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High endemism has evolved on the Bonin Islands, a
group of oceanic islands in the northwestern Pacific,
due to a disharmonic, unique biota. However, human
settlements have caused extensive deforestation and
the introduction of invasive species over the last 200
years. Insular populations are vulnerable to the dev-
astating effects of introduced predators, competitors,
and diseases, because they have evolved in the absence
of such factors. Introduced species (e.g., goats, cats,
black rats, green anole lizards, invasive plants, and
predatory flatworms) have caused population declines
and the extinction of indigenous species through direct
and indirect effects. Unpredictable events often occur
within these food webs. Clearly, efforts must be made
to control these introduced populations, and to that
end, attempts to eliminate certain species (e.g., goats
and rats) have begun. However, some invasive species
cannot be completely eradicated from their ranges be-
cause of their wide distributions and high population
densities. In such cases, these species must be con-
fined to their current ranges, which, for the primary
invasive species, is mainly limited to two inhabited is-
lands. Problematically, some introduced species have
become essential components of the current ecosystem
due to long-term naturalization, and their elimination
may cause decreases in native species. Thus, the con-
struction of sustainable ecosystems that include both
native and introduced species is a realistic goal of cur-
rent conservation efforts.
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1. Evolution on Oceanic Islands

The Bonin Islands are oceanic islands located within
2025’–2743’ N and 13604’–15358’ E in the northwestern
Pacific Ocean. They consist of more than 100 islands and
rocks and are composed of four main island groups (i.e.,
the Mukojima, Chichijima, Hahajima, and Volcano Island
groups) as well as three small isolated islands (i.e., Nishi-
noshima, Minamitorishima, and Okinotorishima;Fig. 1).
The islands are primarily volcanic, dating back to the Ter-

tiary (Mukojima, Chichijima,Hahajima Island groups) or
Quaternary (Volcano Island group) [1]. Each island is
comparatively small; even the largest island, Chichijima,
is only 2400 ha in area. The climate is subtropical, with
monthly mean temperatures ranging from 18 to 28ÆC and
an annual mean temperature of approximately 23ÆC in
Chichijima [2]. The monthly precipitation ranges from 60
to 170 mm, with an annual precipitation of approximately
1300 mm [2].

The biota of oceanic islands has many characteristics
distinct from continental populations, because the resi-
dent species have never contacted their mainland popu-
lations [3]. The ancestors of island species arrived by
chance across open seas to establish their populations.
Wind dispersal, ocean currents, and birds allowed only
a limited number of species to reach the Bonin Islands.
The biota of island populations often become depauperate
and disharmonic and exhibit a different balance of species
compared to equivalent areas of the mainland [4]. This
tendency is particularly noticeable on smaller and more
remote islands that typically lack indigenous land mam-
mals and amphibians [5]. On the Bonin Islands, no land
mammals naturally occur except for the Bonin flying fox
Pteropus pselaphon [6], and there are no native amphib-
ians, snakes, or earthworms [7, 8]. Only two reptiles, 15
land birds, more than 330 insects, approximately 100 land
snails, and 450 vascular plants occur on the Bonin Islands
[9–11].

Despite low species richness, oceanic island biodiver-
sity remains quite important. The disharmonic biota
of islands promotes the evolution of endemism through
adaptive radiation due to the lack of competitors and/or
predators. The proportion of endemism on the Bonin Is-
lands is 40% for all plants and 70% for arboreal species
alone [12], and 80% of indigenous landbirds are endemic
species or subspecies [13]. Furthermore, more than 90%
of native land snail species are endemic to the islands [14].

While oceanic islands have provided spectacular habi-
tats for evolution and biodiversity, these ecosystems also
speak to the vulnerability of insular species in the face
of human disturbance. Four main reasons were given
for why island species decrease due to human activi-
ties: 1) direct predation, 2) introduction of non-native
species, 3) spread of disease, and 4) habitat degradation
or loss [4]. Island species tend to have small populations
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Fig. 1. The location of the Bonin Islands.

and thus less capacity to rebound from perturbations that
greatly reduce their numbers [15]. Island populations are
also vulnerable to the devastating effects of introduced
predators, competitors, and diseases, because they have
evolved in the absence of such factors. For example, 13
species/subspecies of birds have been described as extinct
for all of Japan in the Japanese Red Data Book (RDB);
of these, 12 are insular birds and six are endemic to the
Bonin Islands [16]. Thus, the Bonin Islands are a “hot
spot” for both evolution and extinction.

2. History of Human Disturbances

Prehistoric remains (approximately 800-2000 years
old) have been found on Kitaiwoto of the Volcano Is-
land group and on Chichijima [17]. Although the origin
of these people is not clear, they may have arrived from
the Izu Islands and/or the Marianas [17]. On many Pa-
cific islands, some or many of bird species survived until,
but not through, their first contact with humans during the
prehistoric age [18–20]. While no direct evidence exists,
the original fauna and flora may have been disturbed dur-
ing this age. Prehistoric residents disappeared prior to the
recent inhabitation of the Bonin Islands.

During recent history, the first human colonization of

the islands involved western and Polynesian populations
in 1830. The sea around the islands was used for whal-
ing, and the islands served as whaling stations [21]. The
immigrants exploited the forests, established farmlands
for crops such as sugarcane, corns and sweet potatoes
[21], and introduced domestic animals such as pigs, goats,
cows, ducks, chickens, cats, and rats, all of which even-
tually became feral. The Bonin thrushCichlopasser ter-
restris has never been recorded since its discovery in 1828
and likely became extinct during this age of colonization.

The Bonin Islands became Japanese territory in 1876,
and subsequently, Japanese people began to settle the
area. As a result, deforestation and animal introductions
were accelerated. Primary forests were destroyed for
wood, fuel, and farmland.Morus boninensis, an endan-
gered mulberry species, was nearly eradicated for its valu-
able timber during this period [10]. On the main islands,
namely, Hahajima and Chichijima, all areas amenable to
cultivation were planted to sugarcane fields until the value
of this crop suddenly dropped in 1910 [22]. Subsequently,
the sugarcane fields were converted to farmland for veg-
etables and foliage plants for exportation to the Japanese
mainland [23]. At least 14 islands were successively
colonized, and the maximum population of the islands
reached approximately 7711 people in 1944 [21]. Two en-
demic species (the Bonin pigeonColumba versicolor and
the Bonin grosbeakChaunoproctus ferreorostris), two en-
demic subspecies (the white-browed crakePoliolimnas
cinereus brevipes and the rufous night-heronNycticorax
caledonicus crassirotris), and a subspecies of the endemic
Bonin Islands white-eyeApalopteron familiare familiare
all became extinct during this period [16]. The non-
endemic jungle crowCorvus macrorhynchos also disap-
peared from the islands by 1920 [7].

One of the most distinct impacts of this age was the
overexploitation of seabirds for feathers, meat, and guano
[24]. The short-tailed albatrossDiomedea albatrus, for
example, became locally extinct on the islands [25].
On Minamitorishima, the easternmost island of Japan,
Laysan albatrossDiomedea immutabilis and black-footed
albatrossDiomedea nigripes, whose numbers were de-
scribed as “exceedingly abundant in former days”, were
nearly exterminated within only 6 years of the initial col-
onization in 1896 [26].

World War (WW) II also drastically impacted the biota
of the islands. The Japanese government forced approxi-
mately 6900 inhabitants to evacuate the Bonin Islands in
1944 [23], and the farmlands were left in uncontrolled
conditions. Intensive bombing destroyed the forests on
at least Chichijima, Hahajima, and Iwoto [23]. WWII
was also the decisive event for many seabird species on
Minamitorishima, on which the physical topography was
entirely altered during wartime [27]. Approximately 5000
Japanese troops were garrisoned there, and the island was
exposed to severe bombardment [27]. Together, exploita-
tion for feathers and WWII caused the local extinction of
nine seabird species on Minamitorishima [26–28].

The Bonin Islands were under US occupation from the
end of WWII until the return to Japan in 1968 [22]. Only
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a few locals and the US army remained on Chichijima,
Iwoto, and Minamitorishima during this period [22, 29,
30]. Secondary forests vastly covered the cultivated lands
and former residential areas, and introduced plants such as
Leucaena leucocephala andBischofia javanica expanded
their distributions [10, 31]. The green anoleAnolis caroli-
nensis, an invasive lizard, was also introduced during this
time [32].

When the islands were returned to Japan, they were
recolonized by both former and new inhabitants. Only
Chichijima and Hahajima were inhabited by civilians, and
the other islands remained uninhabited, with the excep-
tions of Iwoto and Minamitorishima, which were occu-
pied by the Japan Self-Defense Forces, the Japan Mete-
orological Agency, and the Japan Coast Guard. The cur-
rent population of Chichijima and Hahajima is approx-
imately 2400, and transportation from the mainland oc-
curs by ship once a week [33]. Since the return of inhabi-
tants, the forests have again been used for residential con-
struction, roadways, parks, and agriculture. Various intro-
duced species have both intentionally and unintentionally
accompanied this renewed human activity. The species in-
troduced to the islands by humans pose the greatest threat
to the native ecosystem. Typical effects include predation,
competition, introduction of diseases, hybridization, and
grazing. Particularly important examples of these factors
are discussed in the following chapter.

3. Effects of Introduced Species

3.1. Destruction of Vegetation by Feral Goats

Goats Capra aegagrus, cows Bos taurus, pigs Sus
scrofa domesticus, deer Cervus mariannus, cats Felis
catus, and rabbitsOryctolagus cuniculus have all been
intentionally introduced to the islands [34]. Only goats,
pigs, and cats have survived to date. Feral pigs currently
occur only on Ototojima, and eradication efforts by the
Ministry of the Environment are ongoing.

Goats have been released to at least 20 of the Bonin Is-
lands [35]. This species has been introduced as a food
resource several times since the initial stage of colo-
nization [36]. Certain physiological traits, such as low
metabolism, an efficient digestion system, low water re-
quirements, high reproductive rates, and a generalized
diet, allow the goats to increase in number under condi-
tions unsuitable for many other herbivores. Eradication
of this species was primarily conducted on 13 relatively
small islets in the 1970s [37]. A second stage of eradi-
cation was conducted on Nakodojima, Mukojima, Yome-
jima, and Nishijima since 1997, and the current distribu-
tion of goats is limited to three islands, Chichijima, Ani-
jima, and Ototojima [38]. Feral goat eradication was rela-
tively easy on the other islands, because nearly all forests
had been altered to grasslands by grazing and few shel-
ters existed. However, Chichijima, Anijima, and Ototo-
jima are still predominantly covered by forests, they are
larger, and the topography is more rugged than that of the

other islands [38]. These conditions make the eradication
of goats particularly difficult on these islands. The Tokyo
Metropolitan Government has been attempting to exter-
minate the goats on Anijima since 2005 [39].

In general, the flora of oceanic islands has evolved in
the absence of large herbivores and thus lacks adapta-
tions to mammalian herbivory [3]. Goat grazing alters the
structure and composition of plant communities and ac-
celerates soil erosion [40]. Furthermore, feral goats for-
age on grasses and herbs on cliffs and exterminate rare
plant species. Endemic threatened herbs such asLobelia
boninensis, Cirsium boninense, and Ajuga boninsimae
have nearly become extinct on Chichijima [41]. In ad-
dition, goats eat seedlings and saplings of trees, clearing
the forest floor and halting forest succession when canopy
trees die [10].

Of all Bonin Islands, Nakodojima is the most severely
affected by feral goats [36]. This island was originally
covered with dense forests, which have subsequently been
changed to vast grasslands and bare ground due to graz-
ing and trampling by goats [42, 43]. Moreover, aquatic
biota has also been impacted by the outflow of soil caused
by erosion [35], and feral goats also affect seabird pop-
ulations [28, 35]. In fact, islands on which goats be-
came feral harbor fewer seabird species, likely because
the goats have disturbed breeding of shearwaters through
nest destruction by trampling and soil erosion by over-
grazing [28]. The absence of seabirds can reduce soil fer-
tility due to the disruption of sea-to-land nutrient trans-
port by seabirds [44, 45], which may also indirectly affect
plant communities on islands with goats.

Feral goats were completely eradicated on Nakodojima
in 1999 [46]. Since the eradication, some bare ground has
shifted to grassland due to release from goat herbivory
[43]. Despite the disappearance of goats, the forests have
not yet recovered, however, likely due to the lack of seed
rain [43]. The long-term impacts on vegetation include
decreases in tree reproduction, seedlings, and the seed
bank. While forest ecosystems clearly require long recov-
ery times after goat eradication, vegetation has recovered
in some areas [12, 47].

Problematically, several introduced plants, such asLeu-
caena leucocephala andPseudosasa japonica, have ex-
panded their ranges, thus preventing the reproduction of
native species [47]. Therefore, it is necessary to monitor
changes in the flora and fauna and to conduct counter-
measures that account for interspecific relationships. In
addition, the effects on vegetation subsequently influence
other taxa, because plant communities provide habitats
for countless species. Thus, complete feral goat eradi-
cation may not be an appropriate goal without the subse-
quent maintenance of balance of nature.

3.2. Feral Cat Predation on Birds

The Bonin Islands lacked terrestrial carnivores until hu-
man colonization in 1830. Thus, native animals were
vulnerable to introduced carnivores. Domestic cats were
introduced to the islands, and many escaped or were re-
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Table 1. Estimated foraging habitat of native birds in the Bonin Islands.

leased from residential areas. These cats had already be-
come feral during the early human history of the islands,
and a large number of feral cats lived in the wild on
Chichijima in 1853 [48]. Feral cats have been observed
on four inhabited and at least three uninhabited islands
(Anijima, Ototojima, and Mukohjima) [49].

On Hahajima, about 100 feral or half-feral cats were es-
timated to be distributed across the island [50]. A seabird
colony once existed on the southernmost area of the is-
land but was destroyed by feral cats during the last decade
[51, 52]. Some seabird species, such as shearwaters and
boobies, cannot quickly take flight from the ground, be-
cause their wings are adapted for gliding rather than flap-
ping. In addition, landbirds are also preyed upon by feral
cats [53]. For example, the endemic subspecies of the Ori-
ental greenfinch,Carduelis sinica kittlitzi, and the Bonin
Islands white-eye are listed as threatened in the Japanese
RDB [16, 50].

Although at least five islands had maintained popula-
tions of the Oriental greenfinch prior to WWII besides two
of Volcano Islands group and uninhabited out-islands of
the Hahajima group where this species currently breeds
[7, 54, 55]. The endemic subspecies of Japanese wood
pigeon Columba janthina nitens has also decreased in
number and is classified as a critically threatened species
in the Japanese RDB [16]. These two species are cur-
rently the most vulnerable landbirds on the islands. Both
species forage primarily on seeds on the ground, thus fa-
cilitating attacks by feral cats and reducing their popula-
tions. The extinct landbirds of the islands, the Bonin pi-
geon and the Bonin grosbeak, were also seed-eaters, and
the Bonin thrush, the white-browed crake, and the rufous
night-heron were also likely to frequently forage on the
ground (Table 1) [7, 56]. Such microhabitat use in the
presence of introduced terrestrial carnivores may acceler-
ate the extinction of various bird species [57].

Not surprisingly, the diet of cats is not limited to birds.
Cat feces collected from Chichijima and Hahajima con-
tained the cicadaMeimuna boninensis [58, 59], which is
listed as a National Natural Monument and has drastically

decreased in number since the late 20th century [38]. In
addition, cat feces also contained high proportions of the
native skinkCryptoblepharus nigropunctatus [59], which
has decreased on inhabited islands [60]. These species
are also affected by the green anole, an invasive lizard
[38, 61]. Clearly, native small animals suffer from preda-
tion by multiple invasive predators.

The local government of Ogasawara began counter-
measures for cat control [49]. For example, an ordinance
to register domestic cats was declared in 1999. In an ef-
fort to initiate stepwise population decreases, the govern-
ment has also captured feral individuals for sterilization
and subsequently released them at the sites of capture.
However, positive results are doubtful because of the diffi-
culty in capturing all individuals. To this day, many feral
cats and kittens are frequently observed. Thus, the best
method for eradicating feral cats is to remove them from
the ecosystem.

In the southernmost region of Hahajima where the
seabird colony was destroyed, a cat fence was established
to separate the colony from the mainland. Feral cats have
been removed from the exclosure since 2006 and are fos-
tered on the mainland in Tokyo [52]. These efforts were
conducted in partnership with researchers, local residents,
the local government, and the Tokyo Veterinary Medical
Association. Because it is difficult to reach consensus
concerning the extermination of captured cats, such col-
laborations are fundamental to balance conservation with
social opinions.

3.3. Effects of Green Anole Lizard on Insects

While goats and cats were introduced during the 19th

century, the green anole became feral in the mid-20th cen-
tury when the Bonin Islands were under US occupation
[32]. These small lizards originate from North America
[53] and were introduced in the early 1960s via Guam
[32]. Pets or individuals hidden in cargo may also have
established the wild population on the islands [38, 49].
The anole lizard was initially found in northern Chichi-
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jima and then expanded its distribution to the entire island
[60]. In the 1980s, this species subsequently invaded Ha-
hajima and expanded its range along roadways [60]. The
average population density of 1270 per ha on Chichijima
was much higher than in Saipan, which the same species
had previously invaded [62].

The invasion of the green anole has received a great
deal of attention in terms of insect conservation. On the
two inhabited islands, researchers have reported a contin-
uous decline in some groups of endemic insects, such as
dragonflies, butterflies, bees, and longicorn beetles [38,
63–65]. By comparing collection records of insects from
before and after range expansion of the lizard on Haha-
jima, it was shown that only diurnal longicorn beetles had
declined, whereas nocturnal species had not exhibited a
marked decline [64]. Decreasing insects are limited to di-
urnal species on Chichijima and Hahajima, likely because
the green anole is a diurnal predator. Field observations,
stomach content analyses, and feeding experiments have
indicated that predation by the lizard may explain the se-
vere declines of these insects [38, 64, 65]. At least five
endemic odonates (Boninagrion ezoin, Indolestes boni-
nensis, Rhinocypha ogasawarensis, Hemicordulia oga-
sawarensis, Boninthemis insularis) and one endemic but-
terfly (Celastrina ogasawarensis) disappeared on Chichi-
jima and Hahajima, except small populations ofR. oga-
sawarensis and C. ogasawarensis on the latter [38, 65,
66]. Even a relatively large insect, the endemic cicada
Meimuna boninensis is preyed upon by the lizard, and this
species has been declining on Chichijima and Hahajima
[38, 67].

Endemic bees have also experienced rapid declines and
are nearly extinct on these two islands, with the excep-
tion of the largest bee species,Mesotrichia ogasawaren-
sis [66, 68]. It is hypothesized that endemic bee declines
were caused by competition withthe introduced European
honeybeeApis mellifera [68]. Additionally, the popu-
lation reductions are likely attributable in part to lizard
predation. Because each insect species functions ecolog-
ically as both pollinator and predator, their disappearance
will influence other species. For example, the absence of
pollinators such as native bees or longicorn beetles will
disrupt plant-insect pollination systems. Thus, the green
anole can potentially indirectly affect the native flora.

The native skinkCryptoblepharus nigropunctatus has
also decreased in conjunction with the range expansion of
the green anole [60]. This species is completely absent in
areas where the anole occurs in high densities [61]. The
anole lizard frequently attacks the skink and dominates
areas of sympatry, excluding the skink from suitable mi-
crohabitats [61]. Additionally, a juvenile skink was dis-
covered in the stomach contents of an anole [61]. The
green anole thus serves as both a competitor for suitable
microhabitat and a predator of the native skink.

In addition to the predation effects of this lizard, the
species may also change the native biota through its role
as a prey item. In the 1980s, the bull-headed shrikeLanius
bucephalus began to breed on Chichijima [69], whereas
previously, this species had been a rare migratory bird

on the Bonin Islands [70]. The range of the shrike ex-
panded on Chichijima [60], and it reached Hahajima (50
km away) in 1990 [38]. Its distribution appeared to fol-
low the expansion route of the green anole, and the shrike
was shown to frequently forage on the lizard on Chichi-
jima [60]. It thus may inhabit the islands because of
the sudden appearance of available food items [38]. For
unknown reasons, shrike populations have decreased on
Chichijima and have disappeared completely from Ha-
hajima [38]. If the bird were to have established stable
populations, it would also have preyed on native insects
and small land birds. Thus, the extensive consequences
of increased green anole populations highlight the often
unpredictable effects of introduced species.

The green anole was classified as an “invasive alien
species” of Japan in 2005 under the Invasive Alien
Species Act (Law No. 78) by the Ministry of the Envi-
ronment, and the possession and transport of live individ-
uals was restricted. To conserve vulnerable species such
as Celastrina ogasawarensis, methods to eliminate this
lizard from particular areas through the use of adhesive
traps and fencing are ongoing [71]. Given the large pop-
ulation density of the lizard and the difficulty in remov-
ing small animals, eradication from the Bonin Islands will
likely be challenging.

3.4. Introduced Amphibians as Insect Predators

The Bonin Islands originally lacked amphibians, as
these animals could not migrate across the sea. However,
two species, the American bullfrogRana catesbeiana and
the marine toad (cane toad)Bufo marinus, have been in-
troduced. These species have been listed in the “100
of the World’s Worst Invasive Alien Species” [72]. The
bullfrog is a waterside predator and was introduced for
human consumption probably via the mainland of Japan
[38]. The current range of this species is restricted to the
northern part of Ototojima [38]. The bullfrog forages on
many species, including terrestrial hermit crabs and drag-
onflies. Since 2004, endemic dragonflies have rarely been
observed near ponds inhabited by the bullfrog (although
droughts may have similar effects) [71]. Bullfrog eradi-
cation programs are ongoing, and the population density
of this frog has declined as a result [71]. The density of
this bullfrog was not extremely high even before the pro-
grams, probably because it suffered from the predation
pressure by feral pigs. The pig eradication was begun fol-
lowing the bullfrog eradication started in order to avoid
their increase.

The marine toad, which was introduced as a biological
control agent for scolopendras and scorpions, was brought
to Chichijima from Saipan in 1949 and to Hahajima in
1974 [73]. This toad preys on ground animals and espe-
cially affects ground beetles. The endemic ground beetles
species,Colpodes yamaguchi, C. boninensis, andChlae-
nius ikedai, have seldom been observed and are near ex-
tinction on Chichijima and Hahajima, likely due to preda-
tion by the toad [66]. In one area of Hahajima, its popu-
lation density was estimated at the extremely high value
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of 3000 per ha [38]. An analysis of toad stomach con-
tents indicated that the species richness of its diet in 2004
was lower than in 1979, potentially because of the exhaus-
tion of food resources [71]. To prevent further declines in
ground animal communities, proper countermeasures are
necessary to control marine toad populations.

3.5. Predation on Snails by Introduced Predators
As mentioned above, land snail fauna exhibit high di-

versity and endemism on the Bonin Islands. However,
these species have experienced dramatic declines. Ap-
proximately half of the 14 species of the genusHirasea
and four species of the genusOgasawarana went extinct
relatively early because of deforestation for agriculture
and habitat alteration by introduced mammals such as
feral goats [14]. After WWII,nearly all areas of Chichi-
jima and Hahajima were covered by secondary forests
that had established on agricultural lands. However, re-
forestation did not halt the decline of land snails on these
islands. Recent decreases in snails on Chichijima may
be caused by the introduced predatory flatwormPlaty-
demus manokwari, which was introduced accidentally
in the early 1990s [74–77]. This flatworm was intro-
duced to several Pacific islands to control the African land
snail Achatina fulica, an introduced pest of agriculture,
and caused native snail declines [78, 79]. The predatory
rosy wolfsnailEugalandina rosea was also introduced to
Chichijima. Thus, the land snail fauna has suffered seri-
ous declines due to these introduced predators [75, 80].

Although the range ofP. manokwari has been limited
to Chichijima, land snails (e.g.,Mandalina) have also de-
clined on Hahajima [81]. These declines may be due to
three potentially introduced predatory flatworms,Bipal-
ium sp.,Australopacifica sp., andPlatydemus? sp. [81].
Furthermore,Mandalina also suffers from predation by
black rats. Because these small introduced species are as
difficult to eliminate as the green anole, the best remain-
ing option is to confine them to their current distributions.

3.6. Plants Out of Place
Invasive alien species are often plants as well as ani-

mals. Various types of introduced plants negatively af-
fect native plant species. For example,Bischofia javan-
ica was introduced into Chichijima, Hahajima, and Oto-
tojima as fuelwood in the early 1900s [12]. This species
initially escaped from areas of afforestation during the
US occupation and has expanded its range throughout
the islands [10].B. javanica exhibits several traits favor-
able to rapid establishment, including the rapid growth
of seedlings and saplings, a large quantity of seeds, and
strong shade tolerance; thus, this species can easily out-
compete native trees [10, 82–84]. Native plants have been
excluded from the range ofB. javanica, and pure uniform
forests of the invasive are establishing in certain areas.
This species favors wet woodlands with well-developed
soils [82], which characterizes one of the common pri-
mary forest types of the islands.B. javanica has also
invaded protected areas that shelter remnants of primary

forests, e.g., the central region of Hahajima. Conversions
of forest to monocultures with uniform structure subse-
quently decrease faunal diversity, because an uncompli-
cated plant community cannot support diversified habitats
for various animal species. In addition, a forest composed
of single species can not provide seeds all the year round,
which lacks the food availability for seed eaters such as
vulnerable pigeons and finches. In order to maintain a
foraging habitat for them, a forest must maintain species
diversity, supplying seeds throughout the seasons. On the
Bonin Islands,B. javanica was released from the limit-
ing factors (e.g., competitors and predators) of its original
locality in Southeast Asia, within which it was not a dom-
inant species [10]. Although an eradication program for
this species is currently being conducted by the Forestry
Agency,B. javanica remains difficult to completely con-
trol due to its large population and ability to produce a soil
seed bank [10, 84].

The range expansion ofB. javanica may also have been
accelerated by birds. The indigenous brown-eared bulbul
Hypsipetes amaurotis is apparently a very effective seed
disperser [82]. Similarly, several other introduced plants,
e.g., Morus australis, Solanum nigrum, andRivina hu-
milis, are also frequently dispersed by birds. In addition
to the bulbul, the Bonin Islands white-eye and the intro-
duced Japanese white-eyeZosterops japonicus often for-
age on these introduced plants, and their fruits may par-
tially sustain the bird populations. Clearly, mutual inter-
dependences between native birds and introduced fruits
have developed.

Casuarina equisetifolia is an invasive arboreous plant
that has also established uniform forests, particularly in
dry evergreen forest, one of typical forests of the is-
lands [85]. Due to wind dispersal, the distribution of this
species includes various uninhabited islands that neighbor
inhabited islands [38, 82]. The arrival ofC. equisetifolia
has both costs and benefits, as this invasive species ex-
cludes native plants but also protects the brittle land from
erosion. If the plant were to be completely removed from
its current range, coastal areas would not retain their soils.
In addition, this tree provides nest sites for the threatened
subspecies of the Oriental greenfinch on the satellite is-
lands of Hahajima [54]. This bird has survived only on
these islands and the Volcano group [54, 55, 86]. Thus,C.
equisetifolia plays a significant role in the conservation of
these birds. The rapid elimination of this invasive plant
would disrupt the current ecosystem established by both
native and introduced species. Control measures should
be conducted wisely, taking into consideration the inter-
specific relationships between the native and non-native
species.

Competition for habitat is not the only negative ef-
fect of introduced species. For example, the introduced
mulberryMorus australis reduces the reproduction of the
closely related native mulberryM. boninensis through
hybridization [87]. More than 300 introduced vascular
plants have been found on the Bonin Islands, whereas the
islands harbor at most 450 native species [9, 38]. Non-
native plants are repeatedly transported to the Bonin Is-
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lands for the purposes of agriculture, gardening, roadside
tree plantings, and soil erosion remediation. Such plants
experience many opportunities for escape from controlled
areas. Official regulations requiring searches for invasive
species when arriving at the islands are necessary to ame-
liorate the current situation of unrestricted and rapid in-
troductions.

3.7. Effects on Aquatic Organisms
Aquatic fauna are also seriously affected by introduced

species. The freshwater snailMelanoides tuberculata was
initially found in brackish water areas of Chichijima in
2005 [88]. This species was introduced to the entire
pantropical region and recently to neotropical areas, pri-
marily as the result of the aquarium plant trade [89, 90].
In the area of Chichijima in whichM. tuberculata has
been introduced, the native freshwater snail and confamil-
ial (Thiaridae) speciesStenomelania boninensis also oc-
curs and occupies a similar niche [88]. This native species
is ranked as vulnerable (VU) in the Red List of the Min-
istry of the Environment. In the case of these two snails,
the introduced species may not entirely exclude the native
species. However, when their shared habitat is temporar-
ily disturbed (e.g., for riverside modification or dredging),
causing the native species to escape,M. tuberculata may
fill the niche prior to the return ofS. boninensis. In fact,
introduced species often replace natives via intermediary
human disturbances, and similar patterns occur frequently
within plant communities.

Numerous interactions between introduced and native
species occur in aquatic systems on the Bonin Islands. For
example, the guppyPoecilia reticulata, the mosquitofish
Gambusia affinis, and the cichlidOreochromis mossam-
bicus are introduced species that can function as preda-
tors of young native fish [38]. However, the overall ef-
fects of introduced aquatic species on native species re-
main unclear due to our minimal understanding of interac-
tions within aquatic systems. Before the conditions within
aquatic systems worsen, more research is necessary for
effective conservation efforts.

4. Complex Relationships Between Invasive
Rats and Native Species

4.1. Introduction of Rodents
Alien rodents were likely accidentally introduced to the

Bonin Islands. Rats and mice are often unintentionally
introduced to islands via ships. Because the presence of
many rodents throughout the islands was reported in 1877
[91], these species were likely introduced during an early
stage of colonization. Three rodent species have been re-
ported on the Bonin Islands: the house mouseMus mus-
culus, the Norway ratRattus norvegicus, and the black rat
R. rattus [6, 92].

The house mouse occurs on Chichijima and Hahajima
[49, 92, 93], primarily on farmlands and in forests of intro-
ducedLeucaena leucocephala in lowland environments

[93]. Because the habitat ofM. musculus is limited to
areas impacted by humans, the native ecosystem has not
been seriously affected by its presence [49].

The Norway rat is one of the most invasive species
in the world and poses serious threats to island ecosys-
tems [94–96]. On the Bonin Islands,R. norvegicus has
been captured on Chichijima, Hahajima, and Hirashima
[6, 49, 92, 97], but has disappeared from Chichijima [92].
The population density of this rat on the islands is not par-
ticularly high, and so far, no strong effects on the native
biota have been detected [49].

In contrast, the black rat is a grave conservation con-
cern and occurs on at least 16 of the Bonin Islands [27,
49]. Rattus rattus is one of the most invasive species on
the islands, and its negative effects include several general
aspects of biodiversity conservation on oceanic islands.
This species is a representative example of the complex
relationships involving invasive species, because the rat
serves various roles in the ecosystem; i.e., predator, com-
petitor, prey, and disperser (Fig. 2).

4.2. Effects on Plants

The primary food item of the black rat is plant mate-
rial. It is reported that plants comprised approximately
90% of the stomach contents of the rat, more than 50% of
which consisted of fruits and seeds [98]. It was showed
that smaller fruits were consumed more frequently [99].
Rats feed on numerous indigenous plant species, includ-
ing Terminalia catappa, Pandanus boninensis, Hibiscus
glaber, H. tiliaceus, Schima mertensiana, Rhaphiolepis
wrightiana, Ochrosia nakaiana, andElaeocarpus photini-
aefolius [100]. The diet of rats also includes threatened
species such asPiper postelsianum, Pittosporum parvi-
folyum, andMelastoma tetramerum, which are listed as
critically endangered (CR) on the Red List [100–103].
Thus, rats can clearly affect forest succession.

Seeds ofE. photiniaefolius, a native canopy dominant,
are frequently consumed by the black rat [84]. Because
the rats are arboreal, they feed on approximately 30% of
E. photiniaefolius seeds before dispersal and 40-100% of
seeds after dispersal [84]. Because this seed is one of the
main food items of a native, critically endangered pigeon
(population size of less than 50 individuals), the rat func-
tions as a competitor of the bird [16, 104].

Damage to plants is not limited to predation on seeds
and fruits. The rats sometimes forage on bark [105] and
remove twigs of certain plant species such asH. glaber,
Trema orientalis, andPlanchonella obovata, likely to ob-
tain sap [100, 103]. The rat also affects threatened species,
such asClaoxylon centenarium (CR),Morinda umbellata
var. hahazimensis (VU), andGeniostoma glabrum (VU)
[101, 103]. Such damage is not fatal for healthy individu-
als within large populations but may significantly damage
vulnerable species in small populations.

Rats sometimes play important roles as seed dispersers,
and certain plant species may be dispersed by these in-
troduced species [106]. It is suggested that plants which
produce large fruits (e.g.,T. catappa, P. boninensis, and
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Fig. 2. The interspecific relationships regarding to the introducedblack rats. The white and shaded boxes are the native and
introduced species, respectively. Arrows without captions show the predation vector.

O. nakaiana) may be dispersed by feral rats, but the fru-
givory pressure on the regeneration of target species may
be more serious for trees [99]. The Bonin flying fox, the
only indigenous land mammal on the Bonin Islands, has
decreased in number, particularly on Chichijima and Ha-
hajima [107]. On oceanic islands, flying foxes are impor-
tant seed dispersers of large fruits that cannot be carried
by birds [108, 109]. Some large fruits may no longer be
adequately dispersed because of the decline of flying fox
populations on the islands. Therefore, introduced rats po-
tentially target the dispersal of only certain plant species.

4.3. Effects on Seabirds

Because the rat is omnivorous, this species poses a par-
ticularly severe threat to bird conservation [94]. The black
rat has affected various bird species through direct pre-
dation on eggs, chicks, and adult individuals all over the
world. When eggs and chicks are preyed upon, only re-
production is disturbed. However, predation on adults
is by far more serious, because adult mortality reduces
the population source. This scenario has been realized
on the Bonin Islands. Small seabirds, such as Tristram’s
storm-petrelOceanodroma tristrami and Bulwer’s petrel
Bulweria bulwerii, are being preyed upon in colonies on
Mukotorishima and Higashijima [28, 110]. On the latter
islands, hundreds of bird carcasses were found in 2006
[110]. These bird species are unable to quickly fly away
when attacked, because their slender wings do not al-
low a quick response. Furthermore, the nesting habit of
small burrows hinders escape from predators. Without ap-
propriate countermeasures, the local populations of these
birds will become extinct within a few years.

Rat effects on bird species are not restricted to these

two islands. For example, relatively small burrow-
nesting species (i.e., Bonin petrelPterodroma hypoleuca,
Audubon’s shearwaterPuffinus lherminieri bannermani,
Bulwer’s petrel, Tristram’s storm-petrel, and Matsudaira’s
storm-petrelOceanodroma matsudairae) became locally
extinct, whereas larger and/or open-nesting species sur-
vived (i.e., wedge-tailed shearwaterPuffinus pacificus,
brown boobySula leucogaster, and red-tailed tropicbird
Phaethon rubricauda) on Kitaiwojima, which harbors a
large introduced black rat population [28, 111]. In con-
trast, Minamiiwojima, a neighboring island with similar
geographic conditions and no rodents, has retained popu-
lations of both small and large burrow-nesters [86]. The
numbers of known colonies of small burrow-nesters are
small, and unknown colonies may have been destroyed
by introduced predators prior to discovery.

Because seabirds forage at sea and nest on islands, their
colonies function in the transport of nitrogen from the
sea to land via guano, feathers, carcasses, eggs, and prey
items [44, 45, 112]. The construction of burrow nests cul-
tivates the soil and improves soil conditions. Addition-
ally, healthy seabird colonies annually supply numerous
chick carcasses that serve as an important resource for
necrophagous invertebrates, such as flies, buffalo bugs,
earwigs, and sow bugs. When a seabird colony is de-
stroyed, these critical functions are lost, further disrupting
the balance of the island ecosystem.

4.4. Effects on Other Species

In addition to birds, rats affect several other species.
For example, It was indicated thatMandarina anijimana,
an endemic land snail, changed its shell morphology and
habitat use under predation pressure from black rats [113].
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The snail shell has become taller, smaller, and darker
in areas of high predation [113]. In addition, the snail
has shifted its habitat from shallow, broad-leaved litter to
deep palm litter, which provides shelter from rat preda-
tion [113]. The morphological changes may have been
caused by this habitat shift. The original morphology and
ecology of the snail were the results of evolution in the
unique environment of oceanic islands. Thus, even ifM.
anijimana survives these disturbed conditions, such evo-
lutionary effects are a serious threat to biodiversity.

Although it is unclear which specific animals are
preyed upon by the rats, these invasive species likely for-
age on many types of ground animals. In addition to
rats, ground invertebrates simultaneously suffer predation
pressure from the green anole and the marine toad.

The population of feral cats depends on the population
of black rats, because approximately 90% of fecal mate-
rial of cats consists of rats [59]. In turn, feral cats in-
crease in number and prey on other animal species (i.e.,
the residual 10% of fecal material). Thus, if rat popula-
tions decrease, the population size and predation pressure
of feral cats may also decrease. Rats clearly augment the
effects of feral cats on native species.

4.5. Zoonosis Vector

In combination with the introduced African land snail
(itself a threat to the sustainability of crop systems and
native ecosystems), rats also pose a risk to human health.
While not a danger to native biota, this issue is a signif-
icant problem mediated by rats and is worthy of discus-
sion. The land snail, a vector of zoonosis, is an inter-
mediate host ofAngiostrongylus cantonensis [98]. This
parasite is found in the land snail on Chichijima and Ha-
hajima [97, 114, 115]. Rodents are the definitive host of
this nematode, and the black rat on Chichijima is infected
by the parasite due to consumption of infected land snails
[97, 98]. The prevalence of the parasite in rats was 7.5%
on Chichijima [97].

Humans infected with this nematode develop menin-
goencephalitis. Fortunately, human infections have never
been reported on the Bonin Islands, but at least 54 cases
have been reported in Japan, particularly in Okinawa Pre-
fecture [116]. In the worst case, a boy died from the in-
fection [117]. Infection to humans is caused only by in-
termediate hosts and never by rats [116]; however, rats act
as carriers and can expand the distribution of the disease.

Although this example of the effects of rats involves
a human infection, various studies have examined the ef-
fects of introduced diseases on insular indigenous species.
On the Hawaiian Islands, introduced diseases, especially
avian malaria, are thought to have caused the extinction of
various birds [118, 119]. The role of introduced species as
disease vectors is important for the conservation of insular
species, which often serve as naive hosts.

4.6. Rat Eradication Trial

On Nishijima (0.5 km2�, an uninhabited island near
Chichijima, an eradication of the black rat by poisoning

was experimentally conducted in the spring of 2007. Poi-
son bait was placed in bait stations to prevent consump-
tion by native animals. The vegetation of the island is
species poor and covered by grasslands and forests pri-
marily composed of the alien treeCasuarina equisetifo-
lia. Although the grasslands had been grazed by goats, the
goats were nearly completely removed in 2002 and 2003
prior to the rat eradication trial [38]. Seedlings of native
trees are rare, likely due to the effects of feral goats and
rats. The eradication of rat seems successful, and neither
rats nor signs of rats have since been observed.

Such operations should be immediately conducted on
the other islands to avoid native species extinctions. In
particular, Higashijima warrants quick action, as local
seabirds are intensively consumed by rats. In addition,
changes in the ecosystem must be monitored after such
eradication efforts, because there are unknown effects of
the disappearance of such an integrated species in an al-
ready disturbed ecosystem. For example, when feral goats
were eradicated from Nakodojima, the black rat, which
had likely competed with feral goats, subsequently in-
creased and began consuming plant seeds [47].

Additionally, interspecific interactions in the target area
should be examined prior to the onset of eradication ef-
forts. For example, the endangered endemic subspecies
of the common buzzardButeo buteo toyoshimai might de-
crease when rats are completely removed. Introduced ani-
mals comprised more than 90% of the diet of this bird, and
half of that consisted of the black rat [120]. The invasive
rats have become important prey items for the buzzard,
which cannot sustain its population without rats. This sit-
uation was caused by the extinction of native birds and
the decline of flying foxes. Fortunately or unfortunately,
Nishijima has been drastically altered and halted raptor
reproduction. If rat eradication is applied on other islands
where the endangered raptor breeds, appropriate planning
will be necessary.

A serious obstacle facing rat eradication efforts in-
volves reinvasion from neighboring islands, because rats
can swim from nearby islands [121]. In the case of Nishi-
jima, black rats occur on the two nearest islands, Hit-
omarujima and Hyotanjima, which are approximately 1
km away. To ensure complete rat eradication on Nishi-
jima, similar control efforts should be conducted on these
nearby islands.

5. Conclusions

To maintain biodiversity, invasive species must clearly
be controlled on the Bonin Islands. Without adequate
countermeasures, these species will expand their ranges,
exclude native species, and degrade biodiversity. The
above-mentioned cases on the Bonin Islands suggest that
predators and species that change the habitat structure can
severely affect native species. Unfortunately, the exam-
ples detailed here are only the proverbial tip of the ice-
berg. It is reported that the number of newly detected
introduced insects has rapidly increased over the last two
decades [49]. The case of the freshwater snailMelanoides
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Table 2. The Distribution of major invasive species. +: current existence, -: former existence (eradicated).

tuberculata suggests that introduced species continue to
arrive at the islands.

When an introduced species is determined to be inva-
sive, elimination is one obvious control method. How-
ever, some species are impossible to completely eradicate
from their current ranges because of wide distributions
and/or high population densities. The distributions of the
primary invasive species are limited to two inhabited is-
lands, Chichijima and Hahajima, and several neighboring
uninhabited islands (Table 2). Some native species that
have decreased or vanished from the two islands have sur-
vived on their satellite islands [65, 68]; thus, introduced
species must be confined to their current ranges. These
satellite islands are used by tourists, fishermen, and re-
searchers, all of whom should take particular care to avoid
being carriers of introduced species. When introduced
species expand their ranges to other islands, they should
be eliminated during initial stages before establishing ir-
reversible relationships with native species. However, the
goat eradication efforts suggest that the subsequent tran-
sition of biota should continue to be monitored after the
target species is completely removed.

Prioritization is also necessary for eradication act,
because partial eradication is not effective for certain
species. IntroducedCenchrus echinatus is a representa-
tive example, which has fastly spread its range throughout
the islands including uninhabited islands. Since its seed
is likely dispersed to other islands by attached to seabird
feathers, the spreading can not be prevented without the
simultaneous eradication throughout its range or eradica-
tion of seabirds. Such object should not be aimed to com-
pletely eradicate, since the fund is not illimitable.

Introduced species sometimes cause unexpected
events. For example, the establishment of the green
anole led to the unpredicted arrival of the bull-headed
shrike. White’s thrushZoothera dauma provides a similar
example of the unpredictable arrival of a new species.
This bird species established on the islands during the
US occupation, and earthworms were its primary prey
item [38]. The Bonin Islands were thought to lack
earthworms until human colonization, although they have
increased in number with the transportation of plants

and soils from the mainland [8]. This increased food
availability potentially attracted the thrush, and a once
irregular visitor established a new population [38]. This
bird can currently be found on nearly all islands around
Chichijima and Hahajima, and it has become a prey
item of the native buzzard [53, 120]. The unpredictable
nature of the effects of introduced species is a particularly
problematic aspect of their ecology.

This review has outlined the effects of introduced
species through food webs, competition, hybridization,
and infection (Fig. 3). The examples herein have de-
scribed typical situations caused by and consequences of
introduced species. These case studies have included var-
ious types of indirect effects that reach multiple trophic
levels. Historically, indirect effects have been neglected
during control efforts of introduced species, but these im-
portant effects have become integral to the assessment of
the impacts of introduced species and countermeasures
for their control. However, such operations may uninten-
tionally harm native species. For example, rat eradication
may enhance the reproductive success of invasive plants
and cause extinctions of native plants. Thus, a better un-
derstanding of interspecific relationships is the only solu-
tion to such a problem. However, such relationships are
often extremely complicated. Although the discussion of
introduced rats outlined its complex networks with vari-
ous species, it was not an exhaustive list of all possible
interactions. The flexibility to modify policy in the face
of a changing context is required when beginning control
efforts.

Problematically, some introduced species have become
essential components of the current ecosystem after long-
term naturalization. Introduced species can sometimes
support vulnerable species. For example,Melastoma
tetranerum, a critically endangered plant endemic to
Chichijima [101], potentially lacked an effective native
seed disperser since the local extinction of the Bonin Is-
lands white-eye [102]. The introduced Japanese white-
eye has become an effective disperser of this plant species
[102]. In this case, the disappearance of the introduced
white-eye would lead to the decline ofM� tetranerum.
Similar examples include the rat as buzzard prey andC.
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Fig. 3. A model of the current ecosystem network composed of native and introduced species in the Bonin Islands. The symbols
are the same as inFig. 2.

equisetifolia as a nesting tree of the greenfinch. These in-
troduced species clearly have wide-ranging effects on the
ecosystem.

Relying solely on the protection or elimination of par-
ticular species does not constitute a convincing solution.
The ultimate goal of countermeasures is the conservation
of the overall balance of the ecosystem, and the protec-
tion or elimination of particular species is only one aspect
of achieving that goal. Because some components of the
original ecosystem have regrettably been lost forever, the
current ecosystem may not function without introduced
species. A realistic goal of conservation is not the restora-
tion of the primary environment, but the construction of
a sustainable ecosystem including both native and intro-
duced species.

New endemic species are continually discovered on the
Bonin Islands [e.g., 122, 123, 124]. Among these species,
some (e.g., the large grasshopperOgasawaracris glorio-
sus and three ground beetles,Colpodes boninensis, C. ya-
maguchii, andChlaenius ikedai) have rarely been found
after their initial discovery, in part because of the effects
of introduced predators [66, 125, 126]. Nonetheless, the
situation could have been worse, because at least these
species were discovered before their extinction. Unfor-
tunately, there have likely been many species that went
extinct prior to their discovery. The first step for conser-
vation is to thoroughly, if not exhaustively, record and ex-
amine the current biota.
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