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Abstract In this first comprehensive review of
negative effects of introduced rodents on insular
small mammals, the focal species Rattus rattus, R.
norvegicus, R. exulans and Mus musculus are impli-
cated in at least 11 extinctions. Furthermore, removal
experiments, eradication campaigns and control pro-
grammes provide evidence for negative effects on
extant populations. While data are currently insuffi-
cient for meaningful generalisation with regard to the
most threatening rodents, the most threatened small
mammals, and the true extent of the problem, it is
interesting that R. rartus is implicated in the majority
of impacts. This may be explained by its extensive
distribution and ecological plasticity. I conclude with
methodological recommendations to guide data col-
lection for impact quantification and the study of
impact mechanism. This information should facilitate
the prioritisation and justification of eradication
campaigns, control programmes and biosecurity
measures while ensuring that much-needed attention
is paid to the conservation of insular small mammals.
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Introduction

Of a documented 88 mammal extinctions since 1500,
57 (65%) have involved insular small mammals
(MacPhee and Flemming 1999). Of extant species,
the majority of mammals currently threatened with
extinction are small and inconspicuous, such as
rodents and bats (IUCN 2007). Although the extinc-
tion and endangerment of insular small mammals
may be caused by a variety of factors including
habitat destruction, over-hunting and the devastating
impacts of introduced predators, the purpose of this
paper is to examine the evidence supporting a
contribution of introduced rodents. By ‘introduced’
I refer to a species that has been accidentally or
deliberately transported, by human activity, to a
location outside its natural range. Although various
rodent species have been introduced onto islands
(Musser and Carleton 2005; Simberloff 2008), four
species are commonly considered conservation prob-
lems and are the focus of this review: the black rat
Rattus rattus, Norway rat R. norvegicus and Pacific
rat R. exulans and the house mouse Mus musculus.
Of the three rats, R. rattus was the first to be
introduced to islands. It is thought to have been
transported along trade routes from India (where it
is native) to reach Mediterranean Europe by 6,000—
4,300 years ago. Neolithic human population expan-
sion and migration facilitated the dispersal of
M. musculus (also native to the Indian subcontinent)
so that it too had arrived in Europe by 6,000 years
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ago. Both species have since been introduced to
islands throughout the world. Of the three well-
known subspecies of M. musculus: domesticus,
musculus and castaneus, domesticus is the one that
has been widely spread to numerous islands by
European colonisation (Musser and Carleton 2005;
Global Invasive Species Database 2006, 2007). The
next important event probably began more than
3,000 years ago with the movement of R. exulans
from mainland SE Asia, where it may have origi-
nated, into the Pacific basin, probably aboard the
vessels of the proto-Polynesian Lapita people
(Atkinson 1985; Musser and Carleton 2005). By
1100 BC R. exulans may have reached Samoa,
Tonga and Fiji. The later, more rapid spread of
Polynesians ensured that by about 700 years ago
R. exulans had been introduced to most major island
groups in the Pacific (Atkinson 1985; Wilmshurst
and Higham 2004). The anthropogenic dispersion of
R. rattus continued much later (although it may
have been introduced to Madagascar by about
2,000 years ago) between approximately 1500 and
1700 AD when it was carried by trading vessels to
various islands of the Indian and Atlantic Oceans
(Atkinson 1985; Musser and Carleton 2005). How-
ever, this spread came to a virtual halt when
R. norvegicus (originating in south-east Siberia,
northern China and the Hondo region of Japan)
displaced R. rattus, becoming the dominant species
in European and eastern North American ports and
the main species to invade oceanic islands during
the eighteenth and into the nineteenth century
(Atkinson 1985; Musser and Carleton 2005). By
1850 R. rattus had made a mysterious reappearance
on ships and its introduction to Pacific islands
ensued (Atkinson 1985). Over the last 180 years
both R. rattus and R. norvegicus have been trans-
ported aboard ships so that many Atlantic and
Indian island groups have been invaded by both
species and many Pacific island groups host all three
species of Rattus discussed in this review (Atkinson
1985). The taxonomy and nomenclature of R. rattus
is controversial. However, current taxonomy recog-
nises ‘R. rattus’ as two species—R. tanezumi (the
Asian type) and R. rattus (the Oceanian or European
type). Hence, whenever I refer to “R. rattus” 1 shall
be referring to members of the R. rattus/tanezumi
species—complex (Musser and Carleton 2005). The
Asian type (R. tanezumi) is apparently indigenous to
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south-east Asia, generally north and east of penin-
sular India, with an introduced range extending from
the Nicobar Islands in the west to Fiji in the east
(Musser and Carleton 2005).

Today, over 80% of the world’s major island
groups host at least one of the rat trio reviewed here
and rodent invasions are continuing (Atkinson 1985;
Russell et al. 2008). This poses a major threat to
native biota throughout the world (reviewed in
Atkinson 1985; Courchamp et al. 2003; Atkinson
and Towns 2005; Innes 2005a, b; Towns et al. 2006;
Jones et al. 2008; and in this issue). Yet, there has
been no attempt, to my knowledge, to quantify the
global involvement of introduced rodents in small
mammal extinctions and although their effects on
insular birds have been widely studied (Atkinson
1985; Towns et al. 20006; Jones et al. 2008),
significantly less attention has been paid to their
effects on insular small mammals (although Towns
et al. (2006) review some of the evidence). It is
surprising that this subject has received such light
coverage when we consider that the majority of
modern era mammalian extinctions have occurred on
islands, introduced rodents are ubiquitous but the vast
majority of rodent species on islands are native or
endemic, and there exists a voluminous literature on
interspecific competition in native small mammal
communities (Connell 1983; Schoener 1983; Atkin-
son 1985; MacPhee and Flemming 1999; Eccard and
Y16nen 2003; Amori et al. 2008; Russell et al. 2008).
The obvious potential for competition as well as
disease/parasite transmission adds an extra dimension
to introduced rodent impacts that is rarely discussed
(although see Angel et al. 2008).

In this paper, I examine the support, from circum-
stantial evidence to replicated experiment, for the
involvement of introduced rodents in extinction of and
deleterious impacts on insular small mammals.
Although I doubt that my coverage is exhaustive at
the circumstantial end of the evidence scale, I have
reviewed all studies, to my knowledge, that have
involved monitoring during species manipulations
(eradication, control and experiment). Where infor-
mation is sufficient I discuss probable mechanisms of
rodent impact. I conclude with recommendations to
improve the quality and quantity of impact evidence,
information that should help to prioritise and justify
eradication or control programmes and biosecurity
measures.
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Introduced rodent involvement in insular small
mammal extinctions

For this initial section of the review I used the CREO
(the Committee on Recently Extinct Organisms)
database “CREO list of mammal extinctions since
AD 1500” (MacPhee and Flemming 2001), in
conjunction with the literature to compile a list of
insular small mammal species for which I could find
some information to support a contribution of intro-
duced rodents (R. rattus, R. norvegicus, R. exulans or
M. musculus) to their extinction. This circumstantial
‘evidence’ is derived from fossil records, human
observation and scientific collections. Purely specu-
lative cases—i.e. those species for which I could find
neither fossil nor observational evidence to support
an impact of introduced rodents—have not been
included in the list (Table 1). When counting the
number of modern era, small mammal extinctions in
the CREO database I included only resolved cases
(50 species) plus cases that were categorised as
unresolved because the species had not been formally
described (10 species). A small mammal was defined
as a species weighing less than 10 kg (MacPhee and
Flemming 1999).

Of these 60 modern era extinctions of small
mammals, 44 (73.3%) have occurred on islands. Of
these insular extinctions introduced rodents were
nominated by CREO as the sole “alleged extinction
cause” in seven cases and as a possible contributing
influence to the extinction of one other (Nesophontes
hypomicrus). Of these eight cases I could find
supporting ‘evidence’ in the literature for all species
except Oryzomys antillarum of Jamaica, Noronhomys
vespuccii of Noronha Island, Brazil and N. hypomi-
crus of Hispaniola (I categorise the former two as
unknown in Fig. 1). This information is presented in
Table 1. I also added two species listed by CREO
with an alternative proposed extinction cause (two
undescribed species of Nesoryzomys from Isabela
Island, Galdpagos Archipelago, Ecuador) to Table 1.
So, of the 44 modern insular extinctions listed by
CREO, I could find ‘evidence’ suggesting that
introduced rodents (all R. rattus) were the main
cause of extinction in 15.9% of cases (seven species
including the two Nesoryzomys species of Isabela
Island) (Table 1; Fig. 1). Of the cases with a known
or suspected extinction cause, this represents 38.9%
of cases. However, the extinction cause in most cases

is not known (Fig. 1). In addition to these seven
species, R. rattus appears to have caused the modern
era extinction of Nesoryzomys indefessus of Santa
Cruz Island and Baltra Island, Galapagos and likely
contributed to the pre-modern era extinction of
Rhagamys orthodon of Corsica and Sardinia, Medi-
terranean Sea. Of the other introduced rodent species
reviewed here, R. exulans is considered responsible
for the pre-modern era extirpation of bat Mystacina
robusta from the North and South Island of New
Zealand, a species finally eliminated by R. rattus in
the 1960s, and was probably at least partly involved
in the pre-modern era extinction of R. sanila on New
Ireland in the Bismarck Archipelago. The introduced
M. musculus is convincingly implicated in just one
(possibly pre-modern era) extinction: that of Malpa-
isomys insularis in the Canary Islands, Atlantic
Ocean (Table 1).

I should emphasise that when I discuss extinction
cause I refer only to ultimate, deterministic not
proximate, stochastic drivers (e.g. inbreeding depres-
sion) although the latter may play an important role in
small mammal declines and extinctions on islands,
especially where introduced rodent impacts are
chronic (see recent forum beginning with Jamieson
2007).

From Table 1 it is evident that the introduced black
rat R. rattus has been the most often implicated in
extinctions of native species. Despite the circumstan-
tial and equivocal nature of most evidence the cause of
extinction, in some cases, seems clear. The R. rattus-
caused extinction of the Christmas Island (Indian
Ocean) rodents, along with the proposed mechanism,
is best supported. The observation that R. rattus had
not spread across the entire island favours the theory of
parasite or disease transmission over direct competi-
tive or predatory impact (Andrews 1909 in Pickering
and Norris 1996). The proposed involvement of
R. rattus in the loss of the endemic Galdpagos rodent
fauna and a suite of Corsican mammals is less well
evidenced. However, convincing cases exist within
these groups (Clark 1984; Vigne and Valladas 1996;
Harris 2006). Of seven endemic Galdpagos rodent
species extinctions, the evidence for R. rattus involve-
ment is most convincing for the Nesoryzomys species
of Santa Cruz Island, less persuasive for the Neso-
ryzomys of Isabela Island and debatable for the
remaining three (Table 1; Patton et al. 1975; Stead-
man and Ray 1982; Clark 1984; Steadman et al. 1991;

@ Springer



D. B. Harris

1614

aA0qe 998

(SL6T 'Te 10 uoned) sQ08T 2Y) SuLnp snyni y JO UOHONPONU]
(1661 'Te 10 uewped)s ‘7861 Aey pue
UBWPE)S) SASAINS OYNUAIOS YSnoioy) 0} Jord Uorounxa jue)nsal
pue snynd 'y Kq UOTIESIUO[0D A[IBd $1S933NnS YOIym SISSOJ WOIJ
Auo umouy Inq (166] ‘T 30 UBWIPRAS) GEG[-1s0d 1ounXa aweodg

(¥861 ¥IB[D) PUB[S] ZID) BIUBS UO €6 UL PIJOI[0 18]

(SL61 Te 19 uoned)
Spue[SI eN[eqg PUB ZNI) BIUBS O} $MiID4 "y JO UOHONPONUI JUALINOUOD)

(eAaoqe) 1mivp N 10j Anue 99§

(¥861 MIBID) 6T61 UI WSNed Usaq pey snssajfopul N pue

UINIDP “N [)Oq 2I9YM J)TS [BISBOD B I8 GEET UT Snip. -y A[Uo jy3ned
OH "0€61 Ul SPURYSIY S} Ul 1uimavp N 1 Pa1oa[[od uidey) J °f

(861 NIe[D) urede sjel 9ABU MES

JIJAQU JNq PUR[ST AU} SSOIOR $MJID.L "y PUNOJ Y UAYM €6 ] UT paUInIax

INq JJO[ O "SNP Y OU MES I JNg JIWWNS 0} ISLOD WOIJ Juepunge
QIoM SJBI QATIRU JBY) PIAIISQO II[)3s A[IBD UB ()EH 01 976 Uamig

(00T PAOI'D) 9961
ur pajrodar 91om QUOU puB G9a] AQ UIS AIoMm Sjeq JUIK[ MaJ AIdA

:SIaquUUINU Jeq UI QUI[Oap pider € sem aIoy[, 'L96] PUB $96] Udamlaq
stoquunu ange[d payowar snuva "y ‘S096 A[1e9 oy} Ul [eALLIE SUIMO[[0]

(661 Aemep[oH pue Aytiom)
reuayew a8e jea-jsod ur juasqe are surewal nq “dds purovisApy syeq

Pa[IeI-1I0YS PAUTRIUOD UOodNponuUI Jel 0) JoLd pajep [BLIDJBW [ISSO]
(BS00Z PAO[T) suopprwt [mo 3ury3ne[ Ul suvpnxa -y jo
Qouereadde pue visngo. “py Jo douereaddesip snosue)nuig

(T661 T2 1 2hog)
ssaoo1d uonounx? ay) Surmp juasaid jou a1om saroads snuvy

"KToAnyoadsar ‘9,709 pue ¢’ QT 21om sagejusorad oyl 4g 008 Aq
puE S[EWWEW Y] JO 97"¢ = SNNISNUL “J PUR 96'8G = SLDINSUL
‘W d9 0€L1 Ag "suppnsur “py ur auroop uonendod e
()M PIPIOUIOD Sey So1oads SIY) Ul 9SBaIoul Ue ‘BINJUoAdIon]

uo snpnosnus “py 3o (J9 0007 I10Joq ATHIOUS) [EALLIE dU) 0UIS

poesodoid auoN

pasodoid auoN

(¥861 M®ID)
4% 9SBASIP/SA)ISeIRd

(¥861 ¥1eID)
% 9SBASIP/SalIseIeq

(861 sWerIm pue
[oruE(]) $18001 AIosinu

JO 90uUBQINISIP IO POOJ
1oy uonnadwod ‘uonepald

(7861 swellip pue

[oIURQ U 661 [91URQ)

pooj 103 uonnadwod
Io/pue uonepalq

(8861 'Te 10 10191InY)
aseasip Jo uonpadwo)

(2661 e 12 9hkog) aseasiq

q$d

qd

q$d

qd

qd

q34

NN

Jopenoy ‘oFe[adiyory (soroads paquosapu))
soSederen ‘puels] efoqesy o€ "ds sCwozL105oN,
Jopenoy ‘oFefodiyory (seroads paquiosapu))
soSederen ‘puels] efaqes| aC “ds s€wo2£10s9)
Jopenoy ‘oFefadiyory (sAwozA10s9u

soSederen ‘pue[s] enjeq ZnI) evjues)
pue pue[s] zni) ejues snssafapur sKuoz£108aN
lopendqg
‘oe[adiyory soSederen (sAwozA10sau s urmIe(])
‘pue[s] zni) viues MUIMIDP SKUO2KL10SIN
pue[eaz

MIN ‘PUB[S] UOWO[OS
pue puefs] 2de) ynos 3rg

pueedz
MIN ‘pUB[S] MeMI)S pue (3eq Pa[IeI-1I0YS I9)BaIN))
pUB[S] YINOS ‘pUB[S] YION DISNqo. PUIIDISCIs
ueodQ

onuepy ‘(esoroein
pue ‘9jorozue|

uoneuuojur Junioddng

(S)wistueyodw Aepipue)

LSaroads
paonponuy

‘eInuIABIAN) (osnow eARTY)
spue[s] Areue)) suvsul sKuoswdpp
(s)pue[sy soroads aaneN

SUOTOUNX? [EWWIEW [[BWS JB[NSUI 0) SJUPOI PIINPONUI JO UONNGLIU0D dy) 1oddns 0 2duapIAg | JqeL

pringer

As



1615

Review of negative effects of introduced rodents

(S661 A1ouuel) awrl jey) je padnposul
QIoM S[RWIUE OISQWOP JOYI0 ON “JOUNXd dUILIq )R] 3Y) 18y}
oun 9ewrrxoidde oy ‘oFe s1eak ()71 ¢ 18 PAIEP [AQ] B UI DJIUDS Y JO

BOUIND MON

surewa ise] oy} YPIm deIoAo 1o01avad "y pue Supjnxa "y pIONpoInul (d¥ pue) endeq ‘o3ejodiyory (3e1 35910]
JO surewal 1sIy 9y} Jey) S[BOAAI PUBR[AI] MAN woij ejep owydersnens pasodoid auoN T4 YoIewsig ‘pue[al] MAN  PUB[AI[ MAN)) DJIUDS SNIDY
QAOQE 1ID2]ODUL "y 10J QOUIPIAD OS[B G
(UTaIY) SIJUAIRJAI PUB 966 SLLION
pue SuLydIg) Jounxe saroads oY) seounouord smaIpuy 8061
punoj suvuaypu Yy jo suowroads oN 06T
QTeI A[QWRNXD SUDIIADU Y
juepunqe snyvL Y 061-1061
(9661 SHION
Key JO 031ed ® UL PIONPONUL SNIDL Y 6681 pue SuLoyolg Ul
uonnqIsIp 6061 SMAIpUY) uedd() UBIpU] (o1
Ayored © yyim Juepunqe A[o)eIopout ST suniAuDU Y 8681—L681 4% 9SBASIP/SA)ISeIR] Td ‘puels] seunsuy)  Sop[ng) SUPIANDU SNIDY
(UTAIAY) SIIUAIRJAI PUB 96| SHION
pue SuLayoId) Jounxd soroads ay) seounouold smaIpuy 8061
punoj Lwapopui "y Jo sudwoads oN 061
PUE[SI 9U) PUNOIe PIAIdSqO Siel SUIAp pue YIS €061-2061
P9109JUl 10U I8 JUIWI[IIAS
oy} woy Aeme 1pajovut 'y Jo suauroadg “suswroads snind Y Ay} ur
punoj os[e swosouedAI) & YIIm PIJOJUI A[IABIY I8 ‘PAJRIIUIOUOD ST
SnYDL Y AIAYM JUSUWII[IAS AU} PUNOIe WOI) Lp2a]ovus Y Jo suswroadg
juepunqe snyvd Y ¢061-1061
(9661 SHION
Aey Jo 0318 B UI PONPONUL SHIIDL Y 6681 pue SuLeyoly Ul
pim puelst Juasaid s1 pue 6061 SMaIpUy) uedd() URIpU] (yex s Jed[oeA)
PUB[SI Y} UO [BWIWEW UOWOD ISOW Y] ST LD2jovu Yy 681-L681 4% 9SBASIP/SAISeIR] WA ‘puels] seunsuyd LIDIJODUL SNIIDY 4
(1661 UOSIIA) PU®[st 3y} uo
pea1dsopim pue juepunge sem Io)je] 9y} pue 9Ioy) punoj sem sny.
snyy K[Uo nq 9/ 6] U PAIISIAQL Sem BaIe SIYJ, */68] Ul pue[sl OJIXQA ‘SPUB[S] SBLIB]AL (sAwo0z£10 S, UOSTON)
9y Jo jruwns 9y} 1eau s3ulids [[ews Jo vare pajiwil e ul A[uo punoq (166 UOS[IA) uonnadwo) Y SAIL ‘Pue[S] SIPEJA BLIBJA 1osjou SCo2K10
Sa10ads
uonjeuntojur 3unioddng (s)wsTueyOoW JJepIpuL)) peonponug (s)puers] saroads QAnEN

ponunuod | dqe],

pringer

A's



1616

D. B. Harris

Table 1 continued

)

Supporting information

Candidate mechanism(s)

Introduced
species?

Island(s)

Native species

Springer

Stratigraphic data from Corsica shows a significant decrease in the

Competition (Vigne and

RR

Corsica and Sardinia,

Rhagamys orthodon

frequency of Rhagamys at the level where R. rattus appeared

Marinval-Vigne 1991 in
Vigne and Valladas

1996)

Mediterranean Sea

(Tyrrhenian field rat)

(between the 4th and 2nd centuries BC). This event is separated, by

60 cm of sediments, from the extinction of R. orthodon suggesting
that R. rattus may have contributed to, but not caused the extinction

(Vigne and Valladas 1996)
Late Roman or Medieval habitat destruction (deforestation) is thought

to have caused the extinction. Yet, deforestation during the

Neolithic agricultural expansion, in the absence of R. rattus, did not

cause any small mammal extinctions (Vigne and Valladas 1996)

* Included within a sub-set of the CREO database composed of resolved extinctions and extinctions classified as unresolved because the species had not been formally described

** Evidence-based

& MM, Mus musculus; RE, Rattus exulans; RP, Rattus praetor; RR, Rattus rattus

° Name as listed in CREO (Nesoryzomys sp. 2 and 3)

2.3% 2.3%
%

BMUN ERR [JHM #HM,IN

OH OH, NC IN, NC = OH, HM, IN

Fig. 1 Percentage of insular small mammal extinctions since
1500 (n = 44) attributed to any or a combination of the
following causes: UN, unknown; RR, Rarttus rattus; HM,
habitat modification (including eradication of food supplies);
IN, introduced species other than rodents; OH, over-hunting;
NC, natural cause. Data from MacPhee and Flemming (2001)
with slight modification of alleged extinction cause categories
and re-allocation of two species from RR to UN and two
species from HM to RR

Hutterer and Oromi 1993; Dowler et al. 2000a). The
rate with which the Nesoryzomys species were
displaced on Santa Cruz Island favours disease
transmission over competition (or predation) as the
primary mechanism of displacement (Table 1). This
hypothesis is further supported by an intriguing
anecdote from Brosset (1963), who transferred 14
individuals of Aegialomys galapagoensis bauri (orig-
inally “Oryzomys bauri” but recently renamed by
Weksler et al. 2006) from Santa Fe Island to Santa
Cruz Island, where they were placed in an enclosure.
They were observed in contact with R. rattus and all 14
A. g. bauri succumbed to a mystery illness within a
week of their arrival. The involvement of R. rattus in
the extinction of the bat M. robusta from its last island
refuges off the south coast of New Zealand is also
supported by strong circumstantial evidence
(Table 1). These five cases: M. robusta (Big South
Cape and Solomon islands), R. macleari and
R. nativitatis (Christmas Island) and Nesoryzomys
darwini and N. indefessus (Santa Cruz Island), detailed
in Table 1 and summarised above are the most
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convincing because the evidence involves direct
observation in space and time. In all cases the
establishment of R. rattus was quickly succeeded by
the loss of the native species. The extinction of
M. robusta followed the arrival and irruption of
R. rattus and the Santa Cruz and Christmas island
rodents also disappeared shortly after R. rattus intro-
duction. In the latter case R. macleari were found to be
heavily infected with a R. rattus-hosted trypanosome
and sick and dying rats were found across the island
shortly before their disappearance (details and refer-
ences in Table 1). With the exception of the two
Galapagos species and the two Christmas Island
species, the mechanisms of displacement of the other
species remain completely unresolved (Table 1).
Introduced rodents may also catalyse extinctions
that are ultimately caused by other factors. Evidence
suggests that the extinction of the endemic species
Prolagus sardus (Lagomorpha, Ochotonidae), Episo-
riculus corsicanus (Soricidae), R. orthodon (Muridae)
and Tyrrhenicola henseli (Microtidae) on the Med-
iterranean island of Corsica was caused, ultimately,
by large scale deforestation during the Late Roman or
Medieval period (Vigne and Valladas 1996). Yet,
earlier anthropogenic deforestation on Corsica (dur-
ing the Late Neolithic) involved no small mammal
extinctions. This discrepancy may be explained by
the absence of R. rattus, the introduction of which
seems to have caused a decrease in the frequency of
endemic species, especially R. orthodon (Table 1). It
was concluded that if R. rattus did not cause the
extinctions then it at least increased the sensitivity of
these species to environmental change (Vigne and
Valladas 1996). Introduced rodents may also indi-
rectly facilitate small mammal extinctions through a
process termed “hyperpredation”. Patterns revealed
in a study of the Australian mainland suggest that the
principal cause of conilurine rodent decline is direct
predation by foxes and cats in regions where predator
abundance has been greatly elevated and sustained by
the introduction and spread of rabbits and mice. It is
also suggested that R. rattus may be responsible for
increased cat impacts in sub coastal habitats. This
theory of decline can be applied equally well to other
endangered faunas including terrestrial marsupials
which have undergone similar geographic patterns of
decline (Smith and Quin 1996). This process may
also occur on islands, where resources are often
limited. For example, an introduced prey base of

R. rattus may have enabled feral cats to push native
golden bandicoots Isoodon auratus and hare-walla-
bies Lagorchestes conspicillatus to extinction on
Hermite Island, Montebello Islands, Western Austra-
lia (K. Morris, pers. comm.).

The material presented in Table 1 and discussed in
the preceding text demonstrates that introduced
rodent impact may be inferred, convincingly in many
cases, by circumstantial and observational accounts.
More commonly, however, the cause of extinction
simply cannot be isolated from a multitude of
simultaneous threat factors that accompany human
contact, colonisation and spread. For example, intro-
duced Rattus may have contributed to the decline in
diversity and abundance of rodents of the subfamily
Capromyinae in Cuba, Hispaniola, Jamaica and
Puerto Rico and the extinction of several endemic
oryzomyine rodents as well as other small endemic
mammals of the West Indies. However, other pres-
sures include capture by man, habitat destruction and
predation by feral cats, dogs and the mongoose
(Pinchon 1967; Lescure 1979; Woods 1989; Alvarez
and Gonzalez 1991). Similarly, on Ambon Island
in the Moluccas, Indonesia, introduced R. rattus,
R. exulans, M. musculus and shrews may have
displaced the native small mammal community that
should be shared with Seram Island, to which Ambon
Island had been historically joined. However, the
extensive clearance of primary forest or the estab-
lishment of introduced predators may have driven
these extinctions, alone or in concert with introduced
rodents (Helgen 2003). Also unclear is the relative
contribution of introduced Rattus, dogs and pigs to
the extinction of two endemic terrestrial murids
Melomys spechti and Solomys spriggsarum from
Buka Island, Northern Solomon Islands, Papua New
Guinea (Flannery 1995). In the Galapagos Archipel-
ago, the historical distribution of extinct rodents is
sympatric with that of feral cats while the extant
species exist only on cat-free islands. Unfortunately
the chronology of the cat introductions and spread is
not known (Dowler et al. 2000a; Dexter et al. 2004).

Introduced rodent impact on extant insular small
mammals—*‘correlative’ evidence

While extinction cause is often indeterminable, the
study of extant species obviously provides better
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opportunities to link cause with population-level
effect and explore the mechanisms of introduced
rodent impacts. However, as for the extinct species,
much of the available information is correlative
which can again make it extremely difficult to tease
apart rodent impacts from other factors. Nevertheless,
compelling cases can be constructed from studies at
multiple sites.

In Madagascar, R. rattus has penetrated remote,
undisturbed, humid forest where it can be abundant
while native rodent density and species richness are
depressed (Goodman 1995; Goodman et al. 1996,
1997; Ganzhorn et al. 2003). Although the mechanism
of displacement is uncertain, it is interesting to note
the apparent absence of evidence for negative inter-
specific impact at lower altitude sites relative to the
distributional and abundance patterns observed at
higher altitudes (Stephenson 1993, 1995; Stephenson
et al. 1994; Goodman et al. 1996, 1997; Ramana-
manjato and Ganzhorn 2001; Ganzhorn 2003;
Ganzhorn et al. 2003). A mechanism that may help
to explain this discrepancy and cast new light on the
interactions between introduced and native rodents in
Madagascar is disease transmission. With one excep-
tion, bubonic plague is known only at elevations above
about 1,000 m. Within this zone there is evidence that
the plague bacillus Yersinia pestis has transferred from
introduced to native rodents via endemic fleas and then
seems to have transferred to Tenrecinae. Experimental
and serological evidence reveals that while about 30%
of Rattus and 100% of tenrecids can survive an
epizootic, plague is 100% fatal to native rodents
(Duplantier and Duchemin 2003a, b; S. Goodman,
pers. comm.). This could explain the mass mortality in
Brachytarsomys albicauda (an endemic rodent)
observed during an apparent plague epizootic in
1932 (Robic 1937 in Duplantier and Duchemin
2003b). This case clearly demonstrates the value of
considering ‘negative’ as well as ‘positive’ evidence
of introduced rodent impact because it was the
altitude-dependence of interspecific impact that
exposed this very plausible disease hypothesis.

In the Philippines, R. rattus and R. exulans are
abundant in disturbed habitat but appear only able to
establish in primary forests that support relatively
depauperate small mammal faunas. For example,
introduced rats are abundant in high-elevation, old-
growth forest on the naturally species-poor islands of
Negros (R. exulans and R. rattus) and Camiguin

@ Springer

(R. exulans) but they are absent or very rare in mature
forest on Leyte, Luzon and Mindanao; islands with
rich small mammal faunas (Heaney et al. 1989, 2003,
2006a, 2006b; Rickart et al. 1991). The effects of
introduced rodents on native small mammals and the
mechanisms by which the native exclude the intro-
duced species are important research priorities in the
Philippine Islands, a region with one of the highest
concentrations of endemic mammals in the world
(Heaney et al. 2003, 2006b; L. Heaney, pers. comm.).
The Philippine research suggests that invasion resis-
tance may be an important phenomenon in diverse
native mammal communities. Unfortunately, habitat
loss or modification is a real threat to the integrity of
many native communities while introduced rodents
may benefit from anthropogenic disturbance (e.g.
Ganzhorn 2003). Habitat loss is not the only threat
however, and even a healthy community in pristine
habitat may be powerless in the face of a novel
pathogen carried by an introduced rodent.

The introduction of trypanosome-infected R. rattus
to Christmas Island may have led to the loss of the
entire non-volant mammal community. The Christ-
mas Island shrew Crocidura trichura was common in
1900, one year after the introduction of R. rattus but
rare by 1909, shortly after the endemic R. macleari
and R. nativitatis were declared extinct (Table 1).
Although specimens were found in 1985, recent
surveys to detect C. trichura were not successful. All
three endemic species declined simultaneously fol-
lowing the introduction of R. rattus (Hutterer 2005;
Table 1) and this strengthens the argument for its
involvement in their decline and extinction.

In other systems, presence/absence relationships for
the same species at different sites might suggest
introduced rodent-caused displacement. For example,
in 1976, the Tres Marias deer mouse Peromyscus
madrensis of the Tres Marias Islands, Mexico, was
thriving on R. rattus-free Marfa Cleofas Island. In
contrast, it was only found away from human habita-
tions, where R. rattus is common, on Maria Madre
Island and had apparently disappeared from Maria
Magdalena Island since the introduction of R. rattus,
which was found across the island (Wilson 1991).
However, alteration of the undergrowth by introduced
herbivores on Maria Magdalena Island may have
contributed to the extirpation (Wilson 1991). Also, the
apparent absence or very low densities of the rare,
endemic silver rice rat Oryzomys palustris natator on
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Table 2 Insular small mammal species and sub-species considered threatened by introduced rodents in the IUCN Red List of

Threatened Species

Species/sub-species and Distribution Relevant major Information
Red List category threat type/s*
Emballonura semicaudata® American Samoa; Fiji; Guam 2.2 Minor influence of introduced rats

EN (Pacific sheath-tailed
bat)

Isoodon auratus
barrowensis® VU
(Golden bandicoot)

Mesocapromys
angelcabrerai® CR
(Cabrera’s hutia)

Mesocapromys auritus® CR
(Eared hutia)

Neotoma floridana smallif
EN (Key Largo woodrat)

Oryzomys galapagoensis®
VU (Galapagos rice rat)

Nesoryzomys swarthi® VU
(Santiago Galapagos
mouse)

(regionally extinct); Micronesia,
Federated States of; Palau;
Samoa; Tonga; Vanuatu

Hermite (extinct), Barrow and
Middle islands off the Pilbara
coast of Western Australia

Cuba
Cuba
Key Largo, Florida, United States

Santa Fe Island, Galapagos,
Ecuador

Santiago Island, Galdpagos,
Ecuador

2.1,22 Competition with R. rattus may
explain lower densities on

Middle Island

2.1 Competition with introduced rats
threatens survival

2.1 Competition with introduced rats
threatens survival

2.1 Potential competition with R.
rattus

2% Possibility of alien rodent

introduction is the primary
threat to O. g. bauri

2 Potential impact of introduced
rodents (R. rattus and M.
musculus)

? TUCN Red List—major threat types: 2, invasive alien species (directly affecting the species); 2.1, invasive alien species (directly
affecting the species)—competitors; 2.2, invasive alien species (directly affecting the species)—predators

* Considered the only threat to this species. All other species are subject to multiple threats

® Chiroptera Specialist Group 2000

¢ Australasian Marsupial and Monotreme Specialist Group 1996

4 Baillie 1996a
© Baillie 1996b

f Yensen and Kirkland 2000

& Gippoliti 2002
" Dowler et al. 2000b

islands in the Lower Florida Keys (e.g. Big Pine Key
and Boca Chica Key) that contain apparently suitable
habitat coincides with the presence of dense popula-
tions of R. rattus (Goodyear 1987; Forys et al. 1996;
Mitchell 2000; Perry 2006).

More convincing evidence is, however, provided
by rodent irruptions. Both the extinction of the
greater short-tailed bat M. robusta (Table 1) and the
extirpation of the endangered lesser short-tailed bat
M. tuberculata followed an irruption of R. rattus on
Big South Cape Island and Solomon Island, New
Zealand. The mechanism of displacement is unclear
but may involve one or more of predation, compe-
tition for food or disturbance of nursery roosts
(Daniel and Williams 1984; Lloyd 2005a, b).

Similarly, increased local mortality of the New
Zealand long-tailed bat Chalinolobus tuberculatus
coincided with seed mast triggered irruptions of
R. rattus in the Eglinton Valley in 1996 and 2000—
2001 and resulted in population crashes in three
separate colonies (O’Donnell 2005; Pryde et al. 2005;
C. O’Donnell, pers. comm.). An impact of R. rattus
on C. tuberculatus has now been confirmed via
experimental rat control (C. O’Donnell, pers.
comm.), the details of which are presented later in
this review. Although the mechanism(s) of R. rattus
impact on the New Zealand bat fauna remains
unknown, rat predation is clearly a major threat to
the endangered Mexican fishing bat Myotis vivesi on
islands in the Gulf of California. The terrestrial
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Abundance index (captures/100 trap nights) on Langara Taylor et al.

Pre/Post-Eradication

RN Langara Island, British

Sorex monticolus

2000; Drever

2002

Island increased by a factor of 2.4 by 4 years post-

eradication

Monitoring on Langara

Columbia, Canada

(Dusky shrew)

Island using snap-traps

# All species are native except C. russula that invaded continental France north of the Loire River and was introduced to the Channel and Atlantic French islands during the
Holocene. C. suaveolens, native to the north of France, is presently considered cryptogenic to the French Atlantic and Channel Islands (Pascal et al. 2006; M. Pascal, pers. comm.)

b MM, Mus musculus domesticus; RN, Rattus norvegicus; RR, Rattus rattus

¢ Bono, Moines and Les Mottes islands are connected during low tide by a pebble isthmus

d Comparative data for the other grid types is unavailable

roosting habits (among rocks and in rock crevices) of
this bat makes it particularly vulnerable. On some
islands with introduced rats it is found only in
relatively inaccessible rock crevices while on others
it has completely disappeared (Villa 1979; Herrera-
Montalvo and Flores-Martinez 2001). Observations
of active hunting by large numbers of rats among the
rock slides, observed attack and killing of two M.
vivesi by R. norvegicus on San Esteban Island, and an
individual R. norvegicus killing a specimen of M.
vivesi while the latter was held in a collection sack
further substantiates the rat predation hypothesis
(Maya 1968 in Blood and Clark 1998; Villa 1979).
To complete this part of the review I searched the
ITUCN Red List of Threatened Species (IUCN 2006)
for any insular small mammals that may be
threatened, at least in part, by introduced rodents
(any of the three Rattus or M. musculus). 1 used the
following search criteria: Text search: MAMMALIA;
Modifier: Exact phrase; Search in: Whole database;
Major threat types: 2 (invasive alien species (directly
affecting the species)); Systems: Terrestrial; Taxa:
Species, Subspecies/varieties, Stocks/subpopulations
and the default options were used for the other search
terms. I also ran a second search identical to the first
except for Major threat types: 1.5 (invasive alien
species (directly impacting habitat)). After reviewing
the species/sub-species information sheets for a
specific mention of introduced rodents, I identified
just five insular species and two insular sub-species
(Table 2). Of these, evidence for an impact of R.
rattus can be found for one species (Nesoryzomys
swarthi) and one subspecies (Isoodon auratus bar-
rowensis) later in this review. No additional species/
sub-species were found in the second search.

Introduced rodent impact on extant insular small
mammals—‘experimental’ evidence

So far in this review all evidence of introduced rodent
impact on extinct and extant insular small mammals
has been correlative. Although much of this evidence
is compelling, for example, the disease transmission
hypothesis in Madagascar and the circumstantial
evidence deriving from rat irruptions in New Zealand,
a population-level impact of introduced rodents is
most reliably demonstrated by monitoring the
response of a native species to introduced rodent
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repression (species removal experiment or a control
programme) or eradication. In this sense, control and
eradication programmes can be viewed as experi-
ments. Hence, in this section I compile ‘experimental’
evidence.

All of the reviewed studies provided evidence for a
negative effect, at the population-level, of introduced
rodents on insular small mammals. The evidence
in Table 3 supports a strong interaction between
R. norvegicus and shrews (Crocidura suaveolens,
C. russula and Sorex monticolus). An increase in the
abundance of C. suaveolens followed the eradication
of R. norvegicus on four islands; three in the Sept—
Tles Archipelago and one in the Moléne Archipelago
(Brittany, France). Furthermore, the response to
eradication can be separated from any effects of
environmental variation by comparison to the popu-
lation dynamics on rat-free Béniguet Island (Moléne
Archipelago) illustrating the value of comparative
‘control’ data (Pascal et al. 2005). The repression of
the dusky shrew S. monticolus was also lifted by the
eradication of R. norvegicus on Langara Island,
British Columbia (Canada). Despite some exposure
to the poison bait the post-eradication abundance
exceeded pre-eradication levels (Howald 1997; Tay-
lor et al. 2000; Drever 2002). Pre- to post- eradication
changes in abundance provided evidence of R. rattus
repression of the two Western Australian marsupials
Bettongia lesueur (Boodie Island) and I. a. barrow-
ensis (Middle Island) as well as the Anacapa deer
mouse Peromyscus maniculatus anacapae of Anaca-
pa Island, Southern California (Morris 2002;
Gellerman 2007). Post-eradication expansion across
entire islands strongly suggested that two species
(C. suaveolens and B. lesueur) had been locally
displaced by introduced Rartus species (Morris 2002;
Pascal et al. 2005). The possibility that C. suaveolens
was actually absent from Les Mottes Islets (Brittany,
France) and has recolonised from a neighbouring
island since the eradication of R. norvegicus also
supports this theory (Pascal et al. 2005). Introduced
rodent control programmes may also provide useful
data as illustrated by the greater survival of the New
Zealand long-tailed bat C. tuberculatus in R. rattus-
poisoned colonies versus a control colony during a
R. rattus irruption year. Survival in the poison baited
colonies also exceeded that of previous irruption
years when rats were not controlled (C. O’Donnell,
pers. comm.). In addition, a trial selective poisoning

programme revealed that M. m. domesticus represses
the abundance and possibly the survival of the native
mouse Leggadina lakedownensis on Thevenard
Island, Western Australia (Moro 2001). Certainly,
M. m. domesticus has a strong repressive effect on
the abundance of the gray-bellied dunnart Sminth-
opsis griseoventer boullangerensis of Boullanger
Island, Western Australia, as demonstrated during a
replicated M. m. domesticus removal experiment
(Dickman 1992). Finally, a 10 month replicated
R. rattus removal experiment revealed evidence for
a competitive impact of R. rattus on the endemic rice
rat N. swarthi of Santiago Island, Galdpagos (Harris
and Macdonald 2007).

These studies provide clear demonstrations of
introduced rodent impact on insular small mammals.
However, the mechanism of impact is unknown in all
cases except one. By monitoring the response of N.
swarthi and R. rattus to a replicated resource
supplementation experiment with patchy, scattered
and no supplementary food (control) grids, Harris and
Macdonald (2007) were able to identify the mecha-
nism of impact as interference competition (by
aggressive encounter). This is because despite gain-
ing mass, the immigration and residency of female,
relative to male N. swarthi, were repressed in
response to an increase in R. rattus density regardless
of the extra food and the dispersion of the food.
Results from both this experiment and a R. rattus
removal experiment permitted the elimination of
alternative mechanisms (Harris and Macdonald
2007).

Discussion
Impact

Introduced rodents are often the prime suspects when
hypothesising about probable causes of extinction
and endangerment in small mammal species on
islands (e.g. Clark 1984; Goodyear 1992; Carleton
and Olson 1999). In support of such conjecture, I
have reviewed some compelling circumstantial, cor-
relative and experimental evidence. However, one of
the main problems with much of the non-experimen-
tal data is the frustrating inability to eliminate
alternative hypotheses such as habitat degradation
or the impact of other introduced species (e.g. Helgen
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2003). Even when confounding factors can be ruled
out it is usually impossible to isolate the mechanism
of introduced rodent impact because competition,
predation, disease or all three may contribute to the
observed patterns of decline and extinction in native
mammals (e.g. Daniel and Williams 1984; Hutterer
et al. 1988; Pascal et al. 2005). Nevertheless, in
recent years, the opportunity to identify, quantify and
explore introduced rodent impact has been exploited
during eradication campaigns and by field experi-
ment. This work, reviewed here, provides the most
convincing support for a causal relationship between
the presence of introduced rodents and the decline or
extinction of native small mammals on islands
because system manipulation allows the elimination
of confounding factors. However, although all of the
experimental studies of which I am aware demon-
strated a negative effect of introduced rodents, studies
that conclude no effect or are inconclusive may
remain unpublished.

Of the four introduced rodents reviewed here,
R. rattus has been linked to the vast majority of
extinctions and current impacts on native insular
small mammal species. This finding concords with
two recent global impact reviews: Towns et al. (2006)
found that of the three Rattus species, R. rattus is
associated with declines or extinctions of the greatest
number of native vertebrate species (60 species) and
has recorded effects on the widest range of species.
Similarly, Jones et al. (2008) found that R. rattus
preyed on the most seabird species and had the largest
mean seabird population impact of the three Ratfus
species. The extensive anthropogenic spread of
R. rattus to islands across the globe in conjunction
with its ecological plasticity may explain why it has
accumulated recorded effects on the most native
vertebrate species (Clark 1980; Towns et al. 2006;
Global Invasive Species Database 2007). By compar-
ison, R. norvegicus is also widespread but is more
common at higher northern and southern latitudes and
tends to be restricted to human-modified habitats in
the warmer parts of its range (Musser and Carleton
2005; e.g. Traveset et al. 2008). Furthermore, it is
mainly terrestrial while R. rattus and R. exulans are
adapted for both terrestrial and arboreal activity
(Musser and Carleton 2005). The latter has the most
restricted distribution of the three Rattus species and
its Pacific confinement (Musser and Carleton 2005)
may explain the relative paucity of documented
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impacts on small mammals by this rat. Finally, while
the inter-island distribution of M. musculus may not
be limited by introduced rats there is accumulating
evidence that its density is repressed by the latter and
interference competition has been demonstrated (Mi-
col and Jouventin 2002; Russell and Clout 2004; Caut
et al. 2007; Harris and Macdonald 2007; Witmer et al.
2007). An increase in reported mouse impacts could
therefore be imminent as mice are proving difficult to
eradicate and are being left behind as the last
introduced mammal in an increasing number of island
restoration projects. When freed from the constraints
of competition and predation introduced mice may
inflict substantial damage (Howald et al. 2007;
Wanless et al. 2007; Angel et al. 2008; Simberloff
2008). For example, the summer density of M. m.
domesticus reaches 700 mice per hectare on Boullan-
ger Island, where it is the only introduced mammal (A.
Burbidge, pers. comm.), and strong repression of the
critically endangered marsupial S. g. boullangerensis
has been demonstrated (Table 3; Dickman 1992). On
this note, the competitive release of M. musculus
following the eradication of introduced Ratfus popu-
lations could result in underestimation of Rattus
impact on native species as ascertained by pre-and
post-eradication monitoring data.

In conclusion, the suggestion that R. rattus is the
most detrimental of the introduced rodents per se has
to be viewed with some caution. This hypothesis is
yet to be tested through the provision of better
evidence, from experiments and eradication/control
programmes (e.g. Towns 2008).

Mechanism

It should be easier to elucidate mechanisms of biotic
interaction in invaded relative to natural communities
because of the limited opportunity for coevolution
between the introduced and the native species
(Mooney and Cleland 2001), yet only one study in
this review has demonstrated a mechanism convinc-
ingly (interspecific interference competition—Harris
and Macdonald 2007). While niche overlap between
introduced rodents and insular small mammals has
been identified by studies of resource and microhab-
itat use (Goodyear 1992; Goodman 1995; Gregory
2006; Harris et al. 2006) further investigation is
required before resource competition can be
confirmed. In contrast to our lack of knowledge
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regarding the importance of interspecific competition
between introduced rodents and native small mam-
mals, a great deal is known about small mammal
interactions in natural communities. Many experi-
mental studies in rodent communities have provided
evidence of competition (reviewed in Connell 1983;
Schoener 1983; Eccard and Ylonen 2003). For
example, 17 of 19 studies on rodents detected
competition in a review by Schoener (1983).
Although this manipulative field approach has been
used to study competition between introduced and
native rodents (mainland examples: Fox and Pople
1984; Stokes et al. 2006 and insular example: Harris
and Macdonald 2007), case studies are rare. The
reason for this discrepancy is unclear. Where it
occurs, competition between introduced and native
species should be more intense (than native—native
competition) due to the limited time for character
displacement and niche separation to evolve (e.g.
Goodyear 1992; Petren and Case 1996 and references
therein; Mooney and Cleland 2001). It seems that the
lack of evidence for competition may well reflect a
lack of experimental research in this field.

Disease transmission appears to have caused at
least four of the 11 extinctions for which I could find
evidence of introduced rodent involvement and may
represent the main threat to the endemic Madagascan
rodent fauna. This suggests that the transmission of
novel parasites and diseases from introduced rodents
to native small mammals (e.g. Pickering and Norris
1996; Goodman and Benstead 2003; Asakawa 2005;
Smith and Carpenter 2006) should be a significant
cause for concern. Rodent eradication may no longer
be the silver bullet under such circumstances and
conservation plans may need to be revised.

8The evidence for predation of insular small
mammals by introduced rodents is limited. One
problem is the inability to distinguish between preda-
tion of live animals and scavenging. For example,
fragments of the bat M. vivesi were found in stomachs
of R. rattus on Rasa Island, Gulf of California (J. Flores,
pers. comm.) and R. rattus were observed in two fallen
roost trees in Northland, New Zealand, in which 29 of
40 skeletons of the bat M. tuberculata were discovered
with signs of rat predation (Lloyd 2005b). In neither
case, however, can we conclude that the rats killed the
bats. Long-term video surveillance reveals predation at
colonial summer roosts of M. tuberculata to be rare
(Lloyd 2005b). More convincing, however, is the

combination of reports of R. norvegicus Kkilling
M. vivesi, observations of rats hunting in rockslides
and the disappearance of M. vivesi from rat-inhabited
islands in the Gulf of California (Maya 1968 in Blood
and Clark 1998; Villa 1979; Herrera-Montalvo and
Flores-Martinez 2001). The evidence for predation of
insular rodents is also limited: there have been
observations of R. rattus preying on newborn
O. p. natator in the Lower Florida Keys (Forys et al.
1996) and adult P. m. anacapae on Anacapa Island
(Gellerman 2007) but the frequency and impact of this
behaviour is unknown.

It is now recognised that an understanding of
mechanism can increase the efficiency of manage-
ment action (Park 2004). For example, by identifying
the mechanism of competition as encounter interfer-
ence competition, rather than indirect exploitation
competition, El Nifio episodes or wet years with their
associated resource booms might be considered
potential risk periods for N. swarthi on Santiago
Island, Galapagos. This is because the predicted
boom in R. rattus is likely to outweigh any advantage
of the flourishing resource base to N. swarthi.
Vegetation recovery following the recently com-
pleted eradication of introduced herbivores may
similarly enhance resource levels, perhaps tipping
the competitive advantage in favour of the r-selected
R. rattus so the system should be closely monitored
(Harris 2006; Harris and Macdonald 2007).

The importance of impact evidence

As our ability to eradicate rodents continues to
improve we have greater capacity to protect threa-
tened species and restore island ecosystems (Towns
et al. 2006; Howald et al. 2007). However, evidence
of negative impacts by introduced rodents is essential
to enable us to prioritise and justify eradication
campaigns and funds (Towns et al. 2006). Further-
more, while selective poisoning of introduced rodents
is possible on smaller islands, eradication attempts on
large islands with native small mammals are high-risk
operations due to the necessity for aerial dispersion of
bait and thus the high probability of non-target
poisoning. In such situations, captive holding/breeding
or translocation (followed by reintroduction) may be
necessary to protect a viable subset of the native small
mammal population. It is important in any eradication
campaign but particularly where the risk of poisoning
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non-target species is high, that we have evidence of the
negative impacts of introduced rodents so that we can
weigh up the projected benefits of eradication against
the risks associated with ex-situ management and non-
target in-situ loss. Reliable impact evidence should
also help to convince opposition groups (Towns et al.
2006) who may be particularly concerned about
poisoning campaigns involving non-target effects and
who may even claim that there is no credible evidence
of introduced rodent impacts on native flora and fauna
(e.g. Craig 1986 in Towns et al. 2006). Where evidence
is not available for a particular species or ecosystem,
robust data for a similar species or ecosystem could
potentially be used to illustrate the effects of intro-
duced rodents.

Recommendations

The literature reviewed in the ‘experimental’ evi-
dence section is a testament to the scientific potential
of eradication programmes as large-scale experi-
ments, especially where results can be compared to a
‘control’ island or islands. It is crucial, in this age of
increasingly ambitious eradication campaigns, that
the opportunities for pre- and post- eradication
monitoring are seized so that we can quantify the
impacts of introduced species (Lorvelec and Pascal
2005; Pascal et al. 2005; Towns et al. 2006; Howald
et al. 2007; Jones et al. 2008). Where non-discrim-
inatory baiting is the only option to achieve
eradication it is important to ensure that good quality
baseline data is collected prior to native species
mitigation (translocation, captive holding etc.) for
comparison to data from post-eradication/reintroduc-
tion monitoring. The post-eradication monitoring
period must be of sufficient duration to detect an
effect of rodent removal. This period will be deter-
mined by the life history of the native species and
where appropriate the ex-situ mitigation measures
employed (e.g. translocation and reintroduction) or
the in-situ impact (e.g. non-target poisoning).

The benefits of an adaptive management or
“research-by-management” (Innes et al. 1999)
approach to tackling introduced species are becoming
increasingly expounded upon in the scientific literature
with an emphasis on management experimentation.
This includes viewing control and eradication pro-
grammes as experiments, at an ecosystem level, with
monitoring of native species before, during and after
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introduced species removal. Even better, a preliminary
experimental approach involving localised replicated
species removal can provide quantitative evidence of
the impact of the introduced species on native species/
ecosystems. Such an approach should allay ethical
fears and uncertainty regarding the benefits of intro-
duced species removal while simultaneously advising
on feasibility and predicting consequences of control/
eradication prior to the initiation of an expensive
campaign (Courchamp et al. 2003; Park 2004; Towns
et al. 2006).

A variety of techniques can be applied to explore
the potential mechanisms driving the impacts of
introduced rodents on native small mammals.
Removal experiments, resource manipulation exper-
iments and behavioural observation can all be used to
investigate mechanisms of competition (e.g. Ovadia
et al. 2005; Stokes et al. 2006; Harris and Macdonald
2007). Predation can be detected and quantified using
one or more of direct observation (e.g. Gellerman
2007), filming nests (e.g. Wanless et al. 2007), radio
tracking (e.g. Sommer 2000), spool and line tracking
(see methods in Harris et al. 2006), fluorescent
powder tracking (e.g. Fellers 2000) and dietary
analysis techniques (e.g. Caut et al. 2008). The
detection of introduced parasites could be greatly
facilitated by conducting parasitological surveys of
insular small mammal species and communities that
may become exposed to introduced rodents. Alterna-
tively, where baseline parasitological data are absent
and introduced rodents are present, comparisons of
parasite fauna of native populations in the presence
and absence of the introduced rodent (e.g. on island
archipelagos—Smith and Carpenter 2006) should be
conducted. Rigorous tests can then be employed to
assess the immunological, demographic, and ecolog-
ical impacts of introduced parasites. As the removal
of the introduced host may cause the impact of a
shared, introduced parasite to intensify, the fate of
shared parasites following rodent eradications is an
important research priority (Smith and Carpenter
2006).

Increased research effort on the impacts of intro-
duced rodents on insular small mammals should be
part of a greater, global attempt to direct much-
needed attention to the latter. If we fail to bring these
less charismatic members of island communities into
the conservation spotlight a large number of small
mammal extinctions may be imminent (Amori et al.
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2008). This review suggests that since 1500 the
introduced rodents R. rattus, R. norvegicus, R.
exulans, and M. musculus have together caused at
least 16% of insular small mammal species extinc-
tions. As the cause of insular small mammal
extinctions remains unknown in 59% of cases, 16%
is a minimum estimate that may, in reality, be much
higher. Furthermore, based on the knowledge cur-
rently available, the threat of introduced rodents to
extant insular small mammals seems low when we
consider that just five species and two sub-species are
believed to be affected by introduced rodents accord-
ing to the [UCN Red List (IUCN 2006). Two factors
suggest that the impact of introduced rodents has
been underestimated: firstly rats have reached over
80% of the world’s major island groups (Atkinson
1985) and secondly, whenever the interaction
between introduced rodents and native, insular small
mammals has been subject to experimental investi-
gation a negative impact has been found.
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