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Abstract

Listing alien species is becoming more important due to the global spread of infectious
diseases such as COVID-19, chytrid fungus, and ranavirus. We determined the identity
and origin of newly discovered geckos (hereafter, Incheon gecko) near Incheon
Port, South Korea, in September 2021, through morphological and genetic studies.
The number of interorbitals of the Incheon geckos overlapped only with those of
Gekko swinhonis, among four closely allied species. In addition, the cytochrome ¢
oxidase subunit 1 (COI, 658 bp) sequence of Incheon geckos had a close
genetic p-distance (0.00-5.47%) with that of G. swinhonis in China. Furthermore,
Incheon geckos shared major mitochondrial cytochrome b (Cytb, 1,140 bp) haplotypes
with G. swinhonis samples collected in coastal cities along the Bohai Bay in
northeast China, including Huludao, Shedao, Laiyang, and Tianjin, where regular
car-ferry routes connect them to Incheon. These results suggest that the geckos,
newly discovered in Incheon, South Korea, are G. swinhonis and were recently
introduced from China via ocean cargo, showing a clear case of human-mediated
introduction of non-native geckos.

Key words: Bohai Bay, car-ferry, introduction, invasive gecko, reptile

Introduction

A non-native species refers to a species that has been introduced to another
area outside its natural habitat by humans, regardless of intention (Kraus
2009). The number of non-native species introduction is increasing due to
the development of transportation methods, increased international trade,
and continuous economic growth (Pili et al. 2023). Invasive species, which
negatively impact endemic ecosystems, cause the decline of endemic
species through food and habitat competition, disrupt the ecological food
web, and cause various negative impacts, including disease or parasite
transmission (Casey et al. 2015; Bradley et al. 2019; Gonzalez-Sanchez et al.
2021), within the introduced ecosystem. Given the global spread of infectious
diseases such as COVID-19, chytrid fungus, and ranavirus through
international exchanges in modern times, it is becoming increasingly

important to fully document cases of alien species invasions (Borzée et al.

1157


https://doi.org/10.3391/bir.2023.12.4.27
https://www.invasivesnet.org
mailto:parkda@kangwon.ac.kr
https://doi.org/10.3391/bir.2023.12.4.27
https://creativecommons.org/licenses/by/4.0/

)

&

INVASIVESHET

Non-native Gekko swinhonis discovered in South Korea

2021). Invasion by alien species has been observed in various taxa, and the
cases of reptile invasions are also increasing (Kraus 2009; Duenas et al.
2021; Pili et al. 2023).

Reptile including geckos, anoles, and sliders are well-known taxon for
non-native species (Kraus 2009; Weterings and Vetter 2018; Nania et al.
2020; Gonzalez-Sanchez et al. 2021). In particular, geckos, which have well-
developed toe pads that can easily attach to goods, are often introduced
through aircraft or ocean cargo between countries (Behm et al. 2019;
Schneider et al. 2022). They also have hard-shelled, adhesive eggs, which
are also important for facilitating introduction (Rocha et al. 2022). In
addition, due to their popularity as pets, geckos are accidentally or
intentionally released into the nonnative ecosystem after moving through
the international pet trade (Casey et al. 2015; Pili et al. 2023). Introduced
geckos are known to be highly adaptable to new environments, resulting in
the disruption of native gecko populations (Perella and Behm 2020;
Nordberg and Schwarzkopf 2022). They may also introduce new parasites
into the endemic population (Barnett et al. 2018; Borzée et al. 2021).

Two anthropogenically-introduced gecko species, Gekko japonicus
(Schlegel, 1836) and Hemidactylus frenatus (Schlegel, 1836), have been
reported in South Korea. Gekko japonicus, also found in China and Japan,
was first reported in South Korea by Stejneger (1907) in Busan and
inhabits several southern coastal cities, including Busan, Gimhae, and
Mokpo (Kim et al. 2019b). Although Gekko japonicus in Busan was likely
naturally dispersed from China or indirectly through Japan, those in
Mokpo were likely introduced by humans directly from Japan (Kim et al.
2019b; Kim et al. 2020). Another species, H. frenatus, has globally
dispersed from Southeast Asia as a non-native species and is now found in
Central America, Northern Australia, and many Pacific islands (Weterings
and Vetter 2018). In South Korea, there are observation records of H. frenatus
in Busan (Stejneger 1907) and Incheon (Jang personal observation), but
established populations have never been identified.

In September 2021, during a field survey, a new gecko population was
discovered at the Incheon Customs History Park, near Incheon Port,
located in Sinpo-dong, Incheon Metropolitan City, South Korea. In this
study, we morphologically and genetically identified the species of the
geckos, verified whether they were non-native species, and determined the
genetic status of the population and possible dispersal or introduction
routes to Incheon.

Materials and methods
Field survey and sampling

We conducted three field surveys during the three hours after sunset. We
specifically targeted residential and commercial areas within a 1.5 km radius
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Figure 1. Survey sites (circles, A) and the building in the Incheon Customs History Park (B), indicated by a yellow arrowhead, near
the Incheon Port, where many geckos were found. Red and white circles indicate the presence and absence of geckos, respectively.

of the Incheon Customs History Park (37.468681°N; 126.622807°E), where
the geckos were first observed (Figure 1B). On September 21, 2021, we
surveyed only the Incheon Customs History Park, and on April 28, 2022,
surveyed 30 potential habitat sites, including the Incheon Customs History
Park, old historical buildings, churches, cathedrals, schools, and city parks
in the northern parts of the park (Figure 1A). On August 18, 2022, in mid-
summer, we surveyed 60 potential habitat sites, including the previous 30
sites, in the northern and southeastern parts of the park (Figure 1A). For
specimens, we sampled only adult geckos (Snout-vent length, SVL > 45 mm;
Kim et al. 2019a), which have fully developed characteristics and matured
teatures, from the Incheon Customs History Park. We collected 7 males
and 6 females (Kangwon National University Herpetology Laboratory
[KNUHL] voucher numbers: G01572GS-G01584GS) on September 21, 2021
and additional 5 males and 3 females (KNUHL voucher numbers: G04001GS-
G04008GS) on April 22, 2022 when the geckos (hereafter, Incheon gecko)
were discovered. Geckos were determined to be male when preanal pores
were present (Zhao et al. 1999). The SVL of the captured geckos was
measured in units of 0.1 mm using a Vernier caliper (CD15CPX, Mitutoyo
Korea Corporation, Gunpo, South Korea). We took pictures of the head
(dorsal, lateral, and ventral views) and body trunk (dorsal and ventral
views). After sampling the tip of the tail, approximately 1 cm long, with
scissors, we released all the geckos at the capture sites. The obtained tail
tissues were preserved in 99.5% ethanol at 4°C until DNA extraction. We
used the first 13 adult geckos only for the morphological study and the
whole group of 21 geckos for the genetic study. To collect geckos in South
Korea, special permits are not required, but we followed the
recommendations in the ARRIVE guidelines in this study (Percie du Sert
et al. 2020).
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Figure 2. Number of tubercles on the right-side occiput (blue boxes) in Gekko sp. (Kangwon National University Herpetology
Laboratory [KNUHL] voucher number: GO1580GS, female), newly discovered in Incheon, South Korea (A) and in G. japonicus
(KNUHL voucher number: YenC28, male) collected in Yancheng, China (B). Tubercles are indicated by yellow circles.

Morphological study

For the 13 adult geckos sampled in September 2021, we measured the SVL
and counted the number of supralabials (SPL), infralabials (IFL), interorbitals
(I0) between the anterior corners of the eyes, ventrals (V) at the middle of
the body trunk as scale variables, and preanal pores (PP) in male (Zhao et al.
1999; Kim et al. 2019b). In addition, we counted the number of tubercles
on the occiput (between the end of the eye and the thinnest part of the
neck; Figure 2), which is known as a distinguishing morphological feature
between G. japonicus and G. swinhonis Giinther, 1864 (Rosler et al. 2011).
For comparison, we counted the number of tubercles in 21 G. japonicus
collected in Yancheng, China (Kim et al. 2020), which we had photographs
of taken in the same way. All counts were performed on the right side of
the gecko. For the comparison of SVL and the number of scales, we used four
closely allied species, G. swinhonis, G. hokouensis Pope, 1928, G. scabridus
Liu and Zhou, 1982, and G. japonicus (Zhao et al. 1999; Hoehn et al. 2007;
Kim et al. 2019b). We included G. japonicus because the species currently
inhabits South Korea, and we selected the remaining three species based on
the genetic p-distance result of the mitochondrial cytochrome ¢ oxidase
subunit 1 (COI) gene (see the Results section) and a previous study (Rosler
et al. 2011). Since the number of tubercles was normally distributed
(Kolmogorov-Smirnov test, P > 0.05), we used an independent sample T
test to compare the tubercle data between Incheon geckos and Chinese
G. japonicus. All statistical analyses were performed using SPSS v. 26 (IBM
Corp, Armonk, USA).

Genetic Study

DNA extraction, amplification, and sequencing

For genetic analysis, genomic DNA was extracted from the tail tissues of 21
adult geckos sampled in September 2021 and April 2022 with the DNeasy
Blood & Tissue Kit (Qiagen, Hilden, Germany) following the manufacturer’s
protocol. We quantified the extracted genomic DNA with a Qubit 4 fluorometer
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(Thermo Fisher Scientific Solutions, Seoul, South Korea). To identify the
species of the Incheon geckos and to verify the origin of the population, we
selected the mitochondrial CO1, which is often used in DNA barcoding,
and the cytochrome b (Cytb) genes, which have been studied in many
gecko species (Yan et al. 2010; Jeong et al. 2013; Behm et al. 2019; Sun et al.
2019; Kim et al. 2020). The partial sequences of the COI gene were
amplified using LC01490 and HC02198 primers (Folmer et al. 1994). The
complete sequences of the Cytb gene were amplified by Gs_cytb_F (5-ATC
AAG CAC AAG CAG TAA CAA A-3’) and Gs_cytb_R (5-ACA GGG CTT
GTC CGT TTC TG-3’) primers, designed with Primer3web (https://primer3.
ut.ee/) for this study.

The polymerase chain reaction (PCR) was performed using a SimpliAmp
Thermal Cycler (Applied Biosystems, California, USA) in a volume of 20 pl,
which consisted of 1 pl of template DNA (5 ng/1 ul), 0.5 pl each of 10 pmol
forward and reverse primers, and 10 ul of 2X TOPsimple™ PreMIX-nTaq
(Enzynomics, Daejeon, South Korea), and finally adjusted with molecular
biology grade water (HyClone, Massachusetts, USA). The PCR products
were confirmed on a 1% agarose gel and sequenced at Macrogen (Seoul,
South Korea).

Identification of the species

We visually inspected and aligned the obtained sequences using MUSCLE
(Edgar 2004) and trimmed the sequences in Geneious Prime v.2022.0.2
(Biomatters Ltd., Auckland, New Zealand). We finally used 658 bp for COI
and 1,140 bp for Cytb in the analyses. For species identification, we analyzed
the COI gene. Using DnaSP v.6 (Rozas et al. 2017), we identified the
nucleotide mutations in the COI (658 bp) sequence and determined the
haplotype of 21 Incheon geckos. Newly identified haplotypes of COI were
deposited in GenBank. To identify the species based on genetic differentiation
between the sequences of Incheon geckos and those of closely allied species
in the genus Gekko, we calculated the genetic p-distance with MEGA v.6
(Tamura et al. 2013). For the analysis, we selected four allied species of
G. swinhonis (GenBank accession numbers: HM802938, HM802939,
HM802943, and MZ049223; Yan et al. 2010; Zhang et al. 2021), G. hokouensis
(KT005801; Hao et al. 2016), G. scabridus (HM802950; Yan et al. 2010), and
G. japonicus (KR996131; Kim et al. 2016), based on previous phylogenetic
studies (Rosler et al. 2011; Sun et al. 2019), which had available COI
sequences in GenBank.

Origin of the Incheon population

To evaluate the genetic diversity of the Incheon geckos, we analyzed the
mitochondrial Cytb gene. Using DnaSP v.6. (Rozas et al. 2017), we identified
the nucleotide mutations in the Cytb (1,140 bp) sequence and determined
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the haplotypes of 21 Incheon geckos. Newly identified haplotypes of Cytb
were deposited in GenBank. We subsequently calculated the number of
haplotypes (Nh), haplotype diversity (h), and nucleotide diversity () of
the Cytb sequence of the Incheon geckos using the same program.

To determine the origin of the Incheon population, we produced a
haplotype table and compared the Cytb haplotypes of 21 Incheon geckos
with those of 301 G. swinhonis (GenBank accession numbers: GQ131337-
GQ131373; Yan et al. 2010), which were collected from 27 Chinese
populations across its distribution range in a previous study by one of our
authors (Yan et al. 2010). We also produced a median-joining haplotype
network of the Cytb haplotypes using PopART v.1.7 (https://popart.maths.
otago.ac.nz/) to evaluate the genetic relationships between the Incheon
population and the Chinese populations. In addition, to investigate the
phylogenetic relationships between the Incheon population and the
Chinese populations, we constructed a Bayesian inference (BI) tree with
the 38 whole Cytb sequence (1,140 bp) haplotypes of 41 individuals (4 from
Incheon and 37 from China). As outgroups, we included the Cytb sequence
haplotypes of G. japonicus (GenBank accession number: KR996131; Kim et
al. 2016), G. auriverrucosus Zhou and Liu, 1982 (GQ857615; Yan et al.
2010), and G. hokouensis (KT005801; Hao et al. 2016). As a phylogenetic
analysis model, we selected the TIMef model out of 56 models as the most
suitable model using ModelTest 3.7 (Posada 2003). The BI tree was
constructed through 2,000,000 model generations with the Markov chain
Monte Carlo (MCMC) method in MrBayes v.3.2.7 (Ronquist et al. 2012).
The first 5% of the initial results (100,000 generations in total) were
removed as burn-in. We used FigTree v. 1.4.4 (http://tree.bio.ed.ac.uk/
software/figtree/) to visualize the phylogenetic tree. We also constructed
the BI tree using Cytb sequence data of 322 whole G. swinhonis individuals,
including the same 3 outgroups, and provided the result as Supplementary
material Figure S1.

Results

Morphological and genetic identification of the species

At the Incheon Customs History Park, we found a total of 179 geckos (54 in
September 2021, 15 in April 2022, and 110 in August 2022). Additionally,
we found five geckos in a residential area located in the southeastern part
of the Incheon Customs History Park in August 2022 (Figure 1A).
However, we did not find any geckos in other residential and commercial
areas in the northern and eastern parts of the park during the surveys
(Figure 1A).

We provided detailed morphological characteristics of the 13 adult
geckos collected in Incheon in Table 1. Among the six measured variables,
SVL, SPL, IFL, V, and PP overlapped with those of the four allied species,
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Table 1. Comparison of morphological features of Gekko sp., newly discovered at Incheon Customs History Park, South Korea,
with those of four closely allied species, G. swinhonis, G. japonicus, G. hokouensis, and G. scabridus. Data are presented as mean +
s.d. (range). SVL, snout-vent length; SPL, supralabials; IFL, infralabials; IO, interorbitals; V, ventrals; PP, preanal pores in males.

— Parameters SVL SPL IFL 10 \% PP Reference
Species
Male 54.6 4.7 10.6 £0.5 9.7+0.5 234+08 40.0+1.2 80+0.6
(=7 (49.0-61.3)  (10-11) (9-10) (23-25)  (38-41) (7-9) .
Gekko 'SP pernale  59.6+4.1 110200 105406 238+12 408+15 NA This study
m=6) (53.0-63.4) (11) (10-11)  (22-25)  (39-43)
. . Zhao et al. 1999;
Gekko swinhonis <66 7-12 7-11 23-24 40 7-9 Résler et al. 2011
. Zhao et al. 1999;
Gekko hokouensis <70 10-14 8-11 30-33 3643 5-9 Résler ot al. 2011
. Zhao et al. 1999;
Gekko scabridus <77 9-11 9-11 30 NA 10-15 Résler et al. 2011
Zhao et al. 1999;
Gekko japonicus 43.6-75.0 9-14 7-13 2644 35-58 2-9 Rosler et al. 2011;

Kim et al. 2019b

Table 2. Uncorrected pairwise genetic p-distances (%) of the COI (658 bp) haplotypes between the Gekko sp. (Types 1-3), newly
discovered at Incheon Customs History Park, South Korea, and four closely allied species, G. swinhonis, G. hokouensis,
G. scabridus, and G. japonicus.

Species (GenBank accession number) 1 2 3 4 5 6 7 8 9 10
1 Type 1 (0Q326914)

2 Gekkosp. Type?2(0Q326915) 5.32

3 Type 3 (0Q326916)  0.15 5.47

4 Gekko swinhonis (HM802938) 0.00 5.32 0.15

5 Gekko swinhonis (MZ049223) 0.15 5.47 0.00 0.15

6 Gekko swinhonis (HM802939) 0.15 547 030 0.15 0.30

7 Gekko swinhonis (HM802943) 532 000 547 532 547 547

8 Gekko hokouensis (KT005801) 16.87 1748 16.87 16.87 1687 17.02 17.48

9 Gekko scabridus (HM802950) 18.84 19.15 19.00 18.84 19.00 19.00 19.15 20.67

10 Gekko japonicus (KR996131) 2143 2158 2128 2143 2128 21.58 2158 2067 2234
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while IO overlapped only with G. swinhonis but not with the other three
allied species. The number of tubercles on the occiput (7.1 + 2.9, n = 13) of
Incheon geckos was significantly less than that of Chinese G. japonicus
(32.8 £8.3,n=21) (+=10.78, df = 32, P < 0.001; Figure 2).

Nucleotide mutations were found in a total of 36 variable sites in the
COI gene (658 bp) of Incheon geckos, generating 3 haplotypes (GenBank
accession numbers: 0Q326914-0Q326916). The genetic p-distance of the
COI haplotypes of Incheon geckos was the closest to those of G. swinhonis,
ranging from 0.00 to 5.47%, followed by G. hokouensis (16.87-17.48%),
G. scabridus (18.84-19.15%), and G. japonicus (21.28-21.58%, Table 2).

Origin of the Incheon G. swinhonis population

Nucleotide mutations were found in a total of 73 variable sites in the Cytb
gene (1,140 bp) of 21 Incheon geckos, generating 4 haplotypes (GenBank
accession numbers: 0Q326593-0Q326596). The first three haplotypes,
H1, H4, and H24, were previously found in Chinese G. swinhonis populations
(Yan et al. 2010), while the fourth haplotype, H38, was newly observed in
the Incheon population (Figure 3, Table S1). The haplotype diversity (h + s.d.)
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of the Incheon population’s Cytb gene was 0.776 + 0.038, and the nucleotide
diversity (7 * s.d.) was 0.0214 + 0.0065.

We compared the Cytb haplotypes of 322 whole geckos from Incheon
and 27 Chinese populations (Table S1). H1, which was found in five Incheon
geckos out of 21 (23.8%), was found in 19 Chinese populations (70.4%).
H4, which was found in four Incheon geckos (19.1%), was the main
haplotype in Huludao (41.7% of the geckos), Shedao (54.5%), and Laiyang
(75.0%) in China. In addition, a few geckos in Hengshui (7.1%) and
Shanggiu (9.1%) had the H4 haplotype. H24 haplotype, which was found
in five Incheon geckos (23.8%), was the main haplotype of Tianjin (50.0%)
and was a minor haplotype in Huaiyuan (9.1%) in China. The remaining
seven Incheon geckos (33.3%) had the H38 haplotype. Interestingly, no
Chinese population simultaneously had H4 and H24, which were found
together in the Incheon population (Figure 3). In the haplotype network,
haplotypes that were found in the Incheon population were scattered at
different locations (Figure 3B). The H38 haplotype was derived from H1,
H24 was from H21, and H4 was the origin for four different haplotypes. In
the BI phylogenetic tree, which was constructed with the 38 whole Cytb
sequence haplotypes of 41 geckos, Incheon geckos all belonged to clade A
of G. swinhonis in China, which was defined in a previous study (Yan et al.
2010) (Figure 4). Incheon geckos were separately placed at four different
locations in two subclades of clade A.

Discussion

Based on morphological and genetic findings, geckos recently discovered
in Incheon, South Korea, were identified as non-native G. swinhonis, which
was introduced from China in modern times. The number of interorbitals
of the Incheon geckos overlapped only with that of G. swinhonis. The
number of tubercles on the occiput was significantly lower than that of
G. japonicus, which inhabits in South Korea. In addition, the Incheon geckos
had the closest p-distance with G. swinhonis for COI sequences. These
results confirm that the Incheon geckos are G. swinhonis. Furthermore,
both in the haplotype network and in the BI tree (Figures 3, 4), Incheon
haplotypes and geckos were all intermixed with those of Chinese G. swinhonis.
In addition, Incheon geckos shared their major Cytb haplotypes mainly
with the geckos inhabiting coastal cities (Huludao, Shedao, Tianjin, and
Laiyang) along the Bohai Bay in northeast China, where regular car-ferry
routes operate between Incheon and those cities (Park and Ahn 2018).
These results suggest that Incheon geckos are non-native G. swinhonis and
were recently introduced from China via ocean cargo.

If Incheon G. swinhonis were naturally dispersed from China, three
possible routes can be considered. The first is a route from northeastern
China. If this is correct, G. swinhonis should also be distributed in North
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Figure 3. Distribution map (A) and a median-joining network (B) of 38 Cytb (1,140 bp) haplotypes
of Gekko swinhonis across the Incheon population in South Korea and 27 populations in China.
The brown, pink, blue, and green colors indicate H1, H4, H24, and H38 haplotypes, respectively.
The remaining other haplotypes were combined for clarity and indicated by yellow for the
phylogenetic clade A group and gray for the clade B group (Yan et al. 2010). The sizes of the
modes (circles, B) are proportional to the number of individuals. Solid lines (A) are regular car-ferry
routes between Incheon Port and 10 coastal cities in China. Population names are abbreviated:
IC, Incheon, South Korea; HLD, Huludao, Liaoning; SD, Shedao, Liaoning; TJ, Tianjin; BD,
Baoding, Hebei; SJZ, Shijiazhuang, Hebei; HS, Hengshui, Hebei; WD, Wudi, Shandong; LX,
Laixi, Shandong; LA, Laiyang, Shandong; LI, Linyi, Shandong; ZC, Zoucheng, Shandong; QX,
Qingxu, Shanxi; PD, Pingding, Shanxi; PL, Pinglu, Shanxi; MX, Meixian, Shaanxi; LT, Lintong,
Shaanxi; XY, Xunyang, Shaanxi; BA, Boai, Henan; LY, Luoyang, Henan; LC, Luanchuan,
Henan; SQ, Shanggiu, Henan; NY, Nanyang, Henan; XZ, Xuzhou, Jiangsu; LS, Lianshui, Jiangsu;
FY, Fuyang, Anhui; HY, Huaiyuan, Anhui; ZY, Zaoyang, Hubei, China.

Korea, which is located in the middle of the dispersal route. However, there
is no report on G. swinhonis in North Korea (Kim and Han 2009). In
addition, G. swinhonis would be found in Ganghwa, Paju, and Gimpo,
which are northern cities of Incheon in South Korea. However, there have
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Figure 4. Bayesian inference (BI) phylogenetic tree constructed with the 38 Cyrb sequence
(1,140 bp) haplotypes of 41 Gekko swinhonis (4 from Incheon and 37 from China), and 3 outgroup
sequences (Gekko japonicus, G. auriverrucosus, and G. hokouensis). The brown, green, blue,
and pink colors indicate the specimens, which were collected in Incheon, South Korea, and had
H1, H38, H24, and H4 Cyb haplotypes, respectively. Bayesian posterior probabilities (%) are
reported above tree branches. The clades A and B were as defined in Yan et al. (2010).

been no reports, despite three nationwide reptile surveys (Jeon et al. 2023).
Considering these points, this route is unlikely. A second possible route is
from the Shandong Peninsula in China through the West (or Yellow) Sea,
which was land during the last glacial maximum period (25,000 ~ 15,000
years Before Present; Othman et al. 2022). If this is the case, Incheon
geckos should have dominantly shared genes with geckos in cities such as
Laiyang, Laixi, Linyi, and Lianshui in the Shandong Peninsula, but our
results do not support this. Additionally, G. swinhonis should be found in
Siheung, Ansan, Hwaseong, and Pyeongtaek, the westernmost coastal cities
in South Korea, which are the closest to the Shandong Peninsula. However,
as far as we know, Incheon Customs History Park is the only known
population of G. swinhonis in South Korea. Considering these results, the
second route is also unlikely. Finally, geckos might also have rafted to
South Korea from the east coast of China on flotsam, jetsam, or vegetation
(Siler et al. 2012; Kim et al. 2020). However, this is not a likely explanation
considering that there are no major oceanic currents such as the Kuroshio
current in the West (or Yellow) Sea. Also, except for Incheon, no reports of
G. swinhonis are known from other eastern coastal cities in South Korea.

If the population is not established by natural dispersal, possible
anthropogenic introduction via ocean cargo can be considered. Overseas

Kwon et al. (2023), Biolnvasions Records 12(4): 1157-1171, https://doi.org/10.3391/bir.2023.12.4.27 1166


https://doi.org/10.3391/bir.2023.12.4.27
https://www.invasivesnet.org

)

&

INVASIVESHET

Non-native Gekko swinhonis discovered in South Korea

trade between the cities on the Korean Peninsula and those in Bohai Bay in
northeastern China was actively carried out during the Three Kingdoms
period (the 4"-5™ centuries) on the Korean Peninsula (Moon 2015). If
G. swinhonis was introduced to Incheon at this time, it should be found in
trade ports in South Korea such as Deokjeokdo Island, Yeongheungdo
Island, and Hwaseong City. However, there have been no reports of
tinding any G. swinhonis in these areas thus far, so the introduction at that
time is unlikely. Incheon Port opened in 1883, and since then, overseas
trades with eastern coastal cities along Bohai Bay and the West (Yellow)
Sea in China have been conducted in earnest (Kim 2017). Since 1990, a car-
ferry (a bulk carrier), has been in service, and currently, car-ferries are
regularly operating to transport passengers and cargo between Incheon and
10 Chinese coastal cities (Park and Ahn 2018). If the Incheon G. swinhonis
was introduced from China via ocean cargo, the haplotype similarity would
be related to these car-ferry routes. Except for the common Cytb H1 and
Incheon private H38 haplotypes, the H4 haplotype of Incheon geckos is the
main haplotype in Huludao, Shidao, and Laiyang, and H24 is the main
haplotype in Tianjin in China. Surprisingly, all of these cities or nearby
cities, such as Yingkou, Dalian, Yantai, and Qingdao, have a regular car-ferry
route to Incheon Port. These results strongly support that G. swinhonis in
Incheon was introduced from China via ocean cargo in modern times.

Since recently introduced gecko populations suffered bottleneck effects
and/or founder effects in the establishment process, it is possible for them
to have low genetic diversity (Kim et al. 2020). However, the Incheon
G. swinhonis population showed higher haplotype diversity of the Cytb
gene at 0.776 than the 0.629 of the populations of clade A in China (Yan et
al. 2010). This result may appear when a small number of geckos are
introduced from several different populations or repeatedly introduced
from a single population (Kolbe et al. 2013; Rocha et al. 2022). This process
has been well studied in introduced gecko populations in North and
Central America and Hong Kong (Perella and Behm 2020; Fieldsend et al.
2021; Gonzalez-Sanchez et al. 2021; Dufour et al. 2022). In this study, none
of the 27 populations in China had both the H4 and H24 Cytb haplotypes,
while the Incheon G. swinhonis population had both simultaneously. This
result indicates that geckos in the Incheon population were introduced
from at least two regions in China (Kim et al. 2020; Schneider et al. 2022).
In addition, the fact that Incheon geckos were placed in multiple subclades
of Chinese G. swinhonis in the haplotype network and the BI tree also
supports this explanation.

In the survey of other commercial and residential areas except for the
Incheon Customs History Park, we found five additional G. swinhonis in only
one residential area approximately 850 m southeast of the park. Although a
two-lane road has to be crossed to approach the park, the residential area is
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locally connected to the park by dense buildings and street trees. On the
other hand, we did not find any geckos in the remaining large areas, which
have potential gecko habitats in schools, cathedrals, parks, and residences
(Kim et al. 2019a) and are separated by six-lane roads from the park. These
results might be explained by the fact that the urban environment, isolated
by wide roads, greatly reduces the spread of introduced geckos (Hoehn et
al. 2007; Hibbitts et al. 2017). However, it might simply imply that there
were not enough opportunities or time to spread from the original settled
site to other areas because they were recently introduced. Cargo transportation
is very frequent between the Incheon Port and other nearby areas, such as
the container storage area. The potential for further introduction and
expansion of existing G. swinhonis populations is very high and requires
immediate attention. On the other hand, G. swinhonis is known as an
endemic species to China and was recently listed as a vulnerable species in
the TUCN red list of threatened species due to its population decline (Yan
2021). Incheon population might serve as an ex-situ population for its
long-term conservation. Nevertheless, the possibility of disrupting Korean
urban ecosystems by decreasing native moths and nocturnal insects and
introducing new parasites or diseases (Borzée et al. 2021; Gonzailez-
Sanchez et al. 2021) should be carefully investigated in the near future.

The geckos discovered at the Incheon Customs History Park in South
Korea were identified as unrecorded non-native G. swinhonis based on
morphological and genetic results. They could have arrived in modern
times from at least two different populations in China along regular car-
ferry routes between the coastal cities of Incheon and Bohai Bay. Our
tindings may be one of the clear cases of the human-mediated introduction
of non-native geckos. In addition, this is the first foreign record of the
Chinese endemic G. swinhonis and the third gecko species reported from
South Korea. Given the potential for non-native species to disrupt the native
ecosystem, their designation as an invasive species and the development of
management plans are urgently necessary.
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