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Abstract.―The Common House Gecko (Hemidactylus frenatus) is one of the most successful colonizers among 
squamates and is widely distributed in tropical and subtropical regions of the world.  Recently, this species has 
been found on the island of Amamioshima, Japan, extending its previous northern range limit, and it has quickly 
spread throughout the island within two decades.  Possible explanations for this rapid northward range expansion 
might be because of climate change or to adaptation of the gecko to the cooler weather on the island.  We examined 
meteorological data and inter-population variation in cold tolerance of this species near the northern edge to 
test these hypotheses.  We also compared the cold tolerance of this gecko between urban/rural populations on 
islands at different latitudes.  We found that rural populations consistently have lower CTmin compared to their 
counterpart urban populations on all islands.  The higher latitude populations tended to have lower CTmin, but the 
lowest CTmin was found in the rural population of Okinawajima instead of the northernmost on Amamioshima, 
despite that weather on the latter island is apparently colder than that of the former.  Meteorological data also 
showed an increase in temperature on all three islands, and the average temperature of Amamioshima after 2000 
is similar to the temperature of Okinawa before 1955.  These results suggest that the recent range expansion at the 
northern edge of this species is chiefly attributable to climate change, but the significant geographic difference in 
cold tolerance suggests a contribution from local adaptation. 
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Introduction

Biological invasion is one of the most serious 
threats to biodiversity conservation worldwide 
(Gurevitch and Padilla 2004; Bellard et al. 2016; 
Pyšek et al. 2020).  Invasions by non-native species 
can be divided into several phases, including 
transportation of individuals, establishment of a 
population, and range expansion to a new location 
(Sakai et al. 2001).  Human activities have facilitated 
these phases of biological invasion in various ways.  
The rapid development of the global transportation 
network has enhanced the chance that individuals will 
disperse across geographic barriers (Simberloff et al. 
2013; Lewis and Maslin 2015).  Worldwide climatic 
change is considered to have increased the chances of 
establishment of invasive populations and promoted 
further spread to new locations (Hellmann et al. 
2008).  Human activities have made vast spaces with 
novel environments, such as urban areas, and certain 
species that have some pre-adaptive physiological 
and ecological straits successfully invade these 

spaces (Santana Marques et al. 2020).  After invasive 
populations have established themselves in a novel 
region or environment, natural selection can facilitate 
populations acquiring ecological and behavioral 
traits that enhance dispersal ability allowing animals 
to expand their range (Narimanov et al. 2022).  It is 
important to understand the factors that contribute to 
establishment of a population, population growth, and 
subsequent range expansion in biological invasions.

The Common House Gecko (Hemidactylus 
frenatus) is one of the most successful squamate 
colonizers and has spread widely in tropical and 
subtropical regions (Lever 2006; Rödder et al. 2008; 
Hoskin 2011).  This species has also successfully 
colonized multiple temperate regions, such as 
Mexico, Australia, and East Asia (Farr 2011; Hoskin 
2011; Kurita 2013).  In East Asia, the northern 
distribution edge of H. frenatus is in the Ryukyu 
Archipelago, Japan (Fig. 1), in which the islands 
align in a northeast–southwest direction, across a 
temperate to subtropical transition zone.  Within the 
archipelago, the distribution of this species had long 
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been limited to Tokunoshima and more southern 
islands, such as Okinawajima (Nakamura and Ueno 
1963; Maenosono and Toda 2007; Fig. 1).  In 2000, 
however, H. frenatus was reported to have established 
a population near the major harbor in northern part of 
Amamioshima, an island located about 60 km north 
of Tokunoshima (Kuze and Ota 2001).  Thereafter, 
this species rapidly spread across the island until 
2013 (Kurita 2013).  In 2016, Okamoto et al. (2017) 
reported the occurrence of H. frenatus in Takarajima, 
a small island about 100 km farther north than 
Amamioshima (Fig. 1).

The colonization of islands by H. frenatus is 
considered to be facilitated by human transport 

(Carranza and Arnold 2006). Takahashi (2005) 
observed three live H. frenatus on walls of 
cargo containers in a passenger boat connecting 
Okinawajima, Tokunoshima, Amamioshima, and 
more northern regions, operating on a daily basis.  
Despite the putative frequent opportunities for 
human transport, H. frenatus had not colonized 
Amamioshima until the 2000s (Kuze and Ota 2001).  
Temperatures of the coldest month in Amamioshima 
occasionally drop below the known critical minimum 
for the species of 11.9° C (Huey et al. 1989).  
Empirical research also suggests that H. frenatus 
stops feeding when the ambient temperature drops 
below 17° C (Lei and Booth 2014).  A few previous 

Figure 1.  (A) Known distribution of the Common House Gecko (Hemidactylus frenatus) in Asia and Australia.  The black area represents 
the known distribution of this species recreated from the occurrence data (Global Biodiversity Information Facility; GBIF.org 18 July 
2023 GBIF Occurrence Download https://doi.org/10.15468/dl.gk5nju).  The red square indicates the area shown in (B), showing the 
recent northern range expansion within the Ryukyu Archipelago.
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authors reported that free ranging H. frenatus had lost 
their righting reflex (Toda and Jono 2017) and even 
die (Toyama 1984) in extremely low temperature 
in winter even on Okinawajima.  These anecdotal 
observations suggest that a limiting factor for the 
distribution of H. frenatus in this region may be cold 
winter temperatures.

Possible explanations for the recent range 
expansion of H. frenatus in the Ryukyu Archipelago 
might be the thermal environment becoming suitable 
for H. frenatus due to climate change and/or that the 
species has gained greater cold tolerance, allowing 
them to survive at a higher latitude.  In the case of 
Anolis lizards, range expansion into higher latitudes 
in North America may result from the evolution of 
greater tolerance of low temperatures (Kolbe et al. 
2014; Campbell-Staton et al. 2016, 2018).  Recent 
studies in southern edge populations of H. frenatus in 
Australia suggest that it not only shows stronger cold 
tolerance (Lapwong et al. 2021) but also a preference 
(Lapwong et al. 2020) for lower temperatures 
compared to native populations in Thailand.

It is reasonable to assume that the range expansion 
in the northern populations of H. frenatus in the 
Ryukyu Archipelago may result from the species 
gaining stronger cold tolerance.  On the other hand, 
the climate change hypothesis predicts no difference 
in cold tolerance of H. frenatus along latitudinal 
gradient in the Ryukyu Islands.  Temperatures in 
urban areas are considerably higher compared to rural 
or natural environments even at the same latitude, 
which is known as the Urban Heat Island Effect 
(Heisler and Brazel 2010).  This thermal condition 
of urban environments may also influence the range 
expansion of H. frenutus because of the highly human 
commensal nature of this gecko.  Our main purpose 
is to determine whether there is any difference in 
cold tolerance along the latitudinal and rural–urban 
gradients near the northern edge of the distribution of 
H. frenatus.  These results may shed light on possible 
causes of the rapid expansion of the range of this 
species since 2000

Materials and Methods

 Climatic data.―To understand the temporal 
changes in air temperatures in relation to regional 
differences within the Ryukyu Islands, we chose three 
islands along a latitudinal gradient; Ishigakijima, 
Okinawajima, and Amamioshima.  We selected 
Okinawajima as a substitute for Tokunoshima in our 
comparisons with Ishigakijima and Amamioshima 

due to the incompleteness in the past climate data 
for Tokunoshima, which was the exact northern 
limit before 2000 (Kuze and Ota 2001).  Among 
the three islands, Okinawajima and Ishigakijima 
have had stable populations of H. frenatus since at 
least 1907 (Stejneger 1907), whereas Amamioshima 
lacked that species before 2000 (Kuze and Ota 2001).  
These three islands should adequately represent the 
latitudinal thermal gradient in the Ryukyu Islands.

 We used average daily minimum temperature 
for the entire year (ADMTY) and average daily 
minimum temperature of the coldest month 
(ADMTC) at the representative weather stations 
taken from the Japanese Meteorological Agency 
(https://www.data.jma.go.jp/obd/stats/etrn/index.
php) for those three islands; Ishigaki weather station 
(24.337°N, 124.163°E), Naha weather station in 
Okinawajima (26.207°N, 127.687°E), and Naze 
weather station in Amamioshima (28.378, 129.495).  
We separated the meteorological data into three time 
periods for statistical comparisons: (1) before 1955; 
(2) 1955–1999; and (3) after 2000.  These records 
cover the years 1897 to 2021, with missing data for 
Okinawajima (Naha) between 1944 to 1951.  We 
used the Shapiro-Wilk Test to check the normality 
and Levene’s Test for variances homogeneity of our 
data to determine whether they meet the assumptions 
for parametric analysis.  Our original data for urban 
and rural climate comparison met the assumption of 
variance homogeneity, but data for ADMTC deviated 
from the assumption of normality while ADMTY 
did not (Supplemental Information Table S2).  Thus, 
the differences in ADMTY between urban and rural 
area within Okinawajima were analyzed using 
Analysis of Variance (ANOVA) with Tukey Honestly 
Significant Differences (HSD) post hoc Tests.  All 
comparisons of ADMTC and comparisons for islands 
and between different periods of time for ADMTY 
did not meet parametric assumptions (Supplemental 
Information Table S2), and we used Kruskal-Wallis 
Tests for overall significant and Pairwise Wilcox 
Tests with sequential Bonferroni correction for pair-
wise comparison instead of ANOVA.  All statistical 
analysis was performed by using R version 3.6.2 (R 
Core Team 2019).

In addition, we compared temperature data 
between rural and urban regions to see the effect 
of environment on the local climate.  We examined 
data of the same two variables shown above at four 
weather stations in Okinwajima, Naha weather station 
(26.207°N, 127.687°E as representative of urban 
environment in southern part of the island), Itokazu 
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station (26.153°N, 127.765°E, of rural environment in 
southern part of the island), Nago station (26.593°N, 
127.965°E, of urban in the northern part), and Oku 
station (26.835°N, 128.272°E, of rural in the northern 
part).  Because available meteorological data for the 
rural weather stations are limited, we used data from 
2013 to 2021 for this comparison.  We analyzed the 
differences among selected weather stations using the 
same statistical methods mentioned above.

 Study sites.―To assess a change in cold tolerance 
in H. frenatus, we selected five regions along the 
latitudinal gradient: (1) Ishigakijima (ISG); (2) 
southern Okinawajima (Naha, OKI_S); (3) northern 
Okinawajima (Kunigami, OKI_N); (4) southern 
Amamioshima (Koniya, AMA_S); and (5) northern 
Amamioshima (Naze, AMA_N; Fig. 2).  Previous 
studies have documented the changes in thermal 
tolerance of ectotherms in urban area through plastic 
or evolutionary change (Diamond et al. 2017, 2018; 
Campbell-Staton et al. 2020).  We considered that 
populations of H. frenatus in urban and rural areas 
may experience different thermal environments.  
Therefore, we distinguished between the thermal 
effects related to latitude alone and those related 
to the local environment.  We set a pair of urban 
and rural sites in each region along the latitudinal 
gradient.  We determined the urban-rural division 
following GIS data for 1:25,000 vegetation map 
released by the Biodiversity Center of Japan, 
Ministry of the Environment (http://gis.biodic.go.jp/
webgis/index.html), and chose some representative 
sites for sampling of the geckos.  The urban sites we 

sampled were: (1) Ishigaki City (ISG_UA: 24.341°N, 
124.154°E); (2) Matsuyama (OKI_S_UA: 26.218°N, 
127.677°E); (3) Kunigami (OKI_N_UA: 26.747°N, 
128.173°E); (4) Koniya (AMA_S_UA: 28.148°N, 
129.311°E); and (5) Naze (AMA_S_UA: 28.388°N, 
129.493°E).  As for rural sites along the latitudinal 
gradient, we chose: (1) Banna (ISG_RA: 24.368°N, 
124.157°E); (2) University of the Ryukyus (OKI_S_
RA: 26.250°N, 127.766°E); (3) Benoki (OKI_N_
RA: 26.798°N, 128.233°E); (4) Seisui (AMA_S_
RA: 28.142N, 129.330°E); and (5) Yamato Harbor 
(AMA_S_RA: 28.356°N, 129.399°E).

 Sampling geckos and treatment in captivity.―We 
captured 231 geckos by hands from July to October, 
2019 and 2020 (Supplemental Information Table 
S1).  We transported geckos to the University of 
the Ryukyus, Okinawa, Japan, where we measured 
snout-vent length (SVL) with a ruler to the nearest 1 
mm and body mass (Mb) to the nearest 0.01 g using a 
balance.  Because our data did not meet assumptions 
for parametric analysis, we used Kruskal-Wallis Tests 
to determine if there were sexual differences in SVL 
or body weight, respectively.  We maintained geckos 
at room temperature (about 27° C) in individual 
transparent plastic boxes (206 × 106 × 64 mm) with 
a vented plastic lid and a folded paper towel for 
substrate and shelter.   Each gecko received water 
with a supplement (including vitamin and calcium) ad 
libitum and a live cockroach every 2–3 d.  The natural 
ambient light regime provided an approximate 13:11 
light:dark cycle.  We fasted individuals for at least 24 
h before measuring their cold tolerance.

Figure 2.  Five sampling sites of the Common House Gecko (Hemidactylus frenatus) on the three islands along a latitudinal gradient.  
Each site is indicated by both an urban and rural sampling sites.
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the coldest month varied from 10.80° to 16.35° C, 
depending on time period and island (Table 1).  There 
were significant differences between islands and 
between different periods of time for both ADMTY 
(H = 300.07, df = 8, P < 0.001) and ADMTC (H 
= 259.47, df = 8, P < 0.001).  For annual average, 
Ishigakijima had significantly higher ambient 
minimum temperatures among the three islands in 
each time period (Supplemental Information Table 
S3; Fig.3).  Conversely, Amamioshima had the 
lowest ambient temperature among the three islands 
(Supplemental Information Table S3).  It should be 
noted that, although the average ambient temperature 
was consistently colder in Amamioshima than 
Okinawajima in all three time periods, the annual 
average temperature of Amamioshima after 2000 was 
relatively less different from the past temperature of 
Okinawajima before 1955 (Supplemental Information 
Table S3).  The average daily minimum temperature 
in the coldest month in Amamioshima after 2000 
is still lower than that of the past for Okinawajima 
(Supplemental Information Table S4) because of the 
magnitude of increase is smaller in Amamioshima 
than Okinawajima (Fig. 4), but the former has become 
apparently closer to the latter (Fig. 4).
 There were significant differences in the annual 
average and average of the coldest month among 
the weather stations represented the urban and rural 
ambient temperature within Okinawajima (ADMTY, 
F3,32 = 119.6, P < 0.001, Supplemental Information 
Table S5; ADMTC, H = 21.81, df = 3, P < 0.001).  
Itokazu (annual average: 19.60° ± 0.29° C; coldest 

 Critical thermal minimum temperature.―We 
determined critical thermal minimum (CTmin) as the 
body temperature at which the gecko lost its righting 
response or showed a morbid response (Qu et al. 
2011; Phillips et al. 2016).  We moved each gecko into 
a transparent, sealed chamber (197 × 257 × 89 mm) 
and cooled them using an incubator (Model MIR-
153; Sanyo Electric Company, Ltd., Osaka, Japan) set 
to 5° C. Using a digital thermometer (Model D717; 
Tateyama Kagaku Ind., Toyama, Japan) with hand-
made glass coated thermocouples inserted into the 
cloaca, we measured the starting body temperature 
for each individual.  We placed another ethanol-filled 
thermometer inside the chamber, which allowed us to 
ensure that the rate of air temperature decrease was < 
1° C per minute inside of the chamber, starting from 
27° C.  We confirmed in the preliminary experiments 
that the body temperature of geckos decreased almost 
the same as the air temperature by monitoring the 
former temperature with thermocouples kept inside 
their cloaca.  We covered all surfaces inside the 
experimental chamber with unscented baby powder 
to prevent the geckos from sticking to the surfaces. 

We checked the righting reflex of individuals 
every minute starting from 10 min after the start of 
incubation, and we measured the body temperature 
immediately after the gecko had lost the righting 
reflex.  After each trial, we placed every gecko 
back to its husbandry cages with newly supplied 
food and water.  We tested each gecko three times, 
with an interval of at least 24 h between each trial.  
We selected the lowest CTmin of each individual as 
indicator of the cold tolerance in H. frenatus and 
combining data point of male and females in all 
of the following analyses.  To prevent possible 
acclimatization to the captive environment, we 
completed all trials within a week of capture.  We 
euthanized all geckos following procedures approved 
in the animal experiment guidelines of the University 
of the Ryukyus.  We calculated the Pearson Product-
moment Correlation Coefficient between SVL or body 
weight with CTmin.  We analyzed the differences in 
CTmin among populations from different latitudes 
and habitats (urban/rural) usIng the same statistical 
methods as for climatic data. 

Results

 Climatic data.―Average daily minimum 
temperatures throughout the year varied from 
17.76° C to 22.52° C depending on time period and 
island and average daily minimum temperatures for 

Figure 3.  Annual average of daily minimum temperature on 
three islands before 1955 (1897–1955), 1955–1999, and after 
2020 from weather stations for three islands; Ishigakijima (ISH; 
red), Okinawajima (OKI; green) and Amamioshima (AMA; blue).  
Different time periods are indicated by different legend: before 
1955 (triangles), 1955–1999 (diamonds), and after 2020 (dots)
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month: 13.07° ± 0.68° C) and Oku (annual average: 
18.89° ± 0.28° C; coldest month: 12.23° ± 0.65° 
C ) as representatives of rural environments had 
significantly lower temperatures than Naha (annual 
average: 21.43° ± 0.30° C ; coldest month: 14.72° 
± 0.72° C) and Nago (annual average: 20.68° ± 
0.35° C; coldest month: 13.64° ± 0.72° C) with 
urban environments in both ADMTY (Tukey HSD, 
P < 0.010, Supplemental Information Table S6) and 
ADMTC (Supplemental Information Table S7).

 Cold tolerance.―Mean SVL of lizards in urban 
areas varied from 49.6–55.4 mm and in rural areas 
from 44.6–53.4 (Table 2).  Mean weight of lizards 
varied from 2.04–3.45 g in urban areas and 2.03–3.58 
g in rural areas (Table 2).  In urban areas, mean CTmin 
varied from 10.95°–11.73° C and in rural areas, from 
9.48°–10.98° C (Table 3).  The correlation between 
CTmin and SVL was significant (r = 0.17, t = 2.54, P 
= 0.012) as was CTmin with body weight (r = 0.28, 
t = 4.38, P < 0.001), but SVL was not significantly 
correlated with body weight (r = 0.02, t = 0.25, P = 
0.803).  Mean body weight of males was (3.25 ± 0.97 
g) significantly larger (H = 44.79, df = 1, P < 0.001) 
than females (2.43 ± 0.68 g).  Also, SVL of males 
(53.5 ± 4.73 mm) was significantly larger (H = 42.63, 
df = 1, P < 0.001) than that of female (49.5 ± 3.95 
mm).  
 Differences in cold tolerance did not differ 
significantly between sexes (H = 2.60, df = 1, P = 
0.107) or the order of trials (H = 5.22, df = 2, P = 
0.073).  The CTmin of H. frenatus differed significantly 
among populations from different habitats in different 
latitude (H = 128.76, df = 9, P < 0.001).  CTmin of 
H. frenatus from the rural habitat was consistently 
lower than for the urban habitat for each pair of sites 
at each latitude (Supplemental Information Table S8).  
The CTmin of H. frenatus from urban population of 
Ishigakijima (Fig 5) was significantly higher than 

the other islands in both urban and rural populations 
(Supplemental Information Table S8).  There were 
no significant differences were found in locations 
between Amamioshima and Okinawajima either in 
urban or rural in northern Okinawajima, except for 
the rural population from southern Amamioshima 
(Supplemental Information Table S8).  The rural 
population of H. frenatus in southern Okinawajima 
showed the lowest CTmin (9.48° ± 0.55° C) of all 
populations we examined (Supplemental Information 
Table S8), rather that the northernmost rural 
population from Amamioshima (10.36° ± 0.54° C; 
Fig. 5).

Discussion

 We found differences in cold tolerance of H. fre-
natus populations from sites in different latitude 
and habitats.  CTmin was consistently lower in rural 

Time Amamioshima Okinawajima Ishigakijima

Yearly

Before 1955 17.76° ± 0.72° C 19.35° ± 0.61° C 20.50° ± 0.97° C

1955–1999 18.46° ± 0.51° C 20.32° ± 0.53° C 21.72° ± 0.49° C

After 2000 19.08° ± 0.29° C 21.20° ± 0.35° C 22.53° ± 0.37° C

Coldest Months

Before 1955 10.80° ± 0.87° C 12.81° ± 1.14° C 14.43° ± 1.44° C

1955–1999 11.01° ± 0.96° C 13.51° ± 1.06° C 15.34° ± 1.20° C

After 2000 11.74° ± 0.74° C 14.50° ± 0.79° C 16.35° ± 0.86° C

Table 1.  Mean daily minimum temperatures throughout the year and for the coldest months (mean ± standard deviation) of the three 
study islands.

Figure 4.  Average of daily minimum temperature of the coldest 
month on three islands before 1955 (1897–1955), 1955–1999, and 
after 2020 from weather stations for three islands; Ishigakijima 
(ISH; red), Okinawajima (OKI; green) and Amamioshima (AMA; 
blue).  Different time periods are indicated by different legend: 
before 1955 (triangles), 1955–1999 (diamonds), and after 2020 
(dots).
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populations compared to their counterpart urban 
sites throughout the latitudinal gradient we investi-
gated.  Urban areas not only provide more suitable 
thermal environment for introduced species (Battles 
and Kolbe 2019), but also serve as sources of new in-
dividuals to the adjacent rural area.  In fact, all our ur-
ban sampling sites are in major cities or large towns, 
which are also the location of large harbors on the 
three islands.  Because the dispersal of H. frenatus is 
highly dependent upon human transport, H. frenatus 
may first colonize urban areas where major harbors 
are located, and subsequently acclimatize or adapt to 
the colder environments of adjacent rural areas.  In 
the case of H. frenatus in Australia, populations with 
longer invasion histories and higher population abun-
dances in urban areas facilitated further dispersal and 
establishment of new population in adjacent rural ar-
eas (Barnett et al. 2017).

A previous study reported the CTmin for H. frenatus 
in Hawaii as 11.9° C (Huey et al. 1989).  All popula-
tion we examined had lower CTmin except for the ur-
ban population in Ishigakijima (11.73° ± 0.25° C).  In 
general, cold tolerance is expected to reflect the low-
est temperature experienced by a population (Sunday 
et al. 2011).   The lowest CTmin of H. frenatus that 
we found was not in the northernmost Amamioshima 
population with the lowest ambient temperature, but 
rather observed in the rural population from southern 
Okinawa.  Although CTmin in the rural population of 
southern Amamioshima was significantly lower than 
the northern Okinwajima populations, there were no 
significant difference between the population from 
northern Amamioshima and the latter.  On the other 
hand, the ambient temperature has been gradually 
rising throughout the past several decades among all 
three islands, which may be attributable to urbaniza-
tion and global warming.  Combining the climatic 
data and the geographic variation in cold tolerance 
of H. frenatus, the recent northward range expansion 
of the species in the Ryukyu Islands may result from 
climate change, rather than increased cold tolerance.

The mechanism responsible for the highest cold 
tolerance of H. frenatus in the rural population in 
Okinawajima remains unclear at the moment.  Other 
empirical research suggests, however, that not only 
acclimation but also genetic adaptation can shape the 
thermal tolerance of an invasive species (Kolbe et al. 
2014; Campbell-Staton et al. 2018).  Although it is 
difficult to separate the effect of acclimation and local 

Island Urban Rural

SVL

AMA_N 54.03 ± 3.23 mm 53.42 ± 4.36 mm

AMA_S 53.74 ± 4.29 mm 51.57 ± 5.34 mm

OKI_N 55.42 ± 2.94 mm 51.23 ± 3.72 mm

OKI_S 50.81 ± 3.08 mm 44.59 ± 3.80 mm

ISG 49.64 ± 3.52 mm 48.76 ± 4.75 mm

Weight

AMA_N 2.04 ± 0.60 g 2.03 ± 0.66 g

AMA_S 2.22 ± 0.57 g 2.15 ± 0.36 g

OKI_N 3.45 ± 0.78 g 3.58 ± 0.38 g

OKI_S 2.66 ± 0.57 g 2.52 ± 0.68 g

ISG 3.26 ± 0.73 g 2.39 ± 0.39 g

Table 2.  Mean (± standard deviation) of snout-vent lengths 
(SVL, mm) and weights (g) of the Common House Gecko 
(Hemidactylus frenatus) in different habitats among three islands.  
Islands are AMA_N = northern Amamioshima; AMA_S = 
southern Amamioshima; OKI_N = northern Okinawajima; OKI_S 
= southern Okinawajima; ISG = Ishigakijima.

.

Island Urban Rural

AMA_N 10.95° ± 0.44° C 10.36° ± 0.55° C

AMA_S 11.11° ± 0.57° C 10.27° ± 0.56° C

OKI_N 11.31° ± 0.54° C 10.66° ± 0.44° C

OKI_S 10.70° ± 0.51° C  9.48° ± 0.56° C

ISG 11.73° ± 0.25° C 10.98° ± 0.40° C

Table 3.  Mean (± standard deviation) critical thermal minimum 
(CTmin) of the Common House Gecko (Hemidactylus frenatus) in 
different habitats along a latitudinal gradient in the Ryukyu Islands, 
Japan.  Islands are AMA_N = northern Amamioshima; AMA_S = 
southern Amamioshima; OKI_N = northern Okinawajima; OKI_S 
= southern Okinawajima; ISG = Ishigakijima

Figure 5.  Critical minimum temperature (CTmin) of the Com-
mon House Gecko (Hemidactylus frenatus) from urban (UA)/ru-
ral (RA) sites at the five localities along the latitudinal gradient in 
the Ryukyu Islands, Japan.  Solid dots indicate urban and hollow 
dots indicate rural samples, respectively.  Island are indicated by 
different colors: Ishigakijima (red); Okinawajima (green); Amami-
oshima (blue).  Sample sites are indicated as abbreviations: ISG = 
Ishigakijima, OKI_S = southern Okinawajima, OKI_N = northern 
Okinawajima, AMA_S = southern Amamioshima, and AMA_N = 
northern Amamioshima. 
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adaptation, at one point in time, the occurrence of the 
lowest CTmin in the rural Okinawa population where 
the ambient temperature was not the lowest among 
the study sites is difficult to explain by the acclima-
tion hypothesis alone. 

The theory of range expansion predicts that, if the 
edge population is highly fragmented, random ef-
fects will be too great for a population to adapt suc-
cessfully to a novel environment (Courchamp et al. 
1999; Holt and Keitt 2000, 2005), whereas a highly 
connected population cannot achieve fixation of a lo-
cally adaptive gene due to continuous influx of less 
adaptive genes from the source population (Holt 
and Gomulkiewicz 1997; Kirkpatrick and Barton 
1997; Lenormand 2002).  Previous research on other 
highly invasive congeners of H. frenatus, such as the 
Tropical House Gecko (H. mabouia) and the Medi-
terranean House Gecko (H. turcicus), suggested this 
genus has limited self-dispersal abilities (Klawinski 
1991; Locey and Stone 2006; Short and Petren 2011).  
We can reasonably assume that the migration rate 
of H. frenatus into rural areas is relatively limited, 
which may promote local adaptation to colder condi-
tions in H. frenatus.  The parallel acclimatization or 
adaptation of H. frenatus to the colder environment 
in rural areas across a latitudinal gradient provides 
an excellent opportunity to examine the underlying 
theory in the future.  Species with tropical origins, 
such as H. frenatus, are predicted to have relatively 
narrow thermal tolerances because they evolved in 
stable thermal environments (Addo-Bediako et al. 
2000; Janzen, 1967; Kingsolver, 2009); however, the 
global distribution of H. frenatus is predicted to ex-
pand as a consequence of global warming (Rödder et 
al. 2008).  Our current results demonstrate that both 
urbanization and global warming act synergistically 
to promote the range expansion of a tropical invasive 
species at its northern edge and that the exposure of 
the species to novel climate might further facilitate 
widening of its thermal tolerance through phenotypic 
plasticity or local adaptation under certain conditions.

Acknowledgments.―We thank Kota Okamoto 
(University of the Ryukyus) for his assistance with 
field work and taking care of the geckos in captivity.  
We are also indebted to Teppei Jono (Hiroshima Shu-
do University) for his advice on the experiments.  We 
would like to express our sincere gratitude to Alan 
Howard Savitzky (Utah State University) for his Eng-
lish review and other valuable comments on the man-
uscript.  All experiments and handling of geckos were 
conducted under permission from the Animal Experi-

ment Committee of the University of the Ryukyus 
(A2019092, A2020067), following the Guideline for 
Animal Experiments.  This research did not receive 
any specific grant from funding agencies in the pub-
lic, commercial, or not-for-profit sectors.  The origi-
nal data of this research is available for open access 
on Mendeley Data (DOI: 10.17632/6vxkx89ryb.1).

Literature Cited

Addo-Bediako, A., S. Chown, and K. Gaston, 2000. 
Thermal tolerance, climatic variability and latitude. 
Proceedings of the Royal Society B: Biological 
Sciences 267:739–745. 

Barnett, L.K., B.L. Phillips, and C.J. Hoskin. 2017. 
Going feral: time and propagule pressure determine 
range expansion of Asian house geckos into natural 
environments. Austral Ecology 42:165–175. 

Battles, A.C., and J.J. Kolbe. 2019. Miami heat: 
urban heat islands influence the thermal suitability 
of habitats for ectotherms. Global Change Biology 
25:562–576. 

Bellard, C., P. Cassey, and T.M. Blackburn. 2016. 
Alien species as a driver of recent extinctions. 
Biology Letters 12:20150623. https://doi.
org/10.1098/rsbl.2015.0623.

Campbell-Staton, S.C., A. Bare, J.B. Losos, S.V. 
Edwards, and Z.A. Cheviron. 2018. Physiological 
and regulatory underpinnings of geographic 
variation in reptilian cold tolerance across a 
latitudinal cline. Molecular Ecology 27:2243–
2255.

Campbell-Staton, S.C., S.V. Edwards, and J.B. Losos. 
2016. Climate-mediated adaptation after mainland 
colonization of an ancestrally subtropical island 
lizard, Anolis carolinensis. Journal of Evolutionary 
Biology 29:2168–2180. 

Campbell-Staton, S.C., K.M. Winchell, N.C. 
Rochette, J. Fredette, I. Maayan, R.M. Schweizer, 
and J. Catchen. 2020. Parallel selection on thermal 
physiology facilitates repeated adaptation of city 
lizards to urban heat islands. Nature Ecology and 
Evolution 4:652–658. 

Carranza, S., and E.N. Arnold. 2006. Systematics, 
biogeography, and evolution of Hemidactylus 
geckos (Reptilia: Gekkonidae) elucidated using 
mitochondrial DNA sequences. Molecular 
Phylogenetics and Evolution. 38:531–545.

Courchamp, F., T. Clutton-Brock, and B. Grenfell. 
1999. Inverse density dependence and the Allee 
effect. Trends in Ecology & Evolution 14:405–410. 



 81   

Herpetological Conservation and Biology

Diamond, S.E., L. Chick, A. Perez, S.A. Strickler, and 
R.A. Martin. 2017. Rapid evolution of ant thermal 
tolerance across an urban‐rural temperature 
cline. Biological Journal of the Linnean Society 
121:248–257.

Diamond, S.E., L.D. Chick, A. Perez, S.A. Strickler, 
and R.A. Martin. 2018. Evolution of thermal 
tolerance and its fitness consequences: parallel and 
non‐parallel responses to urban heat islands across 
three cities. Proceedings of the Royal Society B: 
Biological Sciences 285:20180036. https://doi.
org/10.1098/rspb.2018.0036.

Farr, W.L. 2011. Distribution of Hemidactylus 
frenatus in Mexico. Southwestern Naturalist 
56:265–273.

Gurevitch, J., and D. Padilla. 2004. Are invasive 
species a major cause of extinctions? Trends in 
Ecology and Evolution 19:470–474. 

Heisler, G.M., and A.J. Brazel. 2010. The urban 
physical environment: temperature and urban heat 
islands. Pp. 29–56 In Urban Ecosystem Ecology. 
Aitkenhead-Peterson, J., and A. Volder (Eds.). 
American Society of Agronomy, Crop Science 
Society of America, Soil Science Society of 
America, Madison, Wisconsin, USA.

Hellmann, J. J., J.E. Byers, B.G. Bierwagen, and 
J.S. Dukes. 2008. Five potential consequences of 
climate change for invasive species. Conservation 
Biology 22:534–543. 

Holt, R.D., and R. Gomulkiewicz. 1997. The 
evolution of species’ niches: a population 
dynamic perspective. Pp. 25–50 In Case Studies 
in Mathematical Modelling: Ecology, Physiology, 
and Cell Biology. Othmer, R.G., F.R. Adler, M.A. 
Lewis, and J.C. Dallon (Eds.). Prentice Hall, 
Englewood Cliffs, New Jersey, USA.

Holt, R.D., and T.H. Keitt. 2000. Alternative causes 
for range limits: a metapopulation perspective. 
Ecology Letters 3:41–47. 

Holt, R.D., and T.H. Keitt. 2005. Species’ borders: a 
unifying theme in ecology. Oikos 108:3–6.

Hoskin, C.J. 2011. The invasion and potential impact 
of the Asian House Gecko (Hemidactylus frenatus) 
in Australia. Australia Ecology 36:240–251. 

Huey, R.B., P.H. Niewiarowski, J. Kaufmann, and 
J.C. Herron. 1989. Thermal biology of nocturnal 
ectotherms: is sprint performance of geckos 
maximal at low body temperatures? Physiological 
Zoology 62:488–504.

Janzen, D.H. 1967. Why mountain passes are higher 
in the tropics. American Naturalist 101:233–249. 

Kingsolver, J.G. 2009. The well-temperatured 
biologist. American Naturalist 174:755–768. 

Kirkpatrick, M., and N.H. Barton. 1997. Evolution 
of a species’ range. American Naturalist 150:1–23. 

Kolbe, J.J., J.C. Ehrenberger, H. A. Moniz, and M.J. 
Angilletta, Jr. 2014. Physiological variation among 
invasive populations of the Brown Anole (Anolis 
sagrei). Physiological and Biochemical Zoology 
87:92–104. 

Klawinski, P.D. 1991. Home range, activity and 
spatial distribution of the Mediterranean Gecko, 
Hemidactylus turcicus. M.S. Thesis, Stephen F. 
Austin State University, Nacogdoches, Texas, 
USA. 102 p.

Kurita, T. 2013. Current status of the introduced 
Common House Gecko, Hemidactylus frenatus 
(Squamata: Gekkonidae), on Amamioshima 
Island of the Ryukyu Archipelago, Japan. Current 
Herpetology 32:50–60. 

Kuze, T., and H. Ota. 2001. Distribution of the house 
geckos in Taiwan and Amamioshima Island of the 
Ryukyu Archipelago. Bulletin of Herpetological 
Society of Japan 2001:34.

Lapwong, Y., A. Dejtaradol, and J.K. Webb. 2020. 
Shifts in thermal preference of introduced 
Asian House Geckos (Hemidactylus frenatus) 
in temperate regions of southeastern Australia. 
Journal of Thermal Biology 91:102625. https://doi.
org/10.1016/j.jtherbio.2020.102625

Lapwong, Y., A. Dejtatadol, and J. Webb. 2021. Shifts 
in thermal tolerance of the invasive Asian House 
Gecko (Hemidactylus frenatus) across native and 
introduced ranges. Biological Invasions 23:1–8. 
https://doi.org/10.1007/s10530-020-02441-z.

Lei, J., and D.T. Booth. 2014. Temperature, field 
activity and post-feeding metabolic response in 
the Asian House Gecko, Hemidactylus frenatus. 
Journal of Thermal Biology 45:175–180. 

Lenormand, T. 2002. Gene flow and the limits to 
natural selection. Trends in Ecology & Evolution 
17:183–189. 

Lever, C. 2006. Naturalized Reptiles and Amphibians 
of the World. Oxford University Press, New York, 
New York, USA.

Lewis, S.L., and M.A. Maslin. 2015. Defining the 
Anthropocene. Nature 519:171–180. 

Locey, K.J., and P.A. Stone. 2006. Factors affecting 
range expansion in the introduced Mediterranean 
Gecko, Hemidactylus turcicus. Journal of 
Herpetology 40:526–530.

Maenosono, T., and M. Toda. 2007. Distributions of 
amphibians and terrestrial reptiles in the Ryukyu 



 82   

Tao and Toda.—Cold tolerance of Hemidactylus frenatus.

Archipelago: a review of published records. 
Akamata 18:28–46. 

Nakamura, K., and S. Ueno. 1963. Japanese 
Amphibians and Reptiles in Colour. Hoikusha 
Publishing Company, Osaka, Japan.

Narimanov, N., T. Bauer, D. Bonte, L. Fahse, and 
M.H. Entling. 2022. Accelerated invasion through 
the evolution of dispersal behaviour. Global 
Ecology and Biogeography 31:2423–2436. 

Okamoto, K., T. Jono, H. Ota, and M. Toda. 2017. 
First record of the Common House Gecko, 
Hemidactylus frenatus, from Takarajima Island of 
the Tokara Group, Ryukyu Archipelago. Akamata 
27:47–51.

Phillips, B.L., M.M. Muñoz, A. Hatcher, S.L. 
Macdonald, J. Llewelyn, V. Lucy, and C. Moritz. 
2016. Heat hardening in a tropical lizard: 
geographic variation explained by the predictability 
and variance in environmental temperatures. 
Functional Ecology 30:1161–1168. 

Pyšek, P., P.E. Hulme, D. Simberloff, S. Bacher, T. 
M. Blackburn, J.T. Carlton, W. Dawson, F. Essl, 
L.C. Foxcroft, P. Genovesi, et al. 2020. Scientists’ 
warning on invasive alien species. Biological 
Reviews 95:1511–1534. 

Qu, Y., H. Li, J. Gao, X. Xu, and X. Ji. 2011. Thermal 
preference, thermal tolerance and the thermal 
dependence of digestive performance in two 
Phrynocephalus lizards (Agamidae), with a review 
of species studied. Current Zoology 57:684–700. 

Rödder, D., M. Solé, and W. Böhme. 2008. Predict 
the potential distributions of two alien invasive 
house geckos (Gekkonidae: Hemidactylus frenatus, 
Hemidactyus mabouia). North-Western Journal of 
Zoology 4:236–246.

Sakai, A.K., F.W. Allendorf, J.S. Holt, D.M. Lodge, 
J. Molofsky, K.A. With, S. Baughman, R.J. Cabin, 

J.E. Cohen, N.C. Ellstrand, et al. 2001. The 
population biology of invasive species. Annual 
Review of Ecology and Systematics 32:305–332 

Santana Marques, P., L. Resende Manna, T, Clara 
Frauendorf, E. Zandonà, R. Mazzoni, and R. El‐
Sabaawi. 2020. Urbanization can increase the 
invasive potential of alien species. Journal of 
Animal Ecology 89:2345–2355. 

Short, K.H., and K. Petren. 2011. Multimodal 
dispersal during the range expansion of the Tropical 
House Gecko Hemidactylus mabouia. Ecology and 
Evolution 1:181–190. 

Simberloff, D., J.-L. Martin, P. Genovesi, V. Maris, 
D. A. Wardle, J. Aronson, F. Courchamp, B. Galil, 
E. García-Berthou, M. Pascal, et al. 2013. Impacts 
of biological invasions: what’s what and the way 
forward. Trends in Ecology and Evolution 28:58–
66. 

Stejneger, L. 1907. Herpetology of Japan and adjacent 
territory. Bulletin of the United States National 
Museum 58:1–577.

Sunday, J.M., A.E. Bates, and N.K. Dulvy. 2011. 
Global analysis of thermal tolerance and latitude 
in ectotherms. Proceedings of the Royal Society B: 
Biological Sciences 278:1823–1830. 

Takahashi, H. 2005. A case of artificial overseas 
dispersal of Hemidactylus frenatus. Bulletin of 
Herpetological Society of Japan 2005:116–119.

Toda, M., and T. Jono. 2017. Observation of geckos 
in Okinawajima under extraordinary cold weather 
in the winter of 2016. Akamata 27:7–12.

Toyama, M. 1984. A natural death of Hemidactylus 
frenatus (GEKKONIDAE) at Okinawa-jima 
Akamata 4:6.

Supplemental Information: http://www.herpconbio.org/Volume_19/Issue_1/Tao_Toda_2024_Suppl.pdf



 83   

Herpetological Conservation and Biology

Shan-Dar-Tao is currently a Ph.D. student in the Graduate School of Engineering 
and Science, University of the Ryukyus, Japan.  His university education started 
at Forest Department of Chung Hsing University, Taichung, Taiwan (B.S.), and he 
earned a M.S. degree at the Institute of Ecology and Evolutionary Biology of Na-
tional Taiwan University, Taipei.  Research interests currently include field ecology 
and conservation biology of invasive and native reptiles.  (Photographed by Chu-
Hong Liao).

Maroru Toda is an Associate Professor in the Tropical Biosphere Research Center 
at the University of the Ryukyus, Japan.  He received his university education at the 
University of the Ryukyus (B.S. and M.S. degrees) and a Ph.D. at Kyoto University, 
Japan.  His research interests include taxonomy, historical biogeography, and field 
ecology of amphibians and reptiles in the insular regions of East Asia.  (Photographed 
by Mamoru Toda).


