kept the caribou populations at Adak under
reasonable control until the number of residents on the
island dropped from more than 5000 to less than 500 in
the early 1990s because of the US Navy baseclosure. The
caribou population is now expanding rapidly and habitat
damage isinevitable (USDI & ADFG 1994). Theisland
isnow injoint ownership by therefuge and Native Village
Corporation. Therefore, completeremoval of the caribou
isunlikely.

OTHER INVASIVES

Distribution

Bailey (1993) lists introductions of rodents and hares on
refugeislands. House mice are known to live on St. Paul
Island only in the community areaand dump. Introduced
voles are found on at least two islands, both south of the
Alaska Peninsula, and marmots on another. Hares were
released on at least 10 islands and still survive on afew.
Deer mice occur on oneisland.

Impact

Although thereislittle documentation that the specieslisted
above pose significant threats to native species on
AMNWR, they probably negatively affect native forms.
Small mammals negatively change native vegetation and
habitat in other areas. Nativevolesareasignificant preda-
tor of eggs and nestling parakeet auklets on St. Lawrence
Island (Sealy 1982), and introduced voles may be respon-
sible for sparse vegetation on small islands in the Sanak
Group (E. Bailey, pers. comm.).

Deer micearesignificant egg predators and severely limit
reproduction of Xantus murrelets (Synthliboramphus
hupoleucus) on SantaBarbaraldandin California(Murray
et. al. 1983) and elsewhere (Maxon and Oring 1978).
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Restoration and response

Currently no plansexist to remove any small mammal spe-
ciesreferred to in this section, although we may attempt to
eradicate other non-native rodents on islands whererat or
ground squirrel eradicationisplanned. Anevaluation simi-
lar to that described for ground squirrelsisneeded prior to
eradication efforts.

DISCUSSION

Implications for work

Because of the controversial nature of eradication projects
in the United States, results of the fox eradication pro-
gramme are not widely published. Now that the red fox
eradication programme nears conclusion, publication of
methods used and results achieved is more appropriate.
Lessonslearned during this project are applicableto other
island restoration projects.

The U.S. Fish and Wildlife Service does not permit intro-
duction of exotic species on refuge lands. The State of
Alaska'swildlife laws are also stringent. Refuge islands
remain some of the most inaccessible and least-visited is-
lands in the U.S. National Wildlife Refuge System. The
islands arefairly safefrom deliberate introductions; how-
ever, a constant vigil is needed to prevent the accidental
introduction of rats through shipwreck or transfer of in-
fested material.

Suggestions for improvement

To document the benefits of removing invasive species,
biological monitoring must continue on the few islands
where pre-eradication dataexists. Widespread genetic sam-
pling of Arctic ground squirrelsis necessary to determine
the native status of island populations before eradication
can proceed. To efficiently eradicate ground squirrelsand
other rodentsfrom refugeidands, devel opment of new bait-
ing strategies or the modification of existing methods are
needed. Modification of existing pesticideregistrationfor
island applicationsis also necessary.

Public education and acceptance of the need to remove
large herbivores, such as cattle and reindeer, from islands
must be accomplished before further eradication of these
species can proceed. Even if methods are devised to effi-
ciently eliminate these large, familiar and once-domesti-
cated animals, the project could not be considered suc-
cessful if it resultsinlong-lasting damageto trust and public
perception of the AMNWR and its mission.
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