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Abstract Species introductions have been recognized as
one of the principal threats to marine environments world-
wide. Comparison of genetic data between native and non-
native populations can provide key information, such as
origin and population demography during the colonization
process, which assists in understanding the mechanisms of
invasion success in marine environments. The yellowfin
goby, Acanthogobius flavimanus, is a large goby native to
northeastern Asia, typically inhabiting muddy bottoms of
bays, estuaries, and rivers, and is considered a pest where
it has invaded coastal areas of the United States and Aus-
tralia. Here, we analyzed mitochondrial DNA control
region sequences of several yellowfin goby populations
from both native and non-native distributions. The phylo-
genetic tree showed no intra-specific lineages, which is in
contrast with previous phylogeographic studies that have
shown deep genetic divergence in other coastal marine
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gobies around the Japanese archipelago. On the other
hand, at the population level, we found significant genetic
differentiation between northern and southern groups in
the native distribution, which may be attributed to a rapid
population expansion event of the southern group. Our
analyses suggest that the origin of the northern California
population is Tokyo Bay, but we were unable to identify
the original source populations of the southern California
and Melbourne populations. These populations showed
greatly differing genetic diversities, suggesting their dif-
ferent demographic histories. This study contributes a new
perspective on the genetic diversity of multiple populations
of the yellowfin goby, as well as representing an example
of the relationships between genetic diversity and invasion
success.

Introduction

Species introductions due to canal construction, shipping,
and ballast water transport have been recognized as one
of the principal threats to marine environments world-
wide (Molnar et al. 2008). Evaluating the colonization
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process during invasion is important to prevent the intro-
duction of new pest species and to assess a species’ rela-
tive ecological success in its introduced versus native
distributions (Amsellem et al. 2000; Kang et al. 2007).
In particular, comparison of genetic data between native
and non-native populations can identify dominant haplo-
types that have dispersed and persisted in new environ-
ments through the colonization process, which enables
determination of origins and population demography, and
ultimately an understanding of the mechanisms of inva-
sion success (Brown and Stepien 2009; Rius et al. 2015).
However, if knowledge of the genetic structure of native
distributions is insufficient, then genetic analyses could
result in misleading interpretations about the invasion
process.

The yellowfin goby, Acanthogobius flavimanus, is a
large goby native to northeastern Asia (Japanese archipel-
ago, Primorsky Krai, Korean peninsula, Bohai Sea, and
Yellow Sea) (Akihito et al. 2002) that inhabits the muddy
bottoms of bays, estuaries, and rivers (Dotsu and Mito
1955). It is exploited both commercially and recreation-
ally in Japan (Shimizu 1984) whereas it is considered a
pest species in the coastal areas of the United States (Brit-
tan et al. 1963, 1970; Haaker 1979) and Australia (Mid-
dleton 1982). Introduction to these non-native habitats
is thought to be through ballast water transport of eggs
or larvae (Baltz 1991). Phylogeographic information for
this species is limited to one study, where the mitochon-
drial DNA control region (mtCR) of three native (Tokyo,
Fukushima, and Miyagi in the Japanese archipelago) and
two invasive (northern and southern California) popula-
tions were analyzed (Neilson and Wilson 2005; Fig. 1).
They reported genetic similarity among the two Cali-
fornian populations and the Tokyo population, and low
genetic diversity within the southern California popula-
tion. This suggested that the origins of the two Califor-
nian populations were Tokyo Bay and that the southern
California population experienced a genetic bottleneck.
However, Neilson and Wilson (2005) also suggested that
there may be a different origin for the southern California
population due to significant genetic differentiation when
compared to the investigated native populations. There-
fore, a phylogeographic study focusing on a number of
populations from wide native distributions was required
in order to accurately estimate the invasion processes of
this species. In Australia the species is declared a pest,
yet prior to this study, there have been no investigations
of genetic data from any Australian populations of yel-
lowfin gobies and therefore no capacity to understand the
likelihood of it becoming a major pest species, as it has
become in some Californian locations.
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Fig.1 Sampling locations of the yellowfin goby. Details of the loca-
tions are shown in Table 1

Here, we analyzed mtCR sequences of several yellow-
fin goby populations from the Japanese archipelago and
Korean peninsula, and an introduced population from Aus-
tralia. In Australia, yellowfin gobies have been reported
along the northern coast of New South Wales and Botany
Bay (Sydney), as well as south-eastern Australia including
Port Phillip Bay and Western Port, Victoria (Hoese 1973;
Bell et al. 1987), although they are not abundant in those
locations (personal observations). Our aims were to inves-
tigate the phylogeographic structure of native distributions
of the yellowfin goby and to attempt to identify source
populations involved in the colonization process of the
species in non-native populations as well, in order to gain
some insights into the likelihood of this species becoming a
major marine pest in its non-native distributions.
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Materials and methods
Sample collection

A total of 307 fish were sampled for this study (locations
shown in Fig. 1; Table 1). 261 samples were collected
by angling from 18 native locations on the Japanese and
Korean coastlines during 2014-2015. In Australia, 46
samples were collected during 2010-2014 using fyke nets
and beach seine nets from four locations around Mel-
bourne, Victoria (Cardinia Creek, Hobsons Bay, Mariby-
rnong River, and Yarra River). Total DNA was extracted
from pectoral fin using Gentra Puregene Tissue Kit (QIA-
GEN) or a Chelex© extraction method modified from
Walsh et al. (1991). Since analyses were conducted in
laboratories in both Japan and Australia, there were some
minor differences in the methods used to amplify and
purify DNA samples; however, these differences were not

considered likely to affect the outcomes of the genetic
analysis.

Mitochondrial DNA analysis

Partial mtCR of each specimen was amplified using primers
provided by Neilson and Wilson (2005) (forward: 5'-TCC-
CATCTCTAGCTCCCAAA-3"; reverse: 5'-TACGTTG-
GCGTGTGCATTAT-3). To improve sequence quality, a
slightly modified reverse primer, Rev-2 (5-GTTGGCGT-
GTGCATTATTG-3'), was developed and used to amplify
and sequence the Australian samples. For amplification, the
following reagents were added to each microtube: 100 ng
of template DNA, 0.25 U of Tks Gflex DNA polymerase
(TAKARA), 5 wL of the 2x PCR reaction buffer, and
0.1 pL of each primer (25 wM). Enough sterile deionized
water was added to each microtube to obtain 20 wL. PCR
conditions consisted of initial denaturation at 94°C for 4.5

Table 1 Sampling locations of

. Location Latitude, longitude No. of individuals examined & 7 (%)
the yellowfin goby and genetic
diversity in each location Japanese archipelago

Otaru, Hokkaido Pref. 43°11'N, 141°0'E 16 0.592  0.290
Miyagi Pref.? 38°21'N, 141°5'E 15 0.905 0.366
Fukushima Pref.? 37°5'N, 140°59'E 14 1.000  0.509
Urayasu, Chiba Pref. 35°38'N, 139°54'E 18 0.712 0.170
Tokyo Pref.? 35°32/N, 139°43'E 45 0.957 0.436
Yokohama, Kanagawa Pref. 35°27'N, 139°38'E 8 0.786 0.226
Shimizu, Shizuoka Pref. 35°0'N, 138°29'E 15 0.905 0.540
Hamamatsu, Shizuoka Pref. 34°41'N, 137°37'E 22 0.961 0.616
Handa, Aichi Pref. 34°54/N, 136°57'E 16 0.858 0.367
Yokkaichi, Mie Pref. 34°56'N, 136°38'E 10 0.933 0.356
Osaka, Osaka Pref. 34°42'N, 135°28'E 23 0.878 0.586
Komatsushima, Tokushima Pref.  34°0'N, 134°36’E 14 0.956 0.598
Aki, Hiroshima Pref. 34°22'N, 132°31'E 15 0.667 0.147
Niigata, Niigata Pref. 37°57'N, 139°8'E 13 0.833 0.314
Mikata, Fukui Pref. 35°36'N, 135°54'E 16 0.350 0.138
Matsue, Shimane Pref. 35°28'N, 133°3'E 16 0.942 0.320
Shimonoseki, Yamaguchi Pref. 34°1'N, 130°55’E 15 0.638 0.121
Kitakyushu, Fukuoka Pref. 33°54/N, 130°52'E 14 0.769 0.210
Fukuoka, Fukuoka Pref. 33°35'N, 130°24'E 10 0.378 0.078
Seikai, Nagasaki Pref. 32°55'N, 129°39'E 5 0.900 0.506

Korea
Busan 35°7'N, 128°59'E 15 0.895 0.244

United States of America
Northern California® 37°50'N, 122°25'W 106 0.919 0.359
Southern California® 33°32/N, 118°8'W 53 0.563  0.092

Australia
Melbourne 37°51'S, 144°58'E 46 0.000  0.000

h haplotype diversity, 7 nucleotide diversity
* These data were provided by Neilson and Wilson (2005)
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min, followed by 35 cycles of 94°C for 50 s, 55°C for 40 s,
and 72°C for 1.5 min, and final extension at 72°C for 5 min.
The PCR products were then purified with EXOSAP-IT
(USB Corp., Cleveland). All PCR products were sequenced
in both directions by Macrogen Inc. (Seoul, South Korea)
using an ABI 3730xl capillary sequencer. We additionally
downloaded mtCR sequences from the native populations
of Tokyo, Fukushima, and Miyagi and non-native popula-
tions from northern and southern California deposited in
GenBank of National Center for Biotechnology Informa-
tion (Fig. 1; Table 1). Although Neilson and Wilson (2005)
treated the individuals sampled from Bolsa Chica and
Newport Bay in southern California as different samples,
we combined these samples since their sequences were not
significantly different.

Data analysis

Sequences were aligned using the CLC main work-
bench (QIAGEN) at default settings with manual cor-
rection. Although Neilson and Wilson (2005) used
the entire mtCR region (986 base pairs), the sequence
length in this study was cut down to 711 base pairs due
to poor quality of sequencing of some individuals near
the primer ends. This processing reduced 80 haplotypes
reported by Neilson and Wilson (2005) to 67 haplotypes
in this study. Since sequence similarity due to homo-
plasy can result from saturation of mutations (Bradman
et al. 2011), we conducted saturation analysis (Xia et al.
2003) using DAMBES (Xia 2013). The index of substa-
tion saturation values was much smaller than the critical
value, indicating that the sequences are useful in phylo-
genetic reconstruction (Xia et al. 2003). DNAcollapser
of FaBox (Villesen 2007) was used to assign individu-
als to the haplotype sequences, which were submitted to
DNA Data Bank of Japan (DDBJ; LC213730-LC213799;
http://www.ddbj.nig.ac.jp). Phylogenetic analyses were
carried out on all haplotypes using the maximum-like-
lihood method in MEGA 5.2.2 (Tamura et al. 2011).
MEGA was run for 1000 bootstrap replicates using the
T92 4+ G + I substitution model (Tamura 1992), which
was selected as the best-fit model by MEGA, and mtCR
sequence of Acanthogobius hasta (Accession Number:
AY486321) was used as an outgroup. Phylogenetic rela-
tionships among the haplotypes were also estimated by
the median-joining and maximum-parsimony methods
in NETWORK 5.0.0.0 (Bandelt et al. 1999; Polzin and
Daneshmand 2003). BEAST 1.8.0 was used to estimate
the time of the common recent ancestor (Drummond
and Rambaut 2007). Because a likelihood ratio test did
not show rate heterogeneity among the haplotypes of A.
flavimanus (P = 0.917), we used the strict clock model
with a prior distribution of an evolutionary rate [clock

@ Springer

rate = 1.0% £ 1.0%/million year (MY) per lineage]
by referring to its typical range in fish (0.4—1.8%/MY
per lineage, Tringali et al. 1999; Donaldson and Wilson
1999). In the BEAST analysis, the HKY + G + I sub-
stitution model (Hasegawa et al. 1985) and the Yule tree
prior were used, where a total of 100 million generations
were generated and one in every 1000 generations was
sampled in the Markov chain Monte Carlo simulation
(10% of the initial samples were removed as burn-in).
The convergence of the chains to the stationary distri-
bution and large effective sample size (>300) were con-
firmed using Tracer 1.5 (Rambaut and Drummond 2009).

Haplotype diversity (k) and nucleotide diversity ()
of each population were calculated using Arlequin 3.5
(Excoffier et al. 2005). The genetic structures in the native
and non-native distributions were assessed by hierarchi-
cal analysis of molecular variance (AMOVA; Excoffier
et al. 1992) and spatial analysis of molecular variance
(SAMOVA; Dupanloup et al. 2002). The significance of
the genetic differentiation was tested with 1000 permuta-
tions of the original dataset. SAMOVA iteratively sought
composition of K groups of geographically adjacent popu-
lations that maximized ® - with 100 simulated annealing
processes. Pairwise ®gp was calculated using Arlequin
and its significance level was corrected by the Bonferroni
method (Rice 1989). A neighbor-joining tree (Saitou and
Nei 1987) was constructed based on the net nucleotide dif-
ferences between the populations, which were calculated
using NEIGHBOR in PHYLIP 3.695 (Felsenstein 1993).
To test for isolation by distance (Slatkin 1993) in the native
distribution, the strength and significance of the relation-
ship between the pairwise values of ®¢/(1 — ®gp) (Rous-
set 1997) and geographic distances were assessed by the
reduced major axis regression and the Mantel test using
Isolation by Distance Web Service (Bohonak 2002; Jensen
et al. 2005).

Demographic histories of the two groups suggested
by SAMOVA were inferred using the mismatch distri-
bution analysis of Arlequin (Rogers and Harpending
1992). In this analysis, we compared the observed fre-
quency distributions of pairwise nucleotide differences
with their expected distributions in simulated population
expansions, and the goodness-of-fit was evaluated using
the estimates of the raggedness statistics and the sum of
square deviations. In addition, Tajima’s D test (Tajima
1989) was performed to provide estimates of changes in
N,, and its significance was assessed by comparing to the
empirical distributions based on 1000 simulated re-sam-
plings under the neutral model. The demographic histories
were also inferred using Bayesian skyline plots (BSPs)
provided by BEAST. Model parameters consisted of the
HKY + G + I substitution model with a strict molecular
clock (1.0%/MY per lineage) and a BSP prior, and other
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settings were at default. BSPs were drawn using Tracer
with default settings.

Results

Genetic diversity in the mitochondrial DNA control
region

Seventy new haplotypes were obtained from the 261 spec-
imens of A. flavimanus sampled from the native distribu-
tion. A total of 137 haplotypes in both the native and non-
native populations were used to construct a phylogenetic
tree (Fig. 2). The tree revealed no geographical lineages,
and this result was unchanged even when we excluded
the outgroup to avoid the random rooting effect in phylo-
genetic reconstruction (Hirase et al. 2016). BEAST analy-
sis estimated that the time of the recent common ancestor
was 0.60 million years ago (95% highest posterior density
interval: 0.14-1.39). A median-joining network showed a
star-like form (Supplementary Figure 1). Haplotype 1 (H1
in Supplementary Fig. 1) was located in its center and con-
tained haplotypes from almost all native and non-native
populations.

Genetic structure in native distribution

The haplotype diversity (#) and nucleotide diversity () of
each of the native populations are summarized in Table 1.
The values of h ranged from 0.350 (Mikata) to 1.000
(Fukushima), and those of & ranged from 0.078 (Fukuoka)
to 0.616 (Hamamatsu). Haplotype 1 was shared with high
frequency (>0.20) in all populations except Otaru, Fuku-
shima, Miyagi, Shimizu, Hamamatsu, and Seikai (Figs. 1,
2). Within the native distribution, AMOVA showed signifi-
cant genetic variance ($gp = 0.236, P < 0.001) among the
populations. SAMOVA suggested that optimum partition-
ing was obtained when the populations were divided into
two groups: northern (Otaru, Fukushima, and Miyagi) and
southern groups (the others). ®.p reached a plateau at
K = 2, whereas several populations contained more than
one group at K > 2. This two-group structure was also sup-
ported by the population tree (Fig. 3). Significant genetic
variance was observed between (®op = 0.414, P < 0.01)
and within these two groups (northern: ®gr = 0.087,
P < 0.001; southern: ®¢r = 0.099, P < 0.001). All except
one pairwise ®gr values between the two groups were sig-
nificant (P < 0.05 after the Bonferroni correction; Table 2)
and larger than those within each group.

Only a limited number of populations belonging to
the northern group were tested, and therefore the Man-
tel tests were only performed for the southern group.

For the southern group, populations were analyzed sepa-
rately on the basis of their locations around the Pacific
Ocean (Urayasu, Tokyo, Yokohama, Shimizu, Hama-
matsu, Handa, Yokkaichi, and Komatsushima) and Sea
of Japan coastlines (Niigata, Mikata, Matsue, Shimon-
oseki, Kitakyushu, Fukuoka, and Seikai), in order to
remove effects other than geographic distance (i.e., com-
plex current systems in the Seto Inland Sea and differ-
ent oceanographic conditions between the Pacific Ocean
and Sea of Japan sides; Fig. 1). The Mantel tests showed
positive correlations between the genetic and geographic
distances in the southern group (along the Pacific Ocean
coastlines: r = 0.465, P = 0.033; along the Sea of Japan
coastlines: r = 0.692, P = 0.038, Fig. 4).

The shape of the mismatch distributions of the two
groups was unimodal and similar to that of simulated
distributions under the model of rapid population expan-
sion (Rogers and Harpending 1992); neither the sum of
the squared deviation nor the raggedness index suggested
significant difference (P > 0.05). Significantly negative
Tajima’s D value (—2.20; P = 0.000) supported the rapid
population expansion scenario of the southern group
but not that of the northern group (—0.81; P = 0.232).
Recent and phased increase of the effective population
size of the southern group was further supported by BSP
analysis (Fig. 5).

Genetic structure in non-native distribution

In the non-native populations, haplotype diversity
(h) ranged from 0.000 (Melbourne) to 0.918 (north-
ern California), and nucleotide diversity () ranged
from 0.000 (Melbourne) to 0.359 (northern California)
(Table 1). AMOVA showed significant genetic vari-
ance (g = 0.107, P < 0.001) among the three non-
native populations and all pairwise ®y were significant
(P < 0.05 after Bonferroni correction; Table 3). As in the
native populations, Haplotype 1 was most abundant in the
non-native populations. In particular, in the Melbourne
population, no haplotypes other than Haplotype 1 were
found. The population tree including the native and non-
native populations showed that the genetic composition
of the northern California population was close to those
of native populations in Tokyo Bay (Tokyo, Yokohama,
and Urayasu; Fig. 3). Furthermore, these four popula-
tions shared several haplotypes other than Haplotype 1
(Fig. 2). In contrast, the southern Californian population
shared no haplotypes other than Haplotype 1 with any
native populations (Fig. 3), and since the Melbourne pop-
ulation had only Haplotype 1, we could not draw conclu-
sions about its origin.
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Fig. 3 Unrooted neighbor-joining tree of the 24 yellowfin goby populations based on net nucleotide differences

Discussion

Genetic structure of Acanthogobius flavimanus in native
distribution

The phylogenetic tree of A. flavimanus showed no intra-
specific lineages, which is in contrast with previous phy-
logeographic studies on other coastal marine gobies that
have shown deep genetic divergence (Akihito et al. 2008;
Kokita and Nohara 2011; Hirase et al. 2012, 2016; Hirase
and Ikeda 2014). A similar comparative phylogeographic
pattern in gobiid fish was reported by Dawson et al. (2002),
whereby they demonstrated considerably shallower phy-
logeographic structure in Clevelandia ios compared to
Eucyclogobius newberryi, and suggested that this was due
to more open habitat, greater abundance, and longer larval
duration of C. ios. Like other coastal gobies, A. flavimanus
occupies habitat that comprised predominantly open space,
and therefore we suggest that life history differences may
influence its phylogeographic structure. Firstly, longer
pelagic larval durations are expected to result in greater
dispersal and lower genetic differentiation (Bohonak 1999;
Burton 1983). Indeed, the pelagic larval duration of yel-
lowfin gobies has been estimated to be one month (Suzuki
et al. 1989), which is similar to that of C. ios. Secondly, the
degree of development in newly hatched larvae may influ-
ence phylogeographic structures, because hatching at an
advanced stage with superior sensory perception, motor
skills, and swimming ability has been suggested to provide
an opportunity for larval retention, which could prevent pas-
sive dispersal (Blaxter 1986; Brogan 1994). Therefore, if the

hatched larvae of A. flavimanus were less developed than
other coastal marine gobies, a higher likelihood of passive
dispersal could be presumed. However, the sizes of hatched
larvae, which can be used as an index to evaluate the degree
of development, do not show obvious differences between
A. flavimanus (4.6 mm; Suzuki et al. 1989) and other coastal
marine gobies [Pterogobius zonoleucus: 4.5 mm; Chaeno-
gobius annularis: 6.1 mm; C. gulosus: 5.5 mm (Japanese
Association of Zoos and Aquariums 2007, 2008)]. It may
also be noted that P. elapoides and P. zonoleucus have
genetic divergence despite a free-floating life history for
their entire lifetime. A third consideration of the life his-
tory of A. flavimanus that may influence its phylogeographic
structure is the use of various environments throughout its
life cycle and subsequently an increased susceptibility to
environmental changes in these habitats. For example, juve-
niles settle mainly in shallow estuarine waters such as tidal
flats and boulder areas, while adults have been observed
to inhabit and reproduce in deeper bay waters (Dotsu and
Mito 1955; Sakai et al. 2000; Katayama et al. 2000; Kanou
et al. 2005). Changes in the environmental conditions, such
as severe oxidation—reduction states in the deep layer in the
Sea of Japan during the Pleistocene glacial periods (Itaki
et al. 2004) would have likely eliminated some spawning
sites in deeper bay waters and thus caused the extinction of
ancestral lineages in this region. The contrasting phylogeo-
graphic patterns observed within gobiid species around the
Japanese archipelago make them an important and interest-
ing group for evaluating the relationships between ecologi-
cal features and phylogeographic structures, and more stud-
ies on other coastal marine gobies are recommended.
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Fig. 4 The relationship between the genetic and geographic distances of the southern group of the yellowfin goby in the native distributions
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Fig. 5 Bayesian skyline plot showing changes in N *t (N, = effec-
tive population size; t = generation time) of the southern group of the
yellowfin goby in the native distribution. The x-axis is approximate
time under the clock rate of 1%/million year per lineage. The y-axis
is population size plotted on a logarithmic scale. Black line represents
median estimates of the size, whereas the gray area shows the upper
and lower 95% highest posterior density range

Table 3 Pairwise ®¢; between the three invasive populations of the
yellowfin goby

1 2 3
1. Northern California -
2. Southern California 0.115 -
3. Melbourne 0.065 0.262 -

All values were significant (P < 0.05 after Bonferroni correction)

While no intra-specific lineages were observed, two
genetic groups (northern and southern) were estimated
in the native distribution. The time of the recent common
ancestor of the observed haplotypes was estimated to be
approximately 0.60 million years ago, and the paleoenvi-
ronmental changes after this period are expected to be asso-
ciated with the observed genetic differentiation. Among
the two groups, the southern group was characterized by
a star-like network, unimodal mismatch distributions, and
a significantly negative Tajima’s D value. In addition, we
also observed that the frequencies of Haplotype 1, which
was at the core of the star-like network, apparently dif-
fered between the two groups, with this haplotype observed
at high frequency in the southern group. Combined, these
results suggest that Haplotype 1 dispersed throughout the
southern coastal area around the Japanese archipelago and
Korean peninsula more recently, resulting in the genetic
differentiation between the northern and southern groups.
Bayesian skyline plots (BSP) showed step-wise population
expansion of the southern group, and these dates approxi-
mately corresponded to the last two interglacial periods
(Lisiecki and Raymo 2005). Rapid population expan-
sions during the interglacial periods have been suggested
in marine species (Provan et al. 2005; Hoarau et al. 2007,
Ni et al. 2014) and coastal marine species in the Japanese
archipelago (Kojima et al. 2004; Akihito et al. 2008; Kok-
ita and Nohara 2011; Hirase et al. 2012; Hirase and Ikeda
2014). Therefore, the phased increase of the A. flavimanus
population size shown by BSP might reflect the repeated
expansion events in the two last interglacial periods.
Because isolation by distance was observed in the south-
ern group, it appears that the gene flow between the distant
populations was limited after the expansion.
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Origin and the genetic diversity of invasive populations

It was suggested that the northern and the southern Cali-
fornian populations have experienced separate introduc-
tions evidenced by the temporal and spatial separation
reported in the initial study by Neilson and Wilson (2005).
They showed that the haplotypes of the two Californian
populations were close to those of Tokyo Bay and distinct
from those of Miyagi and Fukushima, suggesting a Tokyo
Bay origin. Our study showed that there were two genetic
groups in the native distribution, and that Haplotype 1 was
detected in high frequency in both groups, as well as the
three non-native populations. The population tree showed
a close relationship among three native populations sam-
pled in Tokyo Bay and northern Californian populations.
Therefore, the origin of the northern Californian popula-
tion is likely to be Tokyo Bay as suggested in the previous
study. The southern Californian population is also likely to
be derived from the southern Japanese group, but it was not
close to any specific population. There may be two possi-
bilities: the southern California population may be derived
from another native population that was not assessed dur-
ing this study, or it may have undergone a genetic bottle-
neck (e.g., founder effect and population constriction). Fur-
ther sampling across both the native and introduced ranges
using a multilocus approach would be necessary to fully
elucidate the introduction history of the southern California
population.

Of the three invasive populations, Melbourne had the
lowest genetic diversity with Haplotype 1 being the only
haplotype observed. Yet, although the limited samples from
Australia are insufficient to thoroughly elucidate the intro-
duction history of the Australian population, a compari-
son with the native Japanese populations indicates that a
genetic bottleneck event may have occurred. This could be
attributed to a small number of founders during the colo-
nization process, successive founder effects, or population
contraction which may have occurred during colonization
due to opposite seasonal changes in sea temperature in the
Southern Hemisphere (compared to the Northern Hemi-
sphere), further reducing genetic diversity. A clear need
moving forward is the collection of more samples of Aus-
tralian yellowfin gobies from different populations (i.e.,
Sydney Harbour and others) to determine if more haplo-
types and thus greater genetic diversity is present in other
Australian populations of this species.

Genetic bottlenecks are commonly predicted to be asso-
ciated with invasion (Barrett and Richardson 1986), since
invasive populations may be founded by just a few individ-
uals that are isolated from further gene flow (Dlugosch and
Parker 2008). Traditionally, the genetic bottleneck has been
thought to decrease the potential for adaptive evolution
because of the reduction in genetic variation (Frankham

@ Springer

et al. 1999). Yellowfin gobies are not common in Australia
(Bray and Gomon 2011), which supports our suggestion
of a genetic bottleneck in this population, and may prevent
further expansion of this species in Australia. Conversely,
the high genetic diversity of the northern California popu-
lation may have led to this species thriving and becoming
common in San Francisco Bay (Brittan et al. 1970; Neil-
son and Wilson 2005), where it has contributed to massive
changes in native species interactions and ecosystem struc-
ture (Meng et al. 1994). While genetic bottlenecks may
restrict the speed of rapid adaptive evolution during most
introductions, Prentis et al. (2008) argued that it creates the
potential to promote rapid adaptation under special condi-
tions. In the case of Australia, the seasonal change in sea
temperatures is remarkably different to those of the native
distribution, which is expected to disturb the normal repro-
duction cycle (Vlaming 1972). Therefore, the genetic bot-
tleneck might have played a crucial role in promoting rapid
adaptation, presumably capable of adapting to the vastly
different Australian seawater temperatures. In terms of
implications, based on the data generated in this study, it
would seem that further expansion of the Melbourne pop-
ulation of yellowfin gobies is unlikely, due to low genetic
diversity and thus also limited capacity for the adaptive
evolution in response to future environmental change. In
general, due to repeated introductions, high propagule pres-
sure, and high genetic diversity, invasive populations in
marine environments rarely undergo founder effects (Rius
et al. 2015). However, our analyses showed greatly dif-
fering genetic diversities of the invasive populations, sug-
gesting different demographic histories including a strong
founder effect.

In conclusion, this study contributes a new perspec-
tive on the genetic diversity of multiple populations of the
yellowfin goby, as well as representing an example of the
relationships between genetic diversity and invasion suc-
cess. Combined, this information would offer important
insights into some of the factors that drive marine biologi-
cal invasions.
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