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Abstract

Introduced rats are now being eradicated from many islands. Increasingly, these eradications are contested
by activists claiming moral, legal, cultural, historic or scientific reasons and poorly documented evidence of
effects. We reviewed the global literature on the effects of rats on island flora and fauna. We then used New
Zealand as a case study because of its four-decade history of rat eradications and many detailed and
innovative studies of how rats affect native species. These include use of exclosures, local manipulations of
rat populations, video surveillance, and measurements of responses following eradications. The most
intensive studies have been on the Pacific rat (Rattus exulans), a small South-East Asian species spread by
Polynesians throughout the Pacific. These and the more recently introduced Norway rat (R. norvegicus) and
ship (roof) rat (R. rattus) suppress some forest plants, and are associated with extinctions or declines of
flightless invertebrates, ground-dwelling reptiles, land birds, and burrowing seabirds. On islands off France,
Norway rats are also implicated in declines of shrews. Globally, ship rats were associated with declines or
extinctions of the largest number of indigenous vertebrate species (60), including small mammals such as
deer mice and bats. Effects of rats on forest trees and seabird populations are sufficiently pervasive to affect
ecosystem structure and function. However, the data are patchy. Deficiencies in our knowledge would be
reduced by documenting distribution and abundance of indigenous species before and after eradications.
Comprehensive measurements of the responses of indigenous species to rat eradications would enable the
development of testable models of rat invasion effects.

‘‘What a poor, curtailed, mutilated, sterile world
we threaten our descendents with! Man and the
rat sharing it – fit mates in many ways – in their
desperate, deplorable, gnawing energy, in their
ruthless destruction of every obstacle.’’ Guthrie-
Smith (1936: 218) on the lost fauna of the New
Zealand subantarctic islands.

Introduction

Wherever people colonise, they spread exotic
organisms, many of which become pests (e.g.
Atkinson 1989). Even where permanent settle-
ment by humans is not sustainable, introduced
organisms may mark failed attempts. For exam-
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ple, on the subantarctic islands south of New
Zealand, mice (Mus musculus) and rats (Rattus
norvegicus) probably invaded with sealers and
whalers; goats (Capra hircus), pigs (Sus scrofa)
and rabbits (Oryctolagus cuniculus) were released
as food for castaways; and cats (Felis catus),
cattle (Bos taurus) and sheep (Ovis aries)
either escaped or were abandoned when settle-
ment failed (Taylor 1971; Fraser 1986). Within
100 years of the first European visit to the sub-
antarctic islands, harvesting and introduced
animals extinguished the Auckland Island mer-
ganser (Mergus australis). Petrels and prions,
flightless teal (Anas spp.), snipe (Coenocorypha
aucklandica), pipit (Anthus novaeseelandiae), and
rail (Rallus pectoralis) also disappeared from the
larger islands (Guthrie-Smith 1936; Fraser 1986;
Towns and Broome 2003). In response to such
losses, there have been calls to remove invasive
species where practicable (Temple 1990; Myers et
al. 2000; Donlan et al. 2003a). Increasingly, effec-
tive methods have been developed on islands
around New Zealand, progressing from the re-
moval of large herbivores such as cattle and
goats to the more technically demanding eradica-
tion of rats and mice (Towns and Ballantine
1993; Mansfield and Towns 1997; Thomas and
Taylor 2002; Towns and Broome 2003). Eradica-
tions of exotic animals can enable the recovery of
declining native populations (e.g. Martin et al.
2000) and the re-establishment of threatened spe-
cies (Myers et al. 2000). Eradication can be more
environmentally sound, ethically acceptable and
economically sensible than long-term pest control
(Clout and Veitch 2002). However, eradications
can be seen as controversial if they are consid-
ered unlikely to succeed, very expensive, cause
unacceptable collateral damage (Simberloff 2002),
produce adverse public reactions (Temple 1990),
or have unclear benefits (Gerlach 2000).

This controversy was illustrated by some recent
eradications. On 9 June 2004, helicopters began
spreading 55 tonnes of brodifacoum-laced rat
baits over 3000 ha Little Barrier (Hauturu) Island
off north-eastern New Zealand. The aim was to
kill every Pacific rat or kiore (Rattus exulans)
which had invaded the heavily forested and rug-
ged Nature Reserve when it was inhabited by
Maori people. The immediate predicted benefits
were the release of Cook’s petrel (Pterodroma

cookii) chicks from sustained predation (Imber
et al. 2003), and protection of at least seven spe-
cies of woody plants including the nationally
threatened woodrose (Dactylanthus taylorii) which
is at risk due to the consumption of seeds or inflo-
rescences by rats (Ecroyd 1996; Campbell and
Atkinson 2002). Also, eight adults and >100 arti-
ficially raised juvenile tuatara (Sphenodon puncta-
tus) could be released from their rodent-proof
enclosure on the island. Predicted longer-term
responses were increased abundance of terrestrial
invertebrates such as the giant orthopteran Dein-
acrida heteracantha, recovery of many of the 13
species of resident lizards, recolonisation by small
burrowing seabirds now confined to offshore
rocky islets, and shifts in forest structure to pro-
duce a higher proportion of trees with fleshy fruit
attractive to terrestrial birds (Campbell and
Atkinson 2002; DOC 2002). Despite this compel-
ling biological case, eradication was delayed by at
least five years of argument over the cultural and
historic significance of the rats (DOC 2002).

Opponents of eradications have sometimes ta-
ken direct action. In October 2001, two animal
rights activists arrested on 350 ha Anacapa Island
off California were accused by Federal Prosecutors
of attempting to sabotage the eradication of ship
(roof) rats (Rattus rattus). The National Parks Ser-
vice believed that the rats had almost eliminated
the population of the rare Xantus’s murrelet (Syn-
thliboramphus hypoleucus). An unrepentant activ-
ist claimed that ship rats had been demonised
and that their effects on murrelets were exagger-
ated (Booth 2003; Kettman 2003). In May 2003,
animal rights groups in the UK claimed to have
halted the eradication of ship rats and Norway
rats from 430 ha Lundy Island in the Bristol
Channel, although the project was successfully
completed (K. Varnham pers. comm.). On Lundy
Island, four agencies were attempting to eradi-
cate the rats which were implicated in significant
declines of puffins (Fratercula arctica) and Manx
shearwaters (Puffinus puffinus) (Appleton et al.
2002). However, the activists claimed that the
toxins used were unsafe, and that ship rats were
vegetarians and hence could not have consumed
seabirds and were one of the rarest mammals in
the UK (AA 2002).

Such objections add to controversy about
eradications by raising issues of the science
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supporting eradications and philosophy of con-
servation biologists. They include claims of an
inbuilt Western aversion to all rats (Roberts
1994), and that eradication programmes are dri-
ven by ecological fundamentalists quick to con-
demn rats (Kidson 1992) without credible
evidence of any effects on the indigenous species
(Donahue 2002).

Almost 2000 species of rodents are known
(King in press), but few are defined as pests that
directly or indirectly cause damage unacceptable
to humans (Leirs 2002). In Europe, the rodent
fauna of 61 species includes only five that are
pests, all of which are introduced. They include
house mouse, ship rat, Norway rat, musk rat
(Ondatra zibethicus) and coypu (Myocaster
coypus) (M. Pascal pers. comm.). Globally, four
species of rodents are commonly implicated as
conservation problems: house mice and three
species of Rattus. Rats have reached about 90%
of the world’s islands and are among the most
successful invasive mammals (Atkinson 1985;
Martin et al. 2000; Donlan et al. 2003b). Remov-
ing them from islands can be expensive. For
example, the Anacapa project had a budget of
US$ 2 million (Davison 2003). If island eradica-
tions are based on faulty data, such expense
would indeed be unjustified. Yet many reviews of
the effects of invasive species conclude that cause
and effect relationships between introduced rats
and declining indigenous species are equivocal
because of other complicating factors. Even
when effects are demonstrated, their mechanisms
are usually unknown (Dickman 1999; Martin
et al. 2000; Courchamp et al. 2003).

We believe that there are strong ethical argu-
ments to support eradications of introduced spe-
cies such as rats when they detrimentally affect
native species or ecosystems. However, claims
that these effects are based on faulty evidence
prompted us to examine the quality of data
available. To our knowledge, no comprehensive
review of rat effects has been undertaken, al-
though there have been reviews of rat effects on
birds (Atkinson 1985; Burger and Gochfeld
1994). First, we review the global literature on
relationships between rat invasions and declines
of indigenous species on islands. Second, we de-
scribe methods used to determine rat effects in
New Zealand where the relationships between

rats and indigenous species have been intensively
studied for at least three decades. We also iden-
tify differences between direct and diffuse effects
of rat predation, including evidence of episodic
irruptions and synergistic effects between rats
and other introduced species. We then use three
international examples to illustrate the impor-
tance of documenting the recovery of species and
ecosystems on islands after rats have been re-
moved. We also provide three examples of con-
troversial eradication proposals and summarise
the conflict between those supporting rats and
those advocating eradication. We conclude that
the strong evidence of pervasive negative effects
from introduced rats is sufficient to justify the
high costs of eradications. We also emphasise the
need to carefully measure change in systems be-
fore and after rat removal so that rat effects can
be modelled for a range of native species and
island systems.

Methods

Global data on rat effects

We obtained a contemporary view of rat effects by
using personal contacts, Google search (rat effects
on islands), and BIOSIS Advanced Search:
TS=(rat AND (effect OR effects) AND (island
OR islands) AND (fauna OR flora OR plant OR
vegetation OR seed OR fruit OR invertebrates OR
insects OR amphibians OR frog OR salamander
OR reptiles OR lizard OR snake OR gecko OR
skink OR bird OR seabird OR petrel OR shearwa-
ter OR tern OR predation OR predator OR
extinct OR extinction)) for all document types.
Reports available only as press releases and web-
site information that could not be independently
verified were then discarded. Similarly, we
discarded reports of predation that did not dem-
onstrate a population effect. We therefore confined
our analysis to examples where effects such as
reduced recruitment were demonstrated.

Definitions

For the purposes of this review, we group the
effects of rats into four categories. Reduced or
suppressed recruitment is where seeds, seedlings,
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eggs or juveniles are impacted sufficiently to pro-
duce population structures skewed towards
adults. Suppression is where population densities
are lower than would be expected, but the af-
fected life history stage has not been identified.
Catastrophic declines are where suppression of
populations is so severe that there is a high prob-
ability of eventual extinction. Extinction may be
of a population (local extinction) or of the spe-
cies (extinction).

New Zealand case study

Demonstrating the effects of a rat invasion can
be problematic. The deliberate release of rats
onto previously rat-free islands might clarify
these mechanisms, but the damage to island sys-
tems may be irreparable. Similarly, there are eth-
ical and design difficulties with releasing species
identified as vulnerable to rats deliberately onto
islands where rats are present (Towns et al.
2003). An alternative is to study how island spe-
cies respond once rats are removed (Veltman
1996), with the eradications viewed as giant
experiments, even though they sometimes lack
controls (Simberloff 2001).

We use the New Zealand archipelago (Figure 1)
as a case study for the following reasons. First,
although rat eradications elsewhere have mostly
been within the last 15 years, those in New
Zealand extend back at least 40 years (Towns
and Broome 2003). Second, like most oceanic
archipelagos, New Zealand lacks native rodents
or large predatory mammals. Third, despite the
absence of terrestrial mammals other than bats,
New Zealand islands usually have diverse biotas
enabling responses to rodents to be measured
across many groups. Fourth, because the islands
are frequently formed as clusters, non-treatment
sites with rats and mammal-free reference sites
may be present. Fifth, large subfossil deposits of
native birds and reptiles have been identified and
sequences of recent extinctions identified.
Finally, the approximate arrival times for the
two most recent commensal rat species are
known. The arrival time of the third species,
Pacific rat, is still hotly debated and depends on
the accuracy of dates derived either from rat
bones, or from deposits around species showing
rat effects. Based on carbon-dated rat bones,

Pacific rats were in New Zealand about
1800 years ago, 1000 years before the earliest
known permanent settlement (Holdaway 1996).
This would indicate early visits from people
exploring the Pacific basin, or earlier settlements
yet to be discovered. However, carbon dates
associated with rat-affected plant and animal re-
mains indicate the earliest effects of Pacific rats
about 750 years ago, contemporaneously with
the earliest known permanent Polynesian settle-
ments (Brook 2000; Wilmshurst and Higham
2004). These inconsistencies are yet to be re-
solved (Atkinson and Towns in press). Regard-
less of date of arrival, Pacific rats were the only
species of rodent in New Zealand for at least
500 years. Norway rats probably arrived during
Cook’s voyages of exploration, the first of which
was in 1769. These two rat species co-existed on
the main islands of New Zealand for at least
90 years before the arrival of ship rats, which
with mice did not establish until after 1850
(Atkinson 1973; Taylor 1975). Pacific rats subse-
quently all but disappeared from the North and
South Islands, and ship rats invaded many habi-
tats previously occupied by Norway rats, which
became confined to urban areas, farms, water-
ways and wetlands (Moors 1990).

By the mid-1980s, introduced rats had reached
at least 142 offshore New Zealand islands ‡5 ha
which, excluding Stewart Island, comprised 62%
of the island combined land area (Atkinson and
Taylor 1992). On some islands other introduced
mammals such as cats, dogs, mustelids, Austra-
lian possums (Trichosurus vulpecula) and rabbits
can compound rat effects. We have therefore
deliberately chosen many of our examples from
locations where rats are the only known intro-
duced vertebrate.

Global examples implicating rats with species

declines on islands

Our surveys of all fauna and flora added 74 re-
ports of species affected by rats to those docu-
mented for birds by Atkinson (1985). The Biosis
search located 12 reports in the primary litera-
ture where rat effects were measured outside New
Zealand (Table 1).
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We examined credible reports of rat effects on
173 taxa of plants and animals inhabiting 46 is-
lands or archipelagos (Tables 1 and 2). To assess
the relative impacts by rat species, 134 reports of
detrimentally affected vertebrates (Figure 2) were

assessed from the data reviewed here combined
with a new review of seabird literature being pre-
pared by H. Jones (pers. comm.). Most (89%)
reports of the effects of Pacific rats were from
New Zealand (Table 2), with the remainder for
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Figure 1. Localities in the New Zealand archipelago mentioned in the text.
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seabirds on Kure Atoll in the Hawaiian archipel-
ago (Atkinson 1985). Higher proportions were
obtained outside New Zealand for Norway rats
and ship rats (86 and 75% respectively). Approx-
imately equal numbers of reptile, seabird and
landbird species were affected by Pacific rats,
whereas Norway rats and ship rats affected
larger numbers of seabird species (Figure 2).
Reported effects ranged from reduced recruit-
ment to total extinction, with Pacific rats impli-
cated in the total or local extinction of at least
13 species of vertebrates. However, these were all
based on circumstantial evidence inferred from
subfossil deposits and differences between these
and contemporaneous distribution patterns. By
comparison, 16/61 (26%) of species reportedly
affected by ship rats were from local or total
extinction after rats invaded.

These invasions provide some of the most
compelling evidence of rat effects. In chronologi-
cal order they include: the invasion of Lord
Howe Island by ship rats when a ship grounded
in 1918, following which five species (>40%) of
indigenous forest birds became extinct within
5 years, and the invasion of Midway Island by
ship rats in 1943, after which two species of land
birds disappeared within 18 months (Atkinson
1985).

In New Zealand, the invasion of Big South
Cape Island by ship rats in about 1962 was fol-
lowed by the total extinction of an endemic bat
and a wren. Five additional species of forest
birds and one of bat became locally extinct
(Table 2). The rats also killed Pseudopanax sp.
trees by stripping foliage and bark (D. Merton
pers. comm.) and chewed speargrass (species of
Aciphylla and Stilbocarpa) almost to ground le-
vel. The speargrass subsequently recovered, but a
large flightless weevil confined to them disap-
peared (Kuschel and Worthy 1996). Between
1982 and 1984, Norway rats invaded Whenuak-
ura Island (2 ha), following which the entire pop-
ulation of >130 tuatara disappeared (Newman
1986). Rat effects on reptiles were also docu-
mented for Lizard Island (1 ha), which had
abundant lizards, white-faced storm petrels (Pel-
agodroma marina) and little shearwaters (Puffinus
assimilis haurakiensis). Pacific rats invaded the is-
land in about 1977 and were eradicated within
12 months. Assessments 7 years after theG
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eradication indicated no lasting effects on the
seabirds, but encounter frequencies of five species
of lizards still had not recovered to pre-invasion
levels (McCallum 1986) (Table 2).

Other recently documented invasions include
two in the Seychelles, four in the French West
Indies, one in the Marquesas and one off Cor-
sica, resulting in recorded declines of a tenebrio-
nid beetle, terrestrial birds and seabirds. All but
the Marquesas invasion were reversed by sub-
sequent eradication of the rat populations (Ta-
ble 1).

At face value, these data indicate variable
effects of rats on island-inhabiting species. The
fewest effects recorded were for the small Pacific
rat, whereas ship rats, although smaller than
Norway rats, apparently have had the most det-
rimental effects (Figure 2). However, recent

intensive studies in New Zealand indicate far
wider implications than the species-by-species
effects revealed in global literature surveys.

Circumstantial evidence of rat effects in New

Zealand

Studies of seed deposits, terrestrial snails, insects
and small vertebrates from caves, swamps and
sand dunes on the North and South Islands of
New Zealand have revealed evidence of sudden
exploitation and waves of local and total extinc-
tions before 1700 AD (Holdaway 1999; Worthy
and Holdaway 2002). The deposits include
numerous rat-gnawed woody seeds of the trees
Elaeocarpus spp. and Prumnopitys ferruginea
(Wilmshurst and Higham 2004) and rat-damaged

Figure 2. Credible reports of vertebrate species detrimentally affected by Rattus exulans (n=28), R. norvegicus (n=45), and R. rat-

tus (n=60), with seabird data including reports in Atkinson (1985) and assembled by H. Jones (pers. comm.). Suppression includes

recruitment failure or population suppression, extinction includes local or total extinction, inferred extinction based on distribu-

tional data and observed extinction based on observed invasions.
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shells of Placostylus snails (Brook 2000). On the
North Island, the seed and snail-shell evidence
indicated the sudden onset of damage that began
about 750 years ago. On Lady Alice Island, the
disappearance of Amborhytida snails and the
appearance of deposits of rat-gnawed Placostylus
snails in sand dunes were interpreted through
radio-carbon dating to indicate an invasion
about 200 years ago (Brook 1999). The only rat
species present when seed damage was first re-
corded for the North Island, and snail damage
began on Lady Alice Island, was the Pacific rat.
Furthermore, cave deposits in the North and
South Islands also indicate that two species of
frog, a large skink, snipe, a snipe-rail, an owlet
nightjar and three species of flightless or near-
flightless wrens became extinct during the time
Pacific rats were the only introduced vertebrate
predator other than dogs (Table 2).

More specific measures of rat effects were ob-
tained by comparing islands with and without
rats. For example, the trees Nestegis apetala,
Pittosporum crassifolium, Pouteria costata and
Streblus banksii were rare or absent on islands
with rats but a common component of vegeta-
tion on islands without rats (Atkinson 1986;
Campbell and Atkinson 1999). Extensive qualita-
tive comparisons of differences in species combi-
nations and habitat use by lizards and tuatara
showed differences depending on whether or not
islands were inhabited by Pacific rats (Whitaker
1978). Similar distributional differences were
recorded for large species of invertebrates
(Table 2).

Direct evidence of rat effects in New Zealand

Evidence from irruptions

Episodic irruptions of rats can have effects
similar to invasions. Beech (Nothofagus spp.) for-
ests of the South Island of New Zealand periodi-
cally produce massive crops of seed in a
phenomenon known as masting (Schauber et al.
2002). This is usually followed by increased
abundances of mice and stoats (Mustela erminea)
and sometimes of ship rats (King 1983; Dilks
et al. 2003). Periodic heavy predation by stoats
then leads to population crashes of hole-nestingR
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birds such as yellowheads (Mohoua ochrocephala)
(O’Donnell et al. 1996). In 1999 and 2000, beech
produced two mast seasons in succession. Ship
rats reached densities not previously encountered
(Dilks et al. 2003) with disastrous consequences
for yellowheads and orange-fronted parakeets
(Cyanoramphus malherbi), which disappeared
from some areas (Table 2).

Evidence from surveillance and population
manipulations

Time-lapse video recording at nests of little
shearwaters on Lady Alice Island revealed egg
predation by Pacific rats, which were responsible
for an estimated 75% of failed incubations
(Booth et al. 1996). Similar methods were used
to follow egg laying, incubation and chick devel-
opment in 72 nests produced by North Island ro-
bin (Petroica australis) and North Island tomtit
(P. macrocephala). Predation was recorded at
82% of the nests. Video photography at 27 nests
documented 12 predation events, 10 by ship rats
and two by the native owl Ninox novaseelandiae,
with evidence of rat predation of chicks, eggs
and at least four adult females while incubating
(Brown 1997). While the small and relatively
productive passerines survived some periods of
intensive loss, 30% nest failure is sufficient to
produce continuing declines of a New Zealand
wattlebird, the North Island kokako Callaeas
cinerea wilsoni (Innes and Hay 1995). The effects
of this mortality at the population level were
tested by comparing the effectiveness of predator
suppression on study populations of kokako with
non-treated sites. The predators most effectively
controlled were possums and ship rats. Signifi-
cantly more pairs of kokako fledged young in the
treated areas than non-treated areas. Video sur-
veillance indicated that possums were most likely
to attack eggs, chicks and sitting females,
whereas ship rats preyed on eggs in the first
10 days of incubation and occasionally on small
chicks (Innes et al. 1999).

Evidence from plant recruitment studies

The effects of Pacific rats on recruitment of
coastal trees were measured on Cuvier Island and
Little Barrier Island. An open-topped exclosure

was used on Cuvier Island and seedlings counted
2.5 and 6.5 years after rat exclusion. Numbers of
seedlings of a palm and two forest tree species
(Table 2) increased in the exclosure relative to
adjacent control areas (Campbell 1978). On Lit-
tle Barrier Island, seeds of species inhibited on
Cuvier Island and showing recruitment depres-
sion on rat-inhabited islands, were added to Pa-
cific rat-proof exclosures and to control areas
accessible to the rats. By comparing plant size
classes on rat-inhabited and rat-free islands, mea-
suring the responses after rat eradication and the
response of seeds in exclosures, recruitment
depression by Pacific rats was shown for 11 spe-
cies of forest plants (Campbell and Atkinson
2002). Three additional species were too rare for
use in exclosures, but their disjunct distribution
and lack of regeneration on rat-inhabited islands
indicates inhibition by rats (Table 2).

Evidence from rat removal

The vulnerability of at least three species of
plants was confirmed by significant increases in
seedling abundance after Pacific rats were eradi-
cated from Nukuwaiata Island (Brown 1997;
Aviss 1997). Responses of plants to the eradica-
tion of Pacific rats appear to reflect the combined
effects of vulnerability of seeds and seedlings and
the plants’ reproductive output. For example,
Pisonia brunoniana is an uncommon tree on Pa-
cific rat-inhabited Hen Island, but on nearby
Lady Alice Island seedlings became abundant
under mature trees after eradication of Pacific
rats. Streblus banksii appears to have been simi-
larly affected by Pacific rats on both islands, but
seedlings are still rare on Lady Alice Island. This
may be because the species is dioecious and
many of the remaining trees are widely separated
(D.J. Campbell pers. comm.).

Possible effects of Norway rats on forest
plants were studied on Breaksea Island. Allen et
al. (1994) found a recruitment lapse in two
species of southern beech (Nothofagus spp.)
beginning about 100 years ago and coincident
with the probable time of Norway rat establish-
ment. Seedlings of Nothofagus counted at the
time of rat eradication in 1988, and over the
following five years, increased in abundance
after rat-removal suggesting previous seed con-
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sumption. Overall, nine species of trees and
shrubs showed higher seedling numbers after rat
removal compared with the year rats were
removed, and six of these had fleshy fruits
(Table 2). Three species with small seeds
showed similar increases, probably due to re-
lease from browsing of buds, flowers and seed-
lings. Recruitment of at least five species
declined after rat removal, probably reflecting a
recovery of herbivorous invertebrates also vul-
nerable to rat predation (Allen et al. 1994).

Invertebrate responses to rat eradications have
not been well documented. Following removal of
Pacific rats from Korapuki Island, flightless and
poorly dispersed species recorded for the first
time were three species of cockroaches, one of
tenebrionid beetle, two of carabid beetle, a coast-
al dermapteran, a flightless orthopteran (Rhaphi-
dophoridae), isopods and a species of large
centipede (Green cited in Towns et al. 1997).
These rapid changes were apparently indepen-
dent of vegetation changes later recorded in re-
sponse to rabbit removal. Increased captures of
flightless orthopterans (Anostostomatidae) and
large prowling spiders (Miturgidae) in pitfall
traps were also reported after the removal of Pa-
cific rats from Tiritiri Matangi Island (Green
2002).

Some lizard species rapidly responded on north-
ern islands following rat removal. On Korapuki Is-
land, capture rates of diurnal shoreline inhabiting
skinks Oligosoma smithi increased up to 30-fold
after removal of Pacific rats (Towns 1994). Similar
increases were recorded for shoreline populations
of common geckos (Hoplodactylus maculatus),
which were extremely rare before rats were re-
moved. After 15 years without rats, sighting fre-
quencies increased 28-fold and were equal to those
on a neighbouring rat-free island (Towns 2002a).
The nocturnal shoreline skink Oligosoma suteri on
Coppermine Island was also more frequently cap-
tured after the removal of Pacific rats than while
rats were present, but O. smithi in the same habitat
showed no significant change over the same
2.5 years (Towns et al. 2003). Another diurnal
shoreline species, O. acrinasum, was never seen on
islands inhabited by Norway rats, but naturally re-
colonised Breaksea Island from offshore rocky out-
crops once the rats were eradicated (Thomas and
Whitaker 1995).

Seabirds can show variable responses to rats.
Pierce (2002) found increased fledging success of
little shearwaters and Pycroft’s petrels (Ptero-
droma pycrofti) on Lady Alice and Coppermine
Islands when Pacific rats were removed, but the
extent of change varied between the two islands.
Species such as diving petrels (Pelecanoides
urinatrix) were predicted to be vulnerable to rats
because of their small size (130 g) and winter-
nesting habits (Imber 1978; Holdaway 1999).
This appears to be supported on Korapuki Is-
land, where two highly constrained populations
present before Pacific rats were removed in 1986
(Hicks et al. 1975) had by 2003 expanded to
include much of the coastline occupied by at
least 1000 pairs (G. Taylor pers comm.). How-
ever, there was no measurable change in the
abundance of the much larger (560 g) grey-faced
petrels (Pterodroma macroptera gouldi) 10 years
after the removal of Pacific rats from Stanley Is-
land (G. Taylor pers comm.). Similarly, there
was no measurable change in the abundance of
the 850 g sooty shearwaters (Puffinus griseus) or
the 700 g flesh-footed shearwaters (P. carneipes)
over a 12-year sample period that began about
10 years after the removal of Norway rats from
Titi Island (Gaze 2000).

Species-specific effects of rats on forest birds
were found on Kapiti Island, where Pacific rats
and Norway rats co-existed. Nests of forest par-
rots Nestor meridionalis >1 m above ground
level were not affected by Pacific rats but 50% of
nests within one metre of the ground, and there-
fore accessible to Norway rats, were destroyed
(Moorhouse 1990). Translocations of saddle-
backs to Kapiti Island were failing before rats
were eradicated even though the birds had been
successfully translocated to seven islands inhab-
ited by Pacific rats but not Norway rats (Love-
grove 1996). Saddlebacks rapidly increased on
Kapiti Island after both species of rats were
eradicated (Miskelly and Robertson 2002).

Responses to rat removals by terrestrial birds
are often complicated by the previous presence of
multiple predator species, other management
activities, or even forest succession, so that the
effects of individual rat species are difficult to
separate. For example, on Tiritiri Matangi Island
increases in the encounter rates of bellbirds
(Anthornis melanura), red-crowned parakeets
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(Cyanoramphus novaezelandiae) and saddlebacks
(Philesturnus carunculatus) were recorded after
the eradication of Pacific rats. However, active
forest planting, and successional change of the
young forest over the sample period may have
influenced the response (Graham and Veitch
2002). Nonetheless, Robertson et al. (1993) also
reported increased encounter rates of saddlebacks
on Red Mercury Island after removal of Pacific
rats and in the absence of forest manipulation.

Synergistic and indirect effects of rats in New

Zealand

On Moutohora (Whale) Island, 30,000–40,000
grey-faced petrels co-existed with Norway rats,
and 29–47% of the breeding pairs successfully
reared a fledgling during 1968–1971 (Imber et al.
2000). Rabbits introduced to the island in about
1968 rapidly increased to reach an estimated 375/
ha by 1973, at which point virtually no petrels
were fledged due to heavy predation by rats. Up
to 30,000 chicks were lost each year until rats
were controlled and finally eradicated in 1987.
The accelerated predation by rats was attributed
by Imber et al. (2000) to the exploding popula-
tion of rabbits that then provided rats with alter-
native food in the form of young and dead
rabbits. This phenomenon was independently
modelled by Courchamp et al. (2000) using inter-
actions between rabbits and cats to explain the
extinction of parakeets from Macquarie Island
(Taylor 1979). Courchamp et al. (2000) predicted
that hyperpredation can result from predator
populations suddenly able to increase through
the introduction of alternative and prolific prey.
A similar effect was postulated by Moller and
Craig (1987) for Pacific rats living at high densi-
ties in grassland. They predicted that when grass
seed production collapsed annually at the end of
summer the dense populations of Pacific rats
would have particularly severe effects on non-
preferred prey.

Given the wide range of effects attributed to
commensal rats, it seems likely that indirect
effects would follow their invasion of new loca-
tions. For example, Towns (2002a) found a nega-
tive relationship on islands between the presence
of Pacific rats and distribution of the honeydew

scale insect Coelostomidia zealandica. The scale,
which has flightless females, infests the coastal
trees Pittosporum crassifolium and Myoporum
laetum. However, P. crassifolium can be largely
eliminated from islands invaded by Pacific rats
(and probably other rat species) (Atkinson 1986).
On the Marotere Islands inhabited by Pacific
rats, P. crassifolium is rare and the scale cannot
be found, yet P. crassifolium and scale are abun-
dant on small islets offshore without rats. This
absence has wider implications because the scale
insects produce exudates used as high-energy
food by geckos and honey-eating birds.

Circumstantial relationships confirmed by

eradications

Confirming global rat effects

Previously published reviews relied on observa-
tions of mortality or sudden declines after inva-
sions to demonstrate detrimental effects of rats
on birds. These include at least 25 genera of sea-
birds in 9 families detrimentally affected by rats
(Atkinson 1985; H. Jones pers. comm.). Local or
total extinction may seem unequivocal, but we
found one report where a tern supposedly
affected by rats may have only intermittently
used the breeding area before the invasion. For
vertebrates, we found 28 studies of 45 species (29
birds) where the effects of invasions were quanti-
fied, or where predictions about rat effects were
tested by manipulating rat population density or
observing the responses to rat eradication. In an
innovative study of rat effects on islands off Cor-
sica, Penloup et al. (1997) measured declines of
pallid swifts (Apus pallidus) after a ship rat inva-
sion, compared nesting success on rat invaded
and rat free islands, and used photography of
predation at artificial nests to measure site
effects. The following examples are of circum-
stantial relationships confirmed by eradications
for a range of species and locations.

Tuatara – Pacific rat interactions in New Zealand

Reduced recruitment of juvenile tuatara on
islands with Pacific rats compared with those
lacking rats was first proposed by Crook (1973).
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Cree et al. (1995) surveyed 11 islands, and also
found recruitment failure and low encounter
rates of tuatara on islands with Pacific rats. Of
12 islands where Pacific rats and tuatara co-ex-
isted over the last 150 years, tuatara were extinct
on four, and showed evidence of recruitment fail-
ure and low encounter rates on seven. Only the
Lady Alice Island population showed evidence of
juvenile recruitment. Cree et al. (1995) proposed
that Pacific rats affected tuatara through compe-
tition for food and predation on eggs and juve-
niles.

Dietary studies of Pacific rats co-existing with
tuatara failed to confirm direct detrimental effects,
with no evidence of regular intake of tuatara by
rats. For example, on Lady Alice Island 134 rat
stomachs examined by Newman and McFadden
(1990) contained no tuatara remains. Likewise, G.
Ussher (pers. comm.) found no tuatara remains in
160 Pacific rat stomachs in 1993 on Lady Alice Is-
land and neighbouring Whatupuke Island. A die-
tary overlap between Pacific rats and tuatara
identified by Cree et al. (1995) was confirmed by
Ussher (1999). No negative effects of this overlap
were identified since tuatara had body weights
apparently unaffected by the presence of Pacific
rats (Cree et al. 1995). Furthermore, Tyrrell et al.
(2000) found no relationship between gravidity
rates, clutch size and body size of female tuatara
and the presence of Pacific rats. Instead, gravidity
on Lady Alice Island 3–4 years after Pacific rats
were removed was within the range observed by
Newman et al. (1994) when the rats were present.
Tyrrell et al. (2000) therefore predicted that contin-
ued suppression of tuatara recruitment in the pres-
ence of Pacific rats was through predation of eggs
and young, although this was supported by just one
likely predation of a young tuatara (Newman
1988). However, when Pacific rats were removed
from Lady Alice Island, the proportion of imma-
ture tuatara of snout–vent length <180 mm in-
creased from 2.4% in the presence of the rats to
43% eight years after the rats were removed (R.
Parrish, D. Towns and G. Ussher unpublished
data). Such high proportions of juveniles were
never previously reported on Lady Alice Island,
nor on any other islands inhabited by Pacific rats.
Similar results were subsequently obtained on two
neighbouring islands (R. Parrish and G. Ussher
pers. comm.).

Antiguan racer–ship rat interactions in the
West Indies

The Antiguan racer (Alsophis antiguae) is a colu-
brid snake that once inhabited the Lesser Antil-
lian archipelago and the neighbouring island of
Barbuda, but largely disappeared following the
introduction of the Asian mongoose (Herpestes
javanicus). The racers were regarded as extinct
until their rediscovery on 9.9 ha Great Bird Is-
land in the early 1960s. However, ship rats had
reached this island and more than 50% of the
remaining 51 racers showed scarring consistent
with rat bites (Daltry et al. 2001). Eight years
after rats were eradicated from Great Bird Island
in 1995, the racer population had at least dou-
bled, scarring from bites was reduced to 5% and
became confined to large, old individuals (Daltry
et al. 2003). Ship rats have subsequently been
eradicated from 12 additional islands and the
racers re-introduced to two of them. As a by-
product of these eradications, vegetation biomass
and diversity increased (Daltry et al. 2001), red-
billed tropic birds (Phaeton aetherecus) doubled
in number (Ross 2000), and reproductive output
of West Indian whistling ducks (Dendrocygna
arborea) also increased (Daltry et al. 2001).

Cobb’s wren–Norway rat interactions in the
Falkland Islands

The Falklands archipelago comprises about 700
islands, 90 of which have been invaded by rats
(D. Brown pers. comm.). Surveys of 59 islands
showed ground-nesting Cobb’s wren (Trogolo-
dytes cobbi) confined to 23 islands unoccupied by
Norway rats (Hall et al. 2002), whereas foliage
nesting grass wrens (Cistothorus platensis) were
present on 21 islands occupied by rats (Woods
2000, R. Woods pers. comm.). Distributions
analogous to that of Cobb’s wren were also
found for six species of seabirds (Table 1). The
likely relationship between these distributions
and the effects of Norway rats was supported by
local observations of almost total destruction of
previously widespread thin-billed prion (Pachyp-
tila belcheri) colonies on Bleaker Island after
Norway rats invaded in the 1960s (D. Brown
pers comm.). Rats were eradicated from two is-
lands in 2001 (Brown et al. 2001), and Cobb’s
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wren were reported on both by early 2004,
although breeding is yet to be confirmed
(R. Woods pers. comm.).

Discussion

The politics of eradications

Any proposal to eradicate or even control inva-
sive species can be controversial. For example,
critics of attempts at curbing the spread of native
plants raised accusations of nativism, racism and
xenophobia, while ignoring the ecological and
economic impact of the exotic invaders (Simberl-
off 2003). Proposals to eradicate or control rats
have produced similar debate, including argu-
ments in the scientific community over the cul-
tural or historical significance of introduced
species (Table 3). Despite at least 40 successful
rat eradications in New Zealand (Towns and
Broome 2003), the eradication of Pacific rats
from Little Barrier Island was hotly contested
(Rudman 2003). For example, some argued that
Pacific rats were a cultural and historic resource
deserving their own island sanctuaries (Roberts
1994; Craig 2002), whereas others countered that
the case against these rats was so clear, that
delaying their eradication was irresponsible and
unethical (Gibbs 1999; Clout 2003). One of the
most widely used accusations is that there is no
credible evidence of detrimental effects by rats on
native plants or animals (e.g. Craig 1986;
Table 3). Such evidence is virtually impossible to
obtain at locations where rats have already eradi-
cated native species or reduced them to critically
low numbers, which was one of the arguments
used against the ship rats on Anacapa Island
(Table 3). On the other hand, we have identified
numerous ways in which rat effects have been
measured (Tables 1 and 2) despite the difficulties
of working at the scale of whole islands. The
need for these data should not be seen as an ex-
cuse for inaction. Sometimes it may be necessary
to trade off between long and complicated pro-
cesses of public consultation that may never sat-
isfy everyone and the loss of critically threatened
populations or species. For example, had current
technology been available in 1962, swift action
might have stemmed the invasion of ship rats on

Big South Cape Island before a species of wren
and of bat were extirpated. However, even with
technology available, eradication of Pacific rats
from Little Barrier Island was delayed by pro-
longed consultation until likely collapse of the
Cook’s petrel population (Imber et al. 2003)
made swift action essential.

In the end, weighing arguments of moral, le-
gal, cultural and historic significance of an inva-
sive species against its ecological or economic
impacts may require value judgements outside
the domain of science (Lawton 1997). Science
can inform value judgements; for example, by
modelling the effects of introduced rats on indig-
enous species. For these models to be useful,
they need support from robust data.

Methods of obtaining robust data

Beyond anecdotal reports of species declines
after invasions, rat effects have been assessed
from studies of rat diet, distributional compari-
sons of rats and their prey through time and
space, rat-proof exclosures, localised reductions
of rat populations, video surveillance and re-
sponses by resident species after rats are re-
moved. Some of these methods can, however,
produce misleading results if interpreted at face
value. For example, studies of Pacific rat diet
in New Zealand revealed no predation or even
scavenging of tuatara, which contradicted evi-
dence of negative impacts from distributional
and demographic comparisons (Newman and
McFadden 1990; Cree et al. 1995). Similar re-
sults were obtained when assessing the effects
of ship rats on seabirds in the Shiant Islands
off Scotland. Estimates of population density
(McDonald et al. 1997) and a short-term study
of movements and faecal contents of the rats
(Key et al. 1998) indicated little evidence of
predation on chicks and eggs, so rat control
was judged unnecessary. However, subsequent
comparisons of stable carbon and nitrogen iso-
tope signatures with those of likely rat prey
indicated a greater role of active predation of
seabirds by ship rats than had been previously
apparent (Stapp 2002). The great danger with
dietary studies is that they are a good indicator
of recent meals but a poor indicator of impacts
on populations, particularly when the prey is
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rare or affected intermittently. In such exam-
ples, sensible conclusions can only be reached
by using several sources of corroborating
evidence. Stapp (2002) proposed that such evi-
dence should be obtained in the Shiant Islands
from studies of nest predation and egg and
fledgling survival.

Apparently compelling examples of the effects
of invading rats are provided by subfossil depos-
its that show species extinctions and declines.
However, such temporal relationships can lead to
conceptual blind alleys. It is not possible to
prove from deposits that the disappearance of an
indigenous species was caused by the appearance
of its alleged predator. Widely divergent conclu-
sions have been drawn from such data. For
example, declines and extinctions of large inver-
tebrates and small vertebrates in New Zealand
are often attributed to the direct effects of preda-
tion by Pacific rats (e.g. Worthy and Holdaway
2002). Using similar evidence, Athens et al.
(2002) argued that predation of birds by Pacific
rats was rare, and attributed extinctions of low-
land forest birds in Hawaii to the indirect effects
of rats causing extensive forest modification. Our
review provides evidence of direct and indirect
effects.

Comparisons between the biotas of rat-inhab-
ited and rat-free islands have frequently been
used to develop models of rat effects. Large data
sets have been used to define such relationships
for beetles on 51 Balearic islands in the Mediter-
ranean (Palmer and Pons 1996), terrestrial rep-
tiles on 63 islands around north-eastern New
Zealand (Whitaker 1978), land birds on 59 Falk-
land islands (Hall et al. 2002) and colonial birds
on 72 islands in the western Mediterranean
(Martin et al. 2000). These consistently showed
lower diversity of indigenous species in the pres-
ence of rats, especially on the smaller islands.
However, Caughley and Gunn (1996) warned
that these circumstantial comparisons are insuffi-
cient to demonstrate cause and effect, suggesting
instead that they should be used to develop test-
able hypotheses.

Such hypotheses are now being tested. Experi-
mental rat control arrested declines of flycatchers
(Pomarea dimidiata) in Rarotonga (Robertson
et al. 1994; Robertson and Saul 2004), elepiao
(Chasiempis sandwichensis) an endemic flycatcherT
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in Hawai’i (VanDerWerf and Smith 2002), white-
chinned petrels (Procellaria aequinoctialis) on is-
lands in the Crozet Archipelago (Jouventin et al.
2003) and Cory’s shearwaters (Calonectris diome-
dea) on islands off Corsica (M. Pascal pers
comm.). Not surprisingly, eradications of rats
have produced similar results. In New Zealand,
predictions of Pacific rat effects on tuatara and
lizard recruitment were supported once the rats
were eradicated. In the Caribbean, similar re-
sponses were obtained for the Antiguan racer,
and in the Mediterranean for Cory’s shearwater
(Lorvelec and Pascal in press). The eradications
have sometimes been replicated, for example
adding strength to inferences for the effects of
Norway rats on shrews on islands off Brittany
(Pascal et al. in press). Even more revealing have
been unpredicted responses to eradications. In
addition to predicted improved breeding success
for a species of noddy and shearwater (Lorvelec
and Pascal in press), the eradication of ship rats
from Hardy Island, Martinique, was followed by
unpredicted increases of terrestrial crabs. Like-
wise, the eradication of ship rats from Antiguan
islands provided unexpected benefits for whistling
ducks and surface-nesting seabirds (Daltry et al.
2001), and eradications of Norway rats from is-
lands off Brittany unexpectedly benefited two
species of shrews (Pascal et al. in press).

Even where hypotheses have been tested,
cause-and-effect relationships may still prove
elusive. For example, although recruitment of
young tuatara into populations greatly in-
creased after eradication of Pacific rats from
New Zealand islands, how the rats reduced
recruitment still remains unclear. Mechanisms
for the negative relationships between native
shrews and Norway rats are also unknown (M.
Pascal pers. comm.). Establishing such mecha-
nisms may often be an unreachable goal. Given
the complexities of historic change and the
problems of designing replicated experiments,
simply demonstrating that rats have an effect
can be a significant task on its own. Further-
more, testing hypotheses by measuring how sys-
tems respond to removal of rats (Veltman
1996) can only record responses from species
that survived with rats (Towns et al. 2003) un-
less locally extirpated species can naturally
recolonise.

Models of rat effects on terrestrial systems

One of the most intensively studied rat species is
the Pacific rat in New Zealand. By use of exclo-
sures and measuring post-eradication responses,
Pacific rats have been shown to suppress coastal
and lowland plants, flightless orthopterans, bee-
tles, tuatara, geckos, shoreline skinks and some
forest birds. Video surveillance has also demon-
strated predation of eggs of small seabirds, the
effects of which have been confirmed by studies
of chick survival before and after Pacific rat
eradications (Table 2).

The above studies add credibility to models of
likely prehistoric effects of Pacific rats on the New
Zealand mainland based on evidence from seed,
bone and shell deposits. The effects may appear
selective (Table 4), but there can be ecosystem-le-
vel consequences. They include: plants so heavily
suppressed by Pacific rats that successional path-
ways and forest structure have been modified
(Campbell and Atkinson 1999, 2002); and small
seabirds such as diving petrels suppressed to levels
that could influence nutrient-rich island environ-
ments. These plant and seabird effects have food-
chain implications for many other components of
island systems (Mulder and Keall 2001; Markwell
and Daugherty 2002, 2003; Towns and Atkinson
2004), but the ecosystem effects of Pacific rat inva-
sions have yet to be studied.

The effects measured for Pacific rats are likely
to be exceeded by the larger rat species. Our
review supports earlier predictions for birds (e.g.
Atkinson 1985). The range of vertebrate species
affected by rats varies, with Pacific rats being the
least damaging and ship rats the most. Ship rats
have recorded effects on the widest range of spe-
cies, are associated with the largest number of
extinctions and are the only species implicated in
declines of endemic marsupials and extinctions of
bats and rodents (Table 4).

Our summary suffers significant gaps. For
example, very little is known about the effects of
Pacific rats outside New Zealand. Within New
Zealand, there have been few studies of the
effects of the three rat species within the same
biogeographic areas. Despite inaccurate claims
that ship rats are ‘vegetarian’ (AA 2002), we only
located studies in the Balearic and Canary
Islands that investigated the effects of ship rats
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on indigenous plants. Furthermore, New Zealand
studies indicate that the impacts of rats can vary
by location, season and year (e.g. Imber et al.
2003). Massive predation of animals can result
from periodic flushes of palatable seeds and fruit
but may also stem from synergistic effects when
other introduced organisms are used by rats as
an additional food source. In these circumstances
cause-and-effect relationships may be difficult to
identify without long-term studies. Nonetheless,
our review provides little support for claims that
the effects of introduced rats have been exagger-
ated. On the contrary, a growing literature points
to pervasive effects, despite the examples avail-
able being patchy, geographically scattered and
biased towards a narrow range of more easily
studied vertebrates. The first comprehensive
studies of the effects of rats on forest vegetation
(e.g. Campbell and Atkinson 2002) now provide
worrying evidence that the effects of introduced
rats on islands probably have been greatly under-
estimated.

In theory, improved field studies should pro-
duce better data and reduce the conflict between
agencies attempting to control or eradicate rats
and organisations or individuals advocating for
the rats. In practice, improving data quality rai-
ses a dilemma. Some of the most convincing evi-
dence of rat effects comes from measuring the
response by species and assemblages when rats
are removed, which is the very approach that
advocates for rats oppose. This dilemma may
originate from conservation biologists. Despite
numerous completed eradications of rodents,
especially in New Zealand, there are few publica-
tions in the primary literature that describe the
benefits (Simberloff 2001). This is understandable
in view of the daunting task of measuring change
at the ecosystem level (Donlan et al. 2003a),
especially when some very long-lived species may
take decades to respond (Towns 2002b). The task
may be made less daunting, and fitted to realistic
time scales, by targeting response measures to
those groups of organisms that demonstrate
global vulnerability to rats. These are likely to
include the following species or guilds:

1. Vulnerable to the three species of commensal
rats: plants with fleshy fruit and/or fruit with
large edible seeds (Allen et al. 1994; Campbell

and Atkinson 2002), or with heavily scented
inflorescences (Eckroyd 1996), or dioecious
reproductive systems (Campbell and Atkinson
2002), or reliant on seabird effects such as en-
riched soil or open disturbed ground (not yet
demonstrated for ship rats) (Norton et al.
1997); terrestrial flightless invertebrates, espe-
cially those that are large, nocturnal and
ground-dwelling; amphibians and reptiles that
are nocturnal, ground-dwelling (Whitaker
1978), have low annual reproductive output
(Towns 1994), and are oviparous, laying eggs
in rookeries (Tyrrell et al. 2000); small terres-
trial birds with weak flight and are surface or
crevice nesters near ground level; small bur-
rowing seabirds <250 g (Holdaway 1999) and
surface-nesting seabirds such as tropic birds
and terns.

2. Vulnerable to Norway rats and ship rats in
addition to the above: small ground-nesting
birds including well-flighted species; seabirds
such as petrels and prions (Atkinson 1985);
smaller ground-dwelling rodents.

3. Vulnerable only to Norway rats in addition to
the above: seabirds 250–750 g (Holdaway
1999).

4. Vulnerable only to ship rats in addition to 1
and 2 above: diurnal ground-dwelling reptiles
including some snakes (Daltry et al. 2001);
small arboreal birds, especially hole nesting
passerines and parakeets (Atkinson 1985);
small marsupials and ground-dwelling or
ground-foraging bats.

With well-conceived projects that include rig-
orous measurement of the responses to rat eradi-
cations, it may be possible to generate models of
rat effects for a range of species and locations.
Without such models, the motives and justifica-
tion for rat eradications will continue to be ques-
tioned.
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