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Abstract

How introduced reptiles cause the loss of endemic reptiles is poorly understood and currently there are no available techniques
for dealing with this major conservation issue. We addressed both these problems by investigating the role of the introduced house
gecko Hemidactylus frenatus in causing the catastrophic decline and extinction of the endemic night gecko Nactus populations of the
Mascarene Islands and how this introduced species can be excluded from habitats on the basis of morphology. Competition for
enemy free space was tested in experimental enclosures and showed that H. frenatus displace the endemic Nactus coindemirensis and
Nactus durrelli from favoured positions close to and from refugia, thus increasing the risk of predation and exposure to stochastic
events. The ability of H. frenatus to grip substrates with their pad-bearing toes was examined, and we demonstrated that naturally
occurring substrates with a greater amount of loose surface material of a higher particulate concentration and size excludes H. fren-
atus, but not Nactus. These Wndings support the hypothesis that H. frenatus led to the fragmentation and extinction of the endemic
Nactus populations and demonstrate that artiWcial refugia made of a crumbly substrate may be used to limit future disturbances by
this gecko and others like it in the Mascarene Islands and elsewhere.
  2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The mechanisms promoting the co-existence of spe-
cies are a major issue in ecology, as these fundamental
processes aVect community structure and organisation
(Tokeshi, 1999). The introduction of alien species into
established assemblages typically has the eVect of dis-
rupting these processes, frequently leading to the extinc-
tion of native species. For example, three-quarters of all
recorded animal extinctions in the last 400 years have
occurred on small remote islands rich in endemic species,
and two-thirds of these have been attributed to intro-
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duced species (World Conservation Monitoring Centre,
1992).

Reptile extinctions, in particular, have occurred
exclusively on islands leading to a signiWcant, but largely
unpublicised, decline in global biodiversity (Case et al.,
1992; Gibbons et al., 2000). The major process contribut-
ing to this decline is believed to be predation by intro-
duced mammals (Case and Bolger, 1991), as exempliWed
in the decline of New Zealand reptiles (Towns et al.,
2001). However, the introduction of non-native reptile
species can have equally dramatic impacts upon island
reptile assemblages (Case and Bolger, 1991; Rodda and
Fritts, 1992). Yet, unlike predation, there are few docu-
mented cases where competition has been implicated as
the causal mechanism underlying the extinction of rep-
tile species in particular, or endemic species generally
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(Case and Bolger, 1991; Mooney and Cleland, 2001).
Competition between species can occur where an intro-
duced species occupies the same microhabitat, operates
along the same temporal niche and utilises the same
resource(s) as resident species (Pianka, 1973). Competi-
tive interactions are also thought to be most intense
between morphologically similar species, but with larger
species generally at a competitive advantage over smaller
species (Pacala and Roughgarden, 1982; Losos, 2000;
Melville, 2002). The paucity of evidence for competition
as a causal mechanism for extinction may possibly be
because interactions between invasive and native com-
petitors can occur without any obvious direct negative
eVects, thereby making long-term deleterious eVects diY-

cult to measure (Crawley, 1986; Petren and Case, 1996).
However, given the increasing rate at which reptiles are
being introduced around the world, and increasing evi-
dence that they may have signiWcant competitive
impacts on resident species, we need to understand the
role of competition in driving extinction events (Rodda
and Fritts, 1992; Losos et al., 1993; McCoid, 1993; Case
et al., 1992, 1994; Petren and Case, 1998; Losos and
Spiller, 1999; Brown et al., 2002). From a conservation
perspective, a thorough understanding of these processes
is also a fundamental requirement before management
protocols can be applied successfully.

The nocturnal house gecko Hemidactylus frenatus has
the widest non-native distribution of its genus and has
displaced native gecko species on many islands where it
has been introduced (Case et al., 1994; Perry et al., 1998),
including the Mascarene Islands. These once contained
one of the richest endemic reptilian assemblages known
but, following the introduction of H. frenatus, night gec-
kos of the genus Nactus have undergone a catastrophic
reduction in distribution, with extinction events on the
islands of Réunion, Rodrigues and mainland Mauritius
(Arnold, 2000). Until this study, relict populations of
N. coindemirensis, N. durrelli and N. serpensinsula were
only known to persist on Wve Mauritian islets free of H.
frenatus (Fig. 1). Given that these Nactus species coex-
isted with mammalian predators on some of these islets,
it has been hypothesised that the presence of H. frenatus
rather than predation by mammals has been the major
determinant of their current distribution (Arnold and
Jones, 1994; Arnold, 2000). Yet the process(es) underly-
ing these impacts are unknown: one possible mechanism
that may have led to the decline of the night geckos is
competition for refugia, resulting in increased exposure
to predation and risk from stochastic events, and the
extirpation/extinction of native species (Holt and
Lawton, 1994).

However, in 2003 a new night gecko population was
discovered on Flat Island (253 ha) to the north of Mauri-
tius (Fig. 1); individuals of this population bore similari-
ties to N. coindemirensis, although their speciWc identity
is under review (E.N. Arnold, Pers. Commun.). System-
atic nocturnal searches (>600 man-hours) revealed that
H. frenatus was present across the islet, except for a sin-
gle outcrop (<0.05 ha) of broken powdery tuV rock
inhabited by the night gecko population. This is the only
known location where a night gecko population survives
in the presence of H. frenatus. Consequently, the mecha-
nism(s) that allow these populations to exist in sympatry
are of considerable theoretical and applied interest, as
they may help identify a practical means for promoting
the conservation of endemic reptile species in the pres-
ence of non-native competitors.

Given that H. frenatus have invaded the same micro-
habitats, operate along the same temporal niche and uti-
lise the same resources as the night geckos (NCC,
unpublished data), diVerences in morphology are possi-
bly one factor promoting their co-existence on Flat
Island. The greatest morphological diVerence between H.
frenatus and the night geckos is foot morphology: night
geckos grip with slender clawed toes whereas H. frenatus
have toe pads that grip through van der Waals forces
(Autumn et al., 2002), representing adaptations to climb-
ing rough and smooth surfaces respectively (Zani, 2000).
On Flat Island, these diVerences may, therefore, have
enabled night geckos to survive in the presence of H.
frenatus on the rough and crumbly surface of the pow-
dery tuV rock. Those islands successfully colonised by H.
frenatus, where night gecko populations no longer exist,
are formed from basalt or are coralline islands and do
not contain powdery tuV rock.

In this paper, we have used an experimental approach
to test two key hypotheses. First, that competitive exclu-
sion from refugia by H. frenatus is likely to have been
responsible for the decline of the Mascarene night gec-
kos. Second, that diVerences in foot morphology and

Fig. 1. Distribution of Hemidactylus frenatus (Hf), Nactus coindemiren-
sis (Nc), N. durrelli (Nd), N. serpensinsula (Ns) and the newly discov-
ered, as yet unidentiWed night gecko population (N sp.) of Mauritius.
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substrate structure have formed an ecological barrier
allowing the co-existence of the Flat Island night gecko
population and H. frenatus. Finally, we discuss the
implications of this work for the conservation of reptile
species.

2. Methods

2.1. Competitive exclusion experiments

Four experimental enclosures were constructed on Ile
aux Aigrettes, a 26 ha nature reserve (Fig. 1), in terrain
similar to habitats occupied by night geckos on other
islets. Each enclosure consisted of a sheet of aluminium
Xashing (950 £ 50 cm) cemented into the ground
(depth D 10 cm) to create a circular arena (diameter
� D 300 cm). Both sides of the arena were painted with
lithium grease to prevent individuals entering or leaving
(Rodda et al., 2001). At the centre of each enclosure we
constructed a refugium by digging a pit (40 � £ 30 cm)
containing several layers of rock covered with leaf litter:
concentric rings of polypropylene string were placed at
20 cm intervals from the centre so that the distance of
geckos from the refugium could be quantiWed.

Initially each enclosure was stocked with 12 adult
individuals (six male, six female) of a single species
(Table 1): H. frenatus snout vent length (SVL) D 50.0 mm
(§3.0 SD), mass D 3.0 g (§0.6 SD); N. coindemirensis
SVL D 30.8 mm (§2.3 SD), mass D 0.7 g (§0.2 SD); N.
durrelli SVL D 49.4 mm (§2.6 SD), mass D 3.5 g (§0.5
SD); N. serpensinsula was excluded because of the prob-
lem of obtaining specimens from their remote location
and the possible impact upon the currently unknown
population size. After a Wve-day habituation period, we
recorded the mean distance of the 12 geckos from the
refugium 8 h after sunset, when geckos start to move
closer to and enter diurnal refugia, for eight consecutive
days.

After eight days we removed six individuals (three
males, three females) from each enclosure, and placed
endemic and introduced species in sympatry in each of
two enclosures (Table 1): for both endemic species, one
enclosure had previously been occupied by H. frenatus
and one by the corresponding native species. We then
recorded the mean distance from the refugium of the six
individuals of each species in each enclosure for a further
eight days. In addition, we recorded the number of toes
and tails lost by individuals during the experiment as a
measure of the pattern of intra- and inter-speciWc inter-
action.

The mean distance from the refugium in each enclo-
sure across the eight-days of each experiment was
analysed separately for each species using repeated-mea-
sures analysis of variance (ANOVA) followed by
Tukey’s post hoc comparisons. Models included the fol-
lowing terms: “night” was used to determine whether the
distance from refugia was consistent between nights of
observation throughout the experiments; “presentation”
was used to determine whether prior occupancy of the
enclosure by a species aVected the distance from refugia;
and “isolation/sympatry” was used to test for the treat-
ment eVects of H. frenatus being added to N. coindemir-
ensis and N. durrelli and vice versa. We added a further
“group” factor when analysing distances for H. frenatus
to determine if the two sets of 12 individuals (Table 1)
reacted consistently to treatments.

2.2. Substrates, surfaces and gripping ability

Flat Island is low-lying with a raised ridge (summit
102 m) along the south-western coast and is classiWed as
a volcanic tuVaceous island topped with a basaltic layer
covering most of the low-lying area (Saddul, 2002): most
of the ridge remains as exposed tuV with very little vege-
tation. The newly discovered night gecko population
occupies the small patch of weathered scree of powdery
tuV rock at the base of the ridge. This scree is surrounded
by compacted tuV rock, basalt rock and sparsely vege-
tated Casuarina equisetifolia tree trunks, all of which are
occupied by H. frenatus.

We used a spring scale attached to a nylon noose fas-
tened around the body behind the forelegs of 20 adult H.
frenatus to determine the maximum force required to
displace individuals from each of the four substrates:
Casuarina tree trunks, basalt rock, compacted tuV rock
and powdery tuV rock. Each individual underwent three
trials in each substrate; the maximum force required to
dislodge each individual was used for analyses: the site
of attachment and order of presentation to each sub-
strate was undertaken at random. To prevent loose par-
ticles adhering to the feet, we allowed individuals to lick
their feet clean for at least 2 h between trials.

To obtain the mass of loose material on each sub-
strate, a 90 cm2 strip of heavy-duty adhesive tape was
stuck adjacent to each attachment site (n D 80), ensuring
Table 1
Stocking arrangements of geckos in four enclosures for isolated and sympatric species enclosures

Enclosure “Isolation” enclosures “Sympatric” enclosures

1 6#:6$ Nactus coindemirensis 3#:3$ Nactus coindemirensis + 3#:3$ Hemidactylus frenatus Group 1
2 6#:6$ Hemidactylus frenatus Group 1 3#:3$ Hemidactylus frenatus Group 1 + 3#:3$ Nactus durrelli
3 6#:6$ Nactus durrelli 3#:3$ Nactus durrelli + 3#:3$ Hemidactylus frenatus Group 2
4 6#:6$ Hemidactylus frenatus Group 2 3#:3$ Hemidactylus frenatus Group 2 + 3#:3$ Nactus coindemirensis



470 N.C. Cole et al. / Biological Conservation 125 (2005) 467–474
full contact between tape and substrate. Adhering mate-
rial was then removed with white spirit, dried and
weighed. DiVerences between substrates with respect to
dislodging forces and mass of loose material were ana-
lysed using Friedman and Kruskal–Wallis tests respec-
tively, with appropriate post hoc comparisons (Siegel
and Castellan, 1988).

The concentration of material adhering directly to
gecko toe pads was quantiWed using a further six adult
H. frenatus. Each animal was placed on a randomly
selected site on each substrate in a random order; imme-
diately after attachment, the front right foot was placed
onto a segment of gelatine. A further sample was then
obtained by pressing gelatine directly onto the substrate
adjacent to the point of attachment. We calculated the
concentration of particles from gel samples as the num-
ber of particles within 1 cm2 at 100£ magniWcation. The
mean particulate size of samples was calculated by mea-
suring the surface area of ten randomly selected particles
(n D 180) from each sample to the nearest 10 �m. Loose
particles were not obtained from the Casuarina tree
trunks using the gelatine sampling protocol; conse-
quently, this substrate was excluded from this analysis.
DiVerences between root-transformed particulate con-
centrations of each substrate surface and adhering
to gecko feet were tested using one-way and repeated-
measures ANOVA respectively. DiVerences in root-
transformed particulate size between the substrates were
tested using one-way ANOVA. DiVerences between
substrates were identiWed using Tukey’s post hoc
comparisons.

In all statistical analyses, variables and residuals met
the underlying assumptions for each respective test.
Analyses were conducted using Minitab (Release 13.31,
2000). Results were considered signiWcant where
� < 0.05.

3. Results

3.1. Competitive interactions

For both endemic species, the pattern of presentation
of species and the night on which observations were
made did not aVect distance from refugia (Table 2(a)
and (b)): mean distance from refugia increased when in
sympatry with H. frenatus (Fig. 2). Conversely, for H.
frenatus, the mean distance from refugia did not diVer
signiWcantly between the two groups of individuals, or
when in sympatry with either night gecko species
(Fig. 2): the pattern of introduction did not signiWcantly
aVect distance to refugia, but there was a signiWcant
diVerence between the night of observation (Table 2(c)),
with individuals being closer to the refugium on the one
night when it rained. Interactions between H. frenatus
and both N. coindemirensis and N. durrelli were mostly
aggressive, with the former frequently observed stalking,
lunging towards and biting the latter, e.g., two individual
N. coindemirensis lost toes, a further two individuals lost
their tails and one male was predated.

3.2. Surfaces and gripping ability

The force required to dislodge H. frenatus diVered sig-
niWcantly between the four substrates (Friedman test:
�2 D 60.0, d.f. D 3, n D 20, p < 0.001), and there was also a
signiWcant diVerence in the mass of loose material
obtained from each substrate surface (Kruskal–Wallis
test: �2 D 59.45, d.f. D 3, n D 80, p < 0.001, adjusted for
ties). Post hoc comparisons indicated that dislodging
force decreased as the mass of loose material increased
(Fig. 3(a)). There was a signiWcant diVerence between

Table 2
Repeated measures ANOVA of the distances from the refugium for N.
coindemirensis (a), N. durrelli (b) and H. frenatus (c)

Source SS d.f. MS F p

(a) Nactus coindemirensis
Night 1743.5 7 249.1 2.06 0.119
Presentation 1556.4 1 8.5 0.07 0.795
Isolation/sympatry 3905.9 1 3905.9 32.27 <0.001
Error 1694.6 14 121.0

Total 8900.4 23

(b) Nactus durrelli
Night 712.1 7 101.7 0.57 0.766
Presentation 2361.5 1 291.8 1.64 0.221
Isolation/sympatry 2500.4 1 2500.4 14.08 0.002
Error 2485.7 14 17.5

Total 8059.7 23

(c) Hemidactylus frenatus
Night 9823.4 7 1403.3 11.46 <0.001
Presentation 114.8 1 312.5 2.55 0.119
Isolation/sympatry 407.4 2 203.7 1.66 0.203
Group 107.0 1 107.0 0.87 0.357
Error 4424.5 36 122.9

Total 14877.2 47

Fig. 2. Gecko distances (means + SD) from refugia in “isolation”
enclosures (closed columns) and in “sympatric” enclosures (open col-
umns). SigniWcant diVerences between treatments for each species/
group are indicated by diVerent italicised letters.
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substrates with respect to particulate concentration from
the substrate surface (oneway ANOVA: F2,15 D 236.65,
p < 0.001) and that adhering to geckos’ feet (repeated-
measures ANOVA: F2,10 D 80.42, p < 0.001): particulate
concentration increased on both substrate surface and
feet in tandem (Fig. 3(b)). Particulate sizes obtained
from the three substrates were signiWcantly diVerent
(ANOVA: F2,177 D 14.20, p < 0.001), with particles from
the powdery tuV rock having a larger surface area. Over-
all, therefore, powdery tuV rock had a signiWcantly
greater mass of loose material and particulate concentra-
tion than the other substrates, resulting in larger parti-
cles adhering to the feet of H. frenatus and signiWcantly
reducing the force required to dislodge them.

4. Discussion

The spatial segregation of H. frenatus and the night
geckos throughout the Mascarene islands is reXected in

Fig. 3. The median + upper quartile mass of loose material (open col-
umns) and adhesive force of gecko attachment (Wlled columns) for
each substrate (a), and the means + SD particulate concentrations
obtained from substrate surface (open columns) and gecko toes (Wlled
columns) for each substrate (b). SigniWcant diVerences between each
independent variable are indicated by diVerent italicised letters.
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an analogous situation in the Mediterranean where the
lacertid lizard, Podarcis sicula has spread and replaced
the native P. melisellensis throughout coastal areas and
numerous islands (Nevo et al., 1972). Following experi-
mental introductions of P. sicula to islands inhabited by
P. melisellensis it was suggested that the former species
were competitively excluding the natives (Radovanovic,
1965). However, the causal mechanism of this putative
exclusion has only recently been demonstrated using
experimental enclosures to show that juvenile P. sicula
outcompete juvenile P. melisellensis for microhabitats of
preferred thermal properties through asymmetric aggres-
sive interactions, thus aVecting growth and Wtness of P.
melisellensis (Downes and Bauwens, 2004). In this study,
we also demonstrate that in experimental enclosures
asymmetrical aggressive interactions are responsible for
the competitive exclusion of both N. coindemirensis and
N. durrelli from daytime refugia by H. frenatus, such that
individuals of native species were forced to occupy areas
approximately twice as far from refugia in the presence
of H. frenatus versus its absence (Fig. 2). For ethical rea-
sons, the number of night geckos used was kept to a min-
imum and therefore replicates of the experiment with
diVerent groups of geckos were not performed. It was
also deemed unethical to test directly whether the pattern
of exclusion increased the rate of predation of endemic
species through experimental introductions of H. frenatus
to night gecko-populated islands, as conducted for the
lacertids in the Mediterranean (Radovanovic, 1965).
However, being pushed further from the safety of refugia
is certainly likely to increase the risk of being predated
and increases vulnerability to adverse weather condi-
tions, such as cyclones (Schoener et al., 2001). Further-
more, the loss of toes and tails has been shown to reduce
locomotion and gripping ability: tail loss decreases
growth, reduces fecundity, reduces home range size and
enhances loss of territories in other lizard species
(Mahendra, 1941; Ballinger and Tinkle, 1979; Dial and
Fitzpatrick, 1981; Salvador et al., 1996; Martin and
Avery, 1998). Tail regeneration in females of some gecko
species can also inhibit reproduction (Henle, 1990).
Therefore, in addition to the likely increased mortality
risk arising from exclusion from refugia, the injuries sus-
tained by night geckos through direct aggressive interac-
tions with H. frenatus are likely to have a further direct
impact upon the survival of individuals, especially the
smaller N. coindemirensis.

The synergistic eVects of exclusion from refugia and
mammalian predation are evident from the known pat-
tern of extirpation and extinction of Nactus species in
the Mascarenes. For example, the presence of brown
rats Rattus norvegicus on Gunners Quoin (Fig. 1) from
the mid 19th Century until their eradication in 1995
(Bell, 2002) undoubtedly led to the localized extinction
of several larger endemic reptiles (Cheke, 1987), but
did not lead to the extirpation of the population of
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N. coindemirensis (Bullock et al., 1985); following the
removal of rats, this population has since increased in
abundance and distribution (NCC, unpublished data).
The presence of predatory mammals alone did not,
therefore, lead to the extirpation of this population. Yet,
islands colonized by both H. frenatus and predatory
mammals, including cats Felis catus, ship rats R. rattus
and musk shrews Suncus murinus (Bell, 2002; Varnham
et al., 2002) no longer support night gecko populations
(Fig. 1). These data are, therefore, consistent with the
hypothesis that competition with H. frenatus in conjunc-
tion with predation by introduced mammals has been
responsible for the loss of endemic night geckos from
islands in this archipelago. It is also likely that, in the
presence of H. frenatus, some avian and reptilian preda-
tors may have been just as important, if not more impor-
tant in determining the current distribution of the night
geckos due to exclusion from refugia.

Further support for the hypothesis of the parallel
roles of predation by and competition with introduced
species in driving Nactus population changes is apparent
with the discovery of the new night gecko population on
Flat Island. In this instance, this population appears to
have survived in the presence of both a substantial H.
frenatus population and a history of colonization by cats
and ship rats (Cheke, 1987; Bell, 2002) because of the
spatial segregation between native and non-native gecko
populations aVorded by their morphological diVerences.
H. frenatus is able to colonize locations outside its natu-
ral range successfully because of its small size and
aggressive, anthropophilic and generalist nature. In part,
however, its ability to saturate an environment is due to
its highly specialized scansorial toes, which are adapted
for gripping smooth surfaces through dry adhesion pro-
vided by van der Waals forces (Zani, 2000). The mean
force (§SD) required to pull H. frenatus from clean Xat
surfaces in laboratory conditions is 1.00 (§0.31) N (Irs-
chick et al., 1996). In this study, a similar force was
required to dislodge individuals from smooth Casuarina
tree trunks (1.21 § 0.24 N), but this decreased as the
amount of loose material on substrate surfaces increased
(Fig. 3a).

The decreased ability of H. frenatus to grip a crumbly
surface on Flat Island is not a failure of the van der
Waals forces, but a failure of the substrate surface. As
the setae bond to a surface covered with a high concen-
tration of loose particles, they become saturated, leaving
only small areas for secure attachment, and this is made
worse by particles with a large surface area adhering to
larger numbers of setae. For these reasons, powdery tuV

rock is a most undesirable surface for H. frenatus to
climb and is a likely explanation for the observed distri-
bution of this gecko on Flat Island. Powdery tuV rock is
therefore acting as an ecological barrier preventing the
colonisation of this microhabitat by H. frenatus, thus
creating a competitor-free space for the night geckos,
which are able to penetrate the loose material and grip
Wne rugosities in the underlying stable rock with their
slender clawed toes. Given that the night geckos have
substantial populations on their few remaining islands,
their restricted distribution on Flat Island is most likely
a response to asymmetrical aggressive interactions with
H. frenatus. These interactions would have enhanced
predation by the now eradicated cats and ship rats.

This is the Wrst instance where H. frenatus has been
directly implicated in the extinction of endemic gecko
populations. This study also alludes to a likely mecha-
nism underlying the decline of the Mascarene night gec-
kos: without the interactions of an introduced
competitor, predation alone cannot always explain
extinction events of island reptiles. Therefore, in the light
of current reptilian declines, further attention must be
paid to the impact of competitors in combination with
predators in altering community composition.

4.1. Conservation implications

Preventing invasions of small anthropophilic reptil-
ian species such as geckos is often very diYcult to man-
age, and once established there are no known methods
of eradication. However, the results of this study indi-
cate that the specialized ability by which pad-bearing
species can saturate environments can also be exploited
to exclude them: replicating habitats with artiWcial or
naturally occurring substrates with a crumbly/highly
concentrated particulate surface would be beneWcial
for claw-bearing species, such as Nactus spp., whilst
excluding pad-bearing reptiles, such as H. frenatus,
which are disrupting native reptile communities. Sim-
ple habitat modiWcations through the addition of artiW-

cial refugia have been proposed as a means to enhance
populations of endangered reptiles (Milne and Bull,
2000; Souter et al., 2004). For example, the use of artiW-

cial rocks have previously been shown to enhance the
number of some saxicolous lizards in Australia (Webb
and Shine, 2000). It is therefore feasible to create habi-
tats within the natural range of the night geckos for
potential reintroductions.
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