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Abstract

Background: Studies of morphological variation within and among populations provide an opportunity to
understand local adaptation and potential patterns of gene flow. To study the evolutionary divergence patterns of
Schlegel’s Japanese gecko (Gekko japonicus) across its distribution, we analyzed data for 15 morphological
characters of 324 individuals across 11 populations (2 in China, 4 in Japan, and 5 in Korea).

Results: Among-population morphological variation was smaller than within-population variation, which was primarily
explained by variation in axilla-groin length, number of infralabials, number of scansors on toe IV, and head-related
variables such as head height and width. The population discrimination power was 32.4% and in cluster analysis,
populations from the three countries tended to intermix in two major groups.

Conclusion: Our results indicate that morphological differentiation among the studied populations is scarce,
suggesting short history for some populations after their establishment, frequent migration of individuals among the
populations, and/or local morphological differentiation in similar urban habitats. Nevertheless, we detected interesting
phenetic patterns that may predict consistent linkage of particular populations that are independent of national
borders. Additional sampling across the range and inclusion of genetic data could give further clue for the historical
relationship among Chinese, Japanese, and Korean populations of G. japonicus.
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Background
Identifying patterns of morphological variation among
populations is an important step in understanding the
process of morphological adaptation in populations, espe-
cially following recent introductions of individuals from
source populations (Lande 1980; Kolbe et al. 2004). At the
early phase of introduction, both within- and among-
group genetic variation are often low due to the founder
effect (Allendorf and Lundquist 2003; Kolbe et al. 2004).
However, if the established population contains a certain
degree of genetic diversity, allowing adaptation to new

local environments, within-group variation could rapidly
increase, leading to an overall increase in among-group
variation (Bossdorf et al. 2005; Lockwood et al. 2005; Yang
et al. 2012a). On the other hand, in the case where there is
insufficient time for local adaptation and/or in the very
early stage of multiple introductions from multiple source
populations, among-group morphological and genetic
variation would be small (Haenel 2017; Reynolds et al.
2017). Additional studies of natural situations are neces-
sary to examine the relevant theoretical predictions for
our better understandings of the evolutionary process fol-
lowing introductions of organisms. Schlegel’s Japanese
gecko (Gekko japonicus) can possibly be an appropriate
subject for such a study because of its wide distribution in
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East Asia and potential recent establishments of some
populations.
Gekko japonicus, a small, nocturnal gecko, is distributed

across China, Japan, and Korea. It was first described on
the basis of specimens collected from Japan (Duméril and
Bibron 1836), followed by those from Chusan Island, Zhe-
jiang Province, China (Cantor 1842). The current distribu-
tion of G. japonicus in China ranges along the eastern
coast extending westward to eastern Sichuan and north-
ward to southern Shaanxi and Gansu Provinces (Zhao and
Adler 1993). In Japan, G. japonicus broadly occurs on the
main islands exclusive of high altitude and most high lati-
tude areas, and on some peripheral islets (Wada 2003).
Some populations in eastern Japan are suggested to be in-
troduced, but without clear evidence (Toda and Yoshida
2005). In Korea, G. japonicus was first collected in 1885
from Busan (Stejneger 1907). In the early 2000s, several
new populations were discovered in Busan and other
neighboring cities, such as Masan and Kimhae (Lee et al.
2004; Son et al. 2008). Additionally, in 2017, G. japonicus
was newly reported from Mokpo, a region located more
than 200 km away from known localities of Korean popu-
lations (Kim et al. 2017).
Studies on morphological features (Tokunaga 1984;

Zhang et al. 2009), daily activity pattern (Tawa et al.
2014), reproductive cycle (Ji et al. 1991; Ikeuchi 2004), and
diet (Ota and Tanaka 1996) of G. japonicus have been per-
formed in China and Japan. With respect to within- and
among-population genetic variation, Honshu and Shikoku
populations in Japan were compared using allozyme tech-
niques (Toda et al. 2003). Based on results indicating high
within-population genetic variation and little divergence
among populations, the authors suspected that extensive
gene exchange occurred among local populations. In
Korea, studies were recently performed on G. japonicus’s
distribution and habitat use (Kim et al. 2018, 2019), mito-
chondrial genome (Kim et al. 2016), and shelter selection
in an indoor vivarium (Park et al. 2018). Nevertheless, it
remains a mystery how G. japonicus populations were
established across Korea. Also, the magnitude and pattern
of morphological variation in Korean and neighboring
populations have remained to be studied. Considering
over 100 years has passed since the first reports of G.
japonicus in the three countries (Stejneger 1907), we
expect to detect some extended morphological differen-
tiation across its range. However, if dispersal or intro-
duction of individuals has occurred recently or
frequently among populations, among-population mor-
phological variation and discrimination power would
remain low. To understand the process of population
establishment, extent of gene flows among populations,
and features of local adaptation in G. japonicus, studies
of both morphological and genetic variation across its
distribution are necessary.

This is the first in a series of studies of G. japonicus to
understand its evolutionary history. In this study, we in-
vestigated the pattern of morphological variation of G.
japonicus across its range to gain insight into relative
morphological similarities among the Chinese, Japanese,
and Korean populations. Also, we compared an extent of
within-population variation with that of among-
population variation. Our purpose is to gain insight into
the morphological divergence and historical relation-
ships among those G. japonicus populations.

Materials and methods
Sampling
We collected 324 individuals from 11 total populations
between April and June, 2017 (Table 1, Fig. 1): 5 popula-
tions in Korea (Mokpo [MokP], Kimhae [KimH], and 3 lo-
cations in Busan [NatH, ComP, NamS]), 4 populations in
Japan (Tsushima Island [Tsush], Fukuoka [Fuku],
Innoshima Island [InnoS], and Kyoto [Kyoto]), and 2 pop-
ulations in China (Yancheng [YanC] and Wenzhou
[WenZ]). Although three populations in Busan were geo-
graphically close to each other, the populations are con-
sidered independent based on the home range (~ 140 m2)
of G. japonicus (Park 2019) and urban barriers. We only
used adult geckos with a snout-vent length (SVL) over 45
mm to compare similar age groups and reduce possible
developmental effects on the morphology (Kim et al.
2018). We determined the sex of each individual based on
the relative size of the cloacal spurs (Tokunaga 1984).
Morphological traits were measured for all individuals as
described below. All animals from Korean and Japanese
populations were released unharmed at the site of capture.
For Chinese samples, specimens caught from Yancheng
and Wenzhou were transported and raised in a laboratory
at Wenzhou University.

Morphological variables included
We selected 10 size and 5 scale variables to measure,
based on previous studies on congeneric species (Ota
et al. 1995; Rösler et al. 2011, Fig. 2). Variables are as fol-
lows: head length (HL, from tip of snout to posterior
margin of auricular opening), head width (HW, max-
imum head width), head height (HH, maximum head
height), internasal distance (IND, minimum distance be-
tween the inside edge of snares), snout-eye length (SE,
minimum distance between tip of snout to eye), eye
diameter (ED, maximum eye diameter), snout to arm
length (SAL, from tip of snout to the base of forelimb),
snout-vent length (SVL, from tip of snout to anterior
margin of cloaca), axilla-groin length (AG, distance be-
tween axilla and groin), thigh length (LT, from knee to
middle of body), number of supralabials (SPL), and
number of infralabials (IFL), number of interorbitals
(IO), number of ventrals (V, counted at the middle of
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body), and the number of scansors on toe IV (TIVS). All
size variables were measured using an electronic caliper
(CD-15CPX, Mitutoyo-Korea, Seoul) to the closest 0.01
mm. To maintain measurement consistency, the same
person measured all variables of all geckos on the right
side of the body.

Pattern of morphological variation
All variables were first log10-transformed to normalize the
data and then subsequently standardized to overall mean
SVL in order to remove possible effects of developmental
stage and sex. We calculated each standardized variable
using the equation of ‘the log10-transformed specific vari-
able of an individual × (the mean of the log10-transformed
SVL of all individuals/the log10-transformed SVL of the
specific individual) ^ a regression coefficient between the
log10-transformed SVLs and the log10-transformed specific
variables of all individuals,’ following the method of Lleo-
nart et al. (2000). This method was previously applied to

describe the pattern of morphometric variation of the Ital-
ian tree frog (Rosso et al. 2004).
In the analysis, in order to test if morphological variables

were different among 11 populations, we first used
Kruskal-Wallis tests because some variables did not pass
the normality test (Ps < 0.05). Second, we conducted princi-
pal component (PC) and canonical variate (CV) analyses to
explore patterns of morphological variability, following
Kaliontzopoulou et al. (2010). In the analyses, PCs ex-
plained which variables were responsible for the total indi-
vidual variation observed in our samples, while CVs
determined which variables were more important in popu-
lation differentiation (Noh and Yoo 2016). Also, to under-
stand the proportion of the total morphological variation
not explained by differences among the populations, we ex-
ecuted the Wilks’ Lambada test (Noh and Yoo 2016).

Relationships among populations
We conducted discriminant and cluster analyses to
understand the phenetic relationship among the 11

Table 1 Summary of the number of sampled Gekko japonicus, and basic environmental conditions at 11 populations, which were
investigated

Country Population Coordinates No. of individuals Altitude
(m)

NDVI Site description

Male Female

Korea MokP 34.79 N 15 6 6.0 55 Downtown

126.39 E

KimH 35.33 N 6 14 15.2 98.4 Town adj. Mt.

128.76 E

NatH 35.22 N 11 11 49.2 83 Downtown adj. Mt.

129.07 E

ComP 35.12 N 12 11 178.2 94.2 Downtown adj. Mt.

129.03 E

NamS 35.11 N 17 13 31.3 42.5 Downtown adj. Mt.

129.03 E

Japan Tsush 34.66 N 20 9 24.9 73.4 Town adj. Mt.

129.47 E

Fuku 33.59 N 17 50 7.8 58.4 Downtown City park/ruin

130.38 E

InnoS 34.28 N 14 15 24.3 90.4 Town adj. Mt.

133.18 E

Kyoto 34.99 N 16 7 26.9 44.6 Downtown city park

135.75 E

China YanC 33.28 N 15 15 1.0 97.5 Suburban town

120.03 E

WenZ 27.76 N 15 15 5.2 86.2 Suburban town

120.60 E

Mean 14.4 15.1 33.6 74.9

(Total) (158) (166)

Abbreviations: No number, NDVI normalized difference vegetation index, adj adjoined, Mt mountain

Kim et al. Journal of Ecology and Environment           (2019) 43:34 Page 3 of 9



populations based on morphological variation. The dis-
criminant analysis was used to determine the popula-
tion discrimination power based on the first five PCs,
extracted in the principal component analysis, of which
Eigenvalue was greater than 1, and to obtain the mean
discriminant scores for each population. The cluster
analysis was conducted using Ward’s group linkage

method based on the mean discriminant scores for each
population, obtained in the discriminant analysis, and
produced a cluster dendrogram of the 11 populations.
Before the cluster analysis, we transformed all the mean
discriminant scores into Euclidean distance measures.
All data were analyzed with either SPSSPC (ver. 18.0;
Noh and Yoo 2016) or PC-ORD (ver. 6.0; Peck 2016).

Fig. 2 (a) Lateral and (b) dorsal view of the head, (c) schematic dorsal view of the gecko, and (d) ventral view of the hind limb of Gekko
japonicus, in which morphological variables (10 size and 4 scale variables, not shown the ventral scale variable), measured in this study, are
presented. See the “Materials and Methods” for variable abbreviations

Fig. 1 Locations of the 11 Gekko japonicus populations, which investigated YanC and WenZ in China; MokP, KimH, NatH, ComP, and NamS in
Korea; and Tsush, Fuku, InnoS, and Kyoto in Japan
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Results
Pattern of morphological variation
Morphological data were collected for all 324 individuals
(Table 1, Additional file 1: Table S1). Among the 11 popu-
lations, all size and scale variables showed significant dif-
ferences (Ps < 0.05, Additional file 1: Table S1). In the
principal component analysis, the first five PCs explained
54.9% of the total individual variation with Eigenvalue be-
ing greater than 1 (Table 2). Major components of the
PCI included HW, HL, and SAL and explained 19.1% of
the total individual variation (Table 2), suggesting the im-
portance of head size in the morphological variation.
Major components of the PCII, III, and IV included IFL
and SPL, AG, and TIVS and ED and explained 12.6%,
8.3%, and 7.7% of the total individual variation, respect-
ively (Table 2). These results indicated gape size, body
trunk length, number of scansors on toe IV, and eye size
are important sources for the individual variation. The V
and IO consisted of the main components of the PCV.
In the canonical variate analysis, the Wilks’ lambda

scores for each variable were relatively large (mean ± SE =
0.868 ± 0.016, ranged 0.748–0.939, F10, 313 = 2.019–10.563,
Ps < 0.05), indicating that within-group variations mostly
explain the observed total morphological variation
(Table 3). The first three CVs from canonical variate ana-
lysis explained 70.5% of the total among-population vari-
ation (Table 2). Major components of the CVI-III were AG

and IFL, TIVS and HH, and V and HW and explained
39.9%, 15.8%, and 14.8% of the total variation, respectively
(Table 2). These results suggest that body trunk length,
gape size, number of scansors on toe IV, and head size are
major sources for the among-population variation.

Relationships among populations
In the discriminant analysis, the population discrimin-
ation power was 32.4% and discrimination among the
populations was not evident, although some populations
(YanC, WenZ, and Fuku) were relatively distinct from
remaining populations (Fig. 3a). In the cluster analysis,
populations from the three countries tended to intermix
in two major groups although the difference in branch-
ing distance between the groups was not great (Fig. 3b).

Discussion
We investigated the patterns of morphological variation in
G. japonicus and the phenetic relationships among Chin-
ese, Japanese, and Korean populations using 15 morpho-
logical variables. We found that (1) among-population
morphological variation was smaller than within-
population variation, and (2) populations from the three
countries tended to intermix into two major groups. These
results present several potential factors explaining the ob-
served morphological variation and clustering pattern

Table 2 Multivariate analyses of morphological data of Gekko japonicus from 11 populations. Component score coefficient matrix
from the principal component analysis and standardized canonical discriminant function coefficients from the canonical variate
analysis on the snout-vent length standardized data after log10-transformation are presented. Only the components are shown, of
which either have Eigenvalue (EV) greater than 1 or explained more than 10% of total variation

Variable Principle component analysis Canonical variate analysis

PCI PCII PCIII PCIV PCV CVI CVII CVIII

HL 0.643 − 0.085 0.112 0.276 − 0.289 − 0.116 − 0.141 0.319

HW 0.669 0.004 − 0.105 0.040 −0.050 0.124 0.172 − 0.514

HH 0.539 0.266 0.043 − 0.404 − 0.030 − 0.073 0.543 − 0.052

IND 0.489 0.088 0.195 − 0.205 0.232 − 0.089 − 0.163 0.067

SAL 0.625 − 0.268 − 0.023 0.101 − 0.102 − 0.219 0.234 0.176

SE 0.487 − 0.064 0.217 0.389 −0.087 − 0.183 − 0.044 0.373

ED 0.396 0.047 0.361 − 0.455 − 0.052 0.205 0.373 0.305

AG 0.349 0.309 − 0.553 − 0.061 0.147 0.622 − 0.503 − 0.131

LT 0.586 0.018 − 0.139 0.112 0.161 − 0.003 − 0.192 0.340

SPL − 0.083 0.743 0.223 0.194 − 0.296 0.200 0.141 − 0.091

IFL − 0.085 0.756 0.160 0.272 − 0.150 0.550 − 0.010 0.011

IO 0.130 0.447 − 0.371 0.204 0.505 0.228 0.085 0.419

V − 0.002 0.092 0.608 0.072 0.637 − 0.261 0.201 − 0.526

TIVS − 0.011 0.419 − 0.076 − 0.496 − 0.160 0.284 0.512 0.084

EV 2.673 1.766 1.155 1.081 1.007 0.872 0.345 0.324

% exp. 19.09 12.62 8.25 7.72 7.19 39.9 15.8 14.8

Major PC and CV components are indicated in italics. % exp percentage of variation explained. See the “Materials and Methods” section for variable abbreviations
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among G. japonicus populations, which we discuss in detail
below.
Some of morphological differentiation in urban habitats

and the morphological variation from founding popula-
tions might be responsible for the morphological individ-
ual variation of G. japonicus observed in this study.
Individual morphological variation of G. japonicus was
mainly found in the head and gape size (represented by
HL, HW, SAL, SPL, and IFL), which often function in
male-male competition and exploiting food sources in
reptiles, respectively (Saenz and Conner 1996; Cooper Jr
and Vitt 1989; Rodríguez-Robles et al. 1999). Similar to
our results, variables related with head, limb, and lamellae
were previously identified as major morphological

individual variables in other lizard species such as Tropi-
durus hispidus (Vitt et al. 1997) and Anolis sagrei (Lee
1987; Losos et al. 2000; Kolbe et al. 2007). For those vari-
ables, some may be important for local morphological
adaptation to given environments. In urban habitats, G.
japonicus may encounter different food sources, refuge
types, wall conditions, and individual competition levels
compared to their natural forest habitats (McKinney 2002;
Parris 2016; Kim et al. 2018), which facilitates the adaptive
differentiation of particular morphological features. At the
moment, although exactly related previous results are not
available in geckos, there is a growing body of evidence
showing significant causal relationships between morpho-
logical variation and specific environmental components.
For example, A. cristatellus in urban habitats had longer
limbs and more toe lamellae than those in natural habitats
(Winchell et al. 2016, 2018), while Podasrcis guadarramae
in rocky environments had flatter body shape than those
living in areas with vegetation (Gomes et al. 2016). Con-
sidering these previous results, our results with G. japoni-
cus suggest that at least some of the observed
morphological individual variations have resulted from
morphological local adaptations to the urbanized habitat
conditions.
Second, some of the morphological individual vari-

ation observed in G. japonicus may simply reflect the
characteristics of the founding individuals, considering
the possible recent establishments of some of the studied
populations. In A. sagrei populations, variation in the
source population accounted for most of the morpho-
logical variation among recently established populations
(Lee 1987). Considering the geographically or commer-
cially close relationships among the studied G. japonicus
populations, the observed individual variation may sim-
ply be a result of multiple source populations. To un-
cover the exact source of the observed morphological
individual variation, additional studies on morphological
variation in specific habitat components, and molecular

Fig. 3 (a) Distributions and (b) cluster dendrograms based on the mean discriminant scores of the snout-vent length standardized morphological
data for 11 Gekko japonicus populations across China (YanC, WenZ), Japan (Tsush, Fuku, InnoS, Kyoto), and Korea (MokP, KimH, NatH,
ComP, NamS)

Table 3 Summary of the Wilks’ lambda (df1 = 10, df2 = 313)
score of the snout-vent length standardized data after log10-
transformation of Gekko japonicus in 11 populations. See the
“Materials and Methods” section for variable abbreviations

Variable Score F P

HL 0.933 2.250 0.015

HW 0.939 2.019 0.031

HH 0.900 3.467 < 0.001

IND 0.900 3.462 < 0.001

SAL 0.865 4.889 < 0.001

SE 0.906 3.243 0.001

ED 0.887 3.996 < 0.001

AG 0.748 10.563 < 0.001

LT 0.919 2.746 0.003

SPL 0.837 6.076 < 0.001

IFL 0.770 9.340 < 0.001

IO 0.852 5.433 < 0.001

V 0.876 4.442 < 0.001

TIVS 0.813 7.179 < 0.001

Mean ± SE 0.868 ± 0.016
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study of origin and gene flow among populations are
needed.
In the canonical variate analysis, the mean Wilks’

lambda values of the variables were large (> 0.8), indicat-
ing small among-population variation relative to within-
population variation. In this study, we identified the length
of body trunk (AG) and the number of scansors on toe IV
(TIVS) in addition to the head and gape-related variables
as major among-population variables, but the differenti-
ation of the variables was not great among the studied
populations. This result is consistent with the results from
allozyme data from nine G. japonicus populations in
Japan, which showed high within-population genetic vari-
ation and little divergence among populations (Toda et al.
2003). Similar trends were also reported in a morphomet-
ric study of Anolis sagrei in Florida (Lee 1992) and mo-
lecular studies of Urosaurus lizards (Haenel 2017) and
Anolis cristatellus (Reynolds et al. 2017). The small
among-population variation observed in this study can be
explained by either an insufficient time for local adapta-
tion following recent population expansion in some popu-
lations, an early stage of multiple introductions from
multiple source populations, or local morphological differ-
entiation in similar urban habitats. First, some populations
may have been established relatively recently, resulting in
insufficient time for differential local adaptations or neu-
tral differentiations. Most populations in Korea were dis-
covered relatively recently, in the early 2000s (KimH,
NatH, and ComP; Lee et al. 2004) or 2017 (MokP; Kim
et al. 2017). We believe these Korean populations are re-
cently established, as G. japonicus are conspicuous ani-
mals and despite performing regular faunal surveys across
Korea for more than 30 years, those recent discoveries
were the first sightings of those populations (Song 2007).
For some Korean populations examined here, therefore,
sufficient time should have not yet passed since their ini-
tial establishment to exhibit any clear morphological dif-
ferentiations in response to differential local environments
or through the accumulation of neutral divergences.
Second, the pattern seen in G. japonicus may have been

caused by populations being established from multiple
source populations. Natural and artificial (i.e. human-
mediated) dispersals could both contribute to this pattern.
For natural dispersal, this is likely if the new and several
source populations are in close proximity (Lee 1985). For
artificial dispersal, geckos are known to disperse relatively
well by human-mediated transportation (Lee 1985, 1987;
Newbery and Jones 2007). Geckos often live close to
humans, can attach themselves or their eggs to various ob-
jects, and are often kept as pets (Lee 1985, 1987; Newbery
and Jones 2007; Son et al. 2008; Yang et al. 2012b). Also,
considering the high volume of commercial shipping
among China, Japan, and Korea (Fogel 2000; Mitsuhashi
et al. 2005; Yoon and Yeo 2007), frequent exchange of G.

japonicus individuals is possible among the three coun-
tries. These various factors increase the possibility that
those populations were established from multiple source
populations. As expected geographically, the three re-
cently discovered populations in Korea (NatH, ComP, and
KimH) are relatively close to the known old Busan popu-
lations (NamS) and are located in areas with heavy public
and commercial transportation.
Third, the small among-population morphological vari-

ation might be caused by similar adaptations to urban en-
vironments (McKinney 2002; Parris 2016). As described
above, urban habitats can influence A. cristatellus to have
longer limbs and more toe lamellae than those in natural
habitats (Winchell et al. 2016, 2018). Considering the
similar environmental conditions of the studied popula-
tions (Table 1), G. japonicus might similarly adapt to simi-
lar urban habitats, resulting in small among-population
morphological variation. Although the major habitats of
G. japonicus are mostly found in metropolis of the coun-
tries (Kim 2019), it may be possible to find reasonable
among-population morphological variation if we compare
the morphological variation between urban and natural
forest populations in the future studies.
Although the discriminative power of populations was

not great (32.4%), the discriminant and cluster analyses
provide some interesting implications regarding the his-
torical relationships among Chinese, Japanese, and Ko-
rean populations. Populations from the three countries
tended to intermix in two major groups although the
branching distance was not great between the groups.
This result suggests that there are at least two sources
for the studied populations. The source of one of the
major groups might be the eastern coastal areas of
China, as this group comprised of all Chinese popula-
tions, but few Japanese and Korean populations. For the
other major cluster (containing only Japanese and Ko-
rean populations), the source could be an unknown/ex-
tinct population in Japan or Korea or an unsampled
population in inland China.
The discriminant and cluster analyses, which uncov-

ered a clustering pattern not matching geography (popu-
lations of China, Japan, and Korea being intermixed),
likely indicate frequent exchange of individuals among
the investigated populations. Both natural and artificial
dispersals could have contributed to this pattern. Natural
dispersal could have been facilitated by land connections
among the countries during prehistoric glacial periods
via three potential routes (via the Ryukyu Islands,
around the Yellow Sea or rafting across the East China
Sea, Kim et al. 2007; Borzee et al. 2017; Park et al. 2017).
Artificial dispersal could have been facilitated by the
human shipping connections between cities in the Shan-
dong Peninsula and east coasts of China and cities in
Japan and Korea (Fogel 2000; Mitsuhashi et al. 2005).
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Molecular studies using various markers would help
clarify the exact source and genetic relationships be-
tween studied populations.

Conclusions
In summary, G. japonicus populations are morphologic-
ally similar with small among-group morphological vari-
ation. This pattern may be the result of insufficient time
for local adaptation at some populations, multiple intro-
ductions of individuals among the populations, and/or
local morphological differentiation in similar urban habi-
tats. Our result shows that populations from the three
countries tended to intermix in two major groups, sug-
gesting that there are at least two source groups for the
studied populations and exchanging individuals among
the populations is frequent. Additional sampling across
the range and inclusion of genetic data could give fur-
ther clue to the historical relationship among Chinese,
Japanese, and Korean populations of G. japonicus.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s41610-019-0132-5.

Additional file 1. Table S1. Summary of 15 morphological (10 size and
5 scale) variables of male and female Gekko japonicus in 11 populations
and the results of Kruskal-Wallis test on the standardized variables to the
overall mean snout-vent length (SVL) after log10-transformation among
11 populations. Data are presented as mean ± 1SD with the range of the
data.
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vegetation index; No: Number; PC: Principal component; SAL: Distance from
the tip of snout to the base of forelimb; SE: Distance between the tip of
snout and eye; SPL: Number of supralabials; SVL: Snout-vent length;
TIVS: Number of scansors on toe IV; Tsush: Tsushima; V: Number of ventrals;
WenZ: Wenzhou; YanC: Yancheng

Acknowledgements
We thank Drs. Robert R. Kaplan and Yeon-Sook Jeong for their comments on
the manuscript and helps in early statistical analysis and Dr. Il-Hun Kim and
Hwan-Jin Jang for their help in field surveys.

Authors’ contributions
DIK, IKP, and DP designed the study, carried out the field study, performed
the analysis, and wrote the manuscript. HO, JSK, YPZ, SRL, and WJC carried
out the field study and reviewed the manuscript. JJF conceived the study
and reviewed/edited the manuscript. DIK and IKP made equal contributions
to this study. All authors read and approved the final manuscript.

Funding
This research was supported by the Basic Science Research Program through
the National Research Foundation of Korea (NRF) funded by the Ministry of
Education (2016R1D1A1B03931085) to D Park and Natural Sciences
Foundation of China (31170376) to YP Zhang.

Availability of data and materials
The datasets generated during and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Ethics approval and consent to participate
This research was conducted within the guidelines and approval of the
Institutional Animal Care and Use Committee of Kangwon National
University (KW-161128-2).

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Biology, Kangwon National University, Chuncheon, Kangwon
24341, South Korea. 2Institute of Natural and Environmental Sciences,
University of Hyogo, Yayoigaoka 6, Sanda, Hyogo 669-1546, Japan. 3Science
Unit, Lingnan University, Tuen Mun, New Territories, Hong Kong, People’s
Republic of China. 4Division of Science Education, Kangwon National
University, Chuncheon, Kangwon 24341, South Korea. 5College of Life and
Environmental Sciences, Wenzhou University, Wenzhou 325035, Zhejiang,
People’s Republic of China.

Received: 1 May 2019 Accepted: 4 September 2019

References
Allendorf FW, Lundquist LL. Introduction: population biology, evolution, and

control of invasive species. Conserv Biol. 2003;17:24–30.
Borzee A, Santos JL, Sánchez-RamÍrez S, Bae Y, Heo K, Jang Y, Jowers MJ.

Phylogeographic and population insights of the Asian common toad (Bufo
gargarizans) in Korea and China: population isolation and expansions as
response to the ice ages. PeerJ. 2017. https://doi.org/10.7717/peerj.4044.

Bossdorf O, Auge H, Lafuma L, Rogers WE, Siemann E, Prati D. Phenotypic and
genetic differentiation between native and introduced plant populations.
Oecologia. 2005;144:1–11.

Cantor T. General features of Chusan, with remarks on the flora and fauna of that
island. Ann Mag Nat Hist London [ser. 1]. 1842;9:486–9.

Cooper WE Jr, Vitt LJ. Sexual dimorphism of head and body size in an iguanid
lizard: paradoxical results. Am Nat. 1989;133:729–35.

Duméril AMC, Bibron G. Erpétologie générale ou histoire naturelle complète des
reptiles, vol. 3. Paris: Librairie Encyclopédique Roret; 1836.

Fogel J. Shanghai-Japan: the Japanese residents’ association of Shanghai. J Asian
Stud. 2000;59:927–50.

Gomes V, Carretero MA, Kaliontzopoulou A. The relevance of morphology for habitat
use and locomotion in two species of wall lizards. Acta Oecol. 2016;70:87–95.

Haenel GJ. Introgression of mtDNA in Urosaurus lizards: historical and ecological
processes. Mol Ecol. 2017;26:606–23.

Ikeuchi I. Male and female reproductive cycles of the Japanese gecko, Gekko
japonicus, in Kyoto. Jpn J Herpetol. 2004;38:269–74.

Ji X, Wang P, Hong WX. The reproductive ecology of the gecko Gekko japonicus.
Acta Zool Sin. 1991;37:185–92.

Kaliontzopoulou A, Carretero MA, Sillero N. Geographic patterns of
morphological variation in the lizard Podarcis carbonelli, a species with
fragmented distribution. Herpetol J. 2010;20:41–50.

Kim DI. Species distribution modeling, microhabitat use, and morphological
variation of the Schlegel’s Japanese gecko (Gekko japonicus). Doctoral
Dissertation, Chuncheon, Korea: Kangwon National University; 2019.

Kim DI, Choi WJ, Park IK, Kim JS, Kim IH, & Park D. Comparisons of microhabitat
use of Schlegel’s Japanese gecko (Gekko japonicus) among three populations
and four land cover types. J Ecol Environ. 2018;doi:https://doi.org/10.1186/
s41610-018-0088-x.

Kim DI, Park IK, Kim JS, Ota H, Choi WJ, Kim IH, Park D. Spring and summer
microhabitat use by Schlegel’s Japanese gecko, Gekko japonicus (Reptilia:
Squamata: Gekkonidae), in urban areas. Anim Cells Syst. 2019;23:64–70.

Kim HT, Bae YH, Kim H, Kim D, Borzée A. Gekko japonicus (Schlegel’s Japanese
gecko). Herpetol Rev. 2017;48:588.

Kim et al. Journal of Ecology and Environment           (2019) 43:34 Page 8 of 9

https://doi.org/10.1186/s41610-019-0132-5
https://doi.org/10.1186/s41610-019-0132-5
https://doi.org/10.7717/peerj.4044
https://doi.org/10.1186/s41610-018-0088-x
https://doi.org/10.1186/s41610-018-0088-x


Kim IH, Park J, Cheon KS, Lee HJ, Kim JK, Park D. Complete mitochondrial
genome of Schlegel’s Japanese gecko Gekko japonicus (Squamata:
Gekkonidae). Mitochondr DNA A. 2016;27:3684–6.

Kim JB, Matsui M, Nishikawa K. Genetic relationships among salamanders of the
genus Hynobius (Amphibia, Caudata) from Korea and Southwestern Japan.
Zool Sci. 2007;24:1128–33.

Kolbe JJ, Glor RE, Schettino LR, Lara AC, Larson A, Losos JB. Genetic variation
increases during biological invasion by a Cuban lizard. Nature. 2004;431:177–81.

Kolbe JJ, Larson A, Losos JB. Differential admixture shapes morphological
variation among invasive populations of the lizard Anolis sagrei. Mol Ecol.
2007;16:1579–91.

Lande R. Genetic variation and phenotypic evolution during allopatric speciation.
Am Nat. 1980;116:463–79.

Lee JC. Anolis sagrei in Florida: phonetics of a colonizing species I. Meristic
characters. Ibid. 1985:1985:182–194.

Lee JC. Anolis sagrei in Florida: phonetics of a colonizing species II. Morphometric
characters. Copeia. 1987:1987:458–469.

Lee JC. Anolis sagrei in Florida: phonetics of a colonizing species III. West Indian
and Middle American comparisons. Copeia. 1992:1992:942–954.

Lee JN, Kang SG, Lee IS. The study on the Gekko japonicus in Korea. Bull Basic Sci
Res Inst Kyeongsung Univ. 2004;16:57–63.

Lleonart J, Salat J, Torres GJ. Removing allometric effects of body size in
morphological analysis. J Theor Biol. 2000;205:85–93.

Lockwood JL, Cassey P, Blackburn T. The role of propagule pressure in explaining
species invasions. Trends Ecol Evo. 2005;20:223–8.

Losos JB, Creer DA, Glossip D, Goellner R, Hampton A, Roberts G, Haskell N,
Taylor P, Ettling J. Evolutionary implications of phenotypic plasticity in the
hindlimb of the lizard Anolis sagrei. Evolution. 2000;54:301–5.

McKinney ML. Urbanization, biodiversity, and conservation: the impacts of
urbanization on native species are poorly studied, but educating a highly
urbanized human population about these impacts can greatly improve
species conservation in all ecosystems. BioScience. 2002;52:883–90.

Mitsuhashi I, Sasa K, Li Z, Gao H, Kim HS. Future development of sea
transportation corridors in Northeast Asia. Proc East Asia Soc Transp Stud.
2005;5:1687–702.

Newbery B, Jones DN. Presence of Asian house gecko Hemidactylus frenatus
across an urban gradient in Brisbane: influence of habitat and potential for
impact on native gecko species. In: Lunney D, Eby P, Hutchings P, Burgin S,
editors. Pest or guest: the zoology of overabundance. Mosman: Royal
Zoological Society of New South Wales; 2007.

Noh HJ, Yoo JY. Multivariate analysis theory and practice using SPSS & Excel.
Seoul, Korea: Media Jiphil; 2016.

Ota H, Lau MW, Weidenhöfer T, Yasukawa Y, Bogadek A. Taxonomic review of
the geckos allied to Gekko chinensis Gray 1842 (Gekkonidae Reptilia) from
China and Vietnam. Trop Zool. 1995;8:181–96.

Ota H, Tanaka S. Gekkonidae and Eublepharidae. In: Sengoku S, Hikida T, Matsui
M, Nakaya K, editors. The encyclopedia of animals in Japan 5, amphibians,
reptiles, chondrichthyes. Tokyo: Heibonsha Ltd. Publishers; 1996.

Park IK. Habitat use and home range of Schlegel’s Japanese gecko (Gekko
japonicus) in South Korea. MS Thesis, Chuncheon, Korea: Kangwon National
University; 2019.

Park IK, Kim DI, Jang SY, Kim DY, Choi WJ, Kim JS, Koo KS, Park D. Preference and
competition for shelters at day and night between adult and juvenile
Schlegel’s Japanese gecko (Gekko japonicus) in an indoor vivarium. Korean J
Environ Ecol. 2018;32:373–80.

Park J, Kim IH, Fong JJ, Koo KS, Choi WJ, Tsai TS, Park D. Northward dispersal of
sea kraits (Laticauda semifasciata) beyond their typical range. PLoS One.
2017;12:e0179871.

Parris KM. Ecology of urban environments. West Sussex, UK: Wiley-Blackwell; 2016.
Peck JE. Multivariate analysis for ecologists: step-by-step. Gleneden Beach: MjM

Software Design; 2016.
Reynolds RG, Strickland TR, Kolbe JJ, Falk BG, Perry G, Revell LJ, Losos JB. Archipelagic

genetics in a widespread Caribbean anole. J Biogeogr. 2017;44:2631–47.
Rodríguez-Robles JA, Bell CJ, Greene HW. Gape size and evolution of diet in

snakes: feeding ecology of Erycine boas. J Zool. 1999;248:49–58.
Rösler H, Bauer AM, Heinicke M, Greenbaum E, Jackman T, Nguyen QT, Ziegler T.

Phylogeny, taxonomy, and zoogeography of the genus Gekko Laurenti, 1768
with the revaluation of G. reevesii Gray, 1831 (Sauria: Gekkonidae). Zootaxa.
2011;2989:1–50.

Rosso A, Castellano S, Giacoma C. Ecogeographic analysis of morphological and
life-history variation in the Italian tree frog. Evol Ecol. 2004;18:303–21.

Saenz D, Conner RN. Sexual dimorphism in head size of the Mediterranean
gecko Hemidactylus turcicus (Sauria: Gekkonidae). Texas J Sci. 1996;48:207–12.

Son SB, Lee SC, Lee YW, Cho YK. Introduction of Schlegel’s Japanese gecko
(Gekko japonicus). Nature Ecol. 2008;13:10–29.

Song JY. Current status and distribution of reptiles in the Republic of Korea.
Korean J Environ Biol. 2007;25:124–38.

Stejneger L. Herpetology of Japan and adjacent territory. Washington D. C.:
Washington Government Printing Office; 1907.

Tawa Y, Jono T, Numata H. Circadian and temperature control of activity in
Schlegel’s Japanese gecko, Gekko japonicus (Reptilia: Squamata: Gekkonidae).
Curr Herpetol. 2014;33:121–8.

Toda M, Hikida T, Okada S, Ota H. Contrasting patterns of genetic variation in the
two sympatric geckos Gekko tawaensis and G. japonicus (Reptilia: Squamata)
from western Japan, as revealed by allozyme analyses. Heredity. 2003;90:90–7.

Toda M, Yoshida T. Issues and perspectives regarding invasive alien species of
amphibians and reptiles in Japan. Bull Herpetol Soc Jpn. 2005;2005:139–49.

Tokunaga S. Morphological variation and sexual dimorphism in Gekko japonicus
from Fukuoka, northern Kyushu. Japan Jpn J Herpetol. 1984;10:80–8.

Vitt LJ, Caldwell JP, Zani PA, Titus TA. The role of habitat shift in the evolution of
lizard morphology: evidence from tropical Tropidurus. P Natl Acad Sci USA.
1997;94:3828–32.

Wada T. Distribution of house-dwelling geckos in Japan, based on a research
using questionnaire. Shizenshi-Kenkyu. 2003;3:2–19.

Winchell KM, Maayan I, Fredette JR, Revell LJ. Linking locomotor performance to
morphological shifts in urban lizards. Proc R Soc B. 2018;285:20180229.

Winchell KM, Reynolds RG, Prado-Irwin SR, Puente-Rolόn AR, Revell LJ.
Phenotypic shifts in urban areas in the tropical lizard Anolis cristatellus.
Evolution. 2016;70:1009–22.

Yang CC, Ascunce MS, Luo LZ, Shao JG, Shih CJ, Shoemaker D. Propagule pressure
and colony social organization are associated with the successful invasion and
rapid range expansion of fire ants in China. Mol Ecol. 2012a;21:817–33.

Yang D, González-Bernal E, Greenlees M, Shine R. Interactions between native
and invasive gecko lizards in tropical Australia. Austral Ecol. 2012b;37:592–9.

Yoon YM, Yeo TD. Trade structures and relations among China, Japan, and Korea.
J Korean Econ. 2007;8:121–45.

Zhang YP, Du WG, Zhu LJ. Differences in body size and female reproductive traits
between two sympatric geckos, Gekko japonicus and Gekko hokouensis. Folia
Zool. 2009;58:113–22.

Zhao EM, Adler K. Herpetology of China. Oxford: Society for the Study of
Amphibians and Reptiles; 1993.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Kim et al. Journal of Ecology and Environment           (2019) 43:34 Page 9 of 9


	Abstract
	Background
	Results
	Conclusion

	Background
	Materials and methods
	Sampling
	Morphological variables included
	Pattern of morphological variation
	Relationships among populations

	Results
	Pattern of morphological variation
	Relationships among populations

	Discussion
	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

