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Xeruca formosensis is the only endemic species of fiddler crab on the west coast of Taiwan. However,

its natural habitats and populations have been compromised by excessive anthropogenic activities and
improper land use over the past four decades. In light of these changes, we sought to evaluate the genetic
diversity and gene flow of the species by examining the genetic variation of X. formosensis at different
sampling locations. To this end, we performed molecular analyses of three endonuclease-amplified
fragment length polymorphisms (TE-AFLP) and the cytochrome oxidase subunit | (CO/) marker from leg
muscle samples. We found that the genetic variation within sampling locations was higher than that among
sampling locations, and the expected heterozygosity of genetic diversity (H;) was 0.152 for TE-AFLP

data. Meanwhile, the COI marker showed high haplotype diversity (h = 0.976 + 0.008) and a low genetic
differentiation level (Fsr = 0.021) in X. formosensis populations. Importantly, the genetic connectivity of

X. formosensis may be influenced by larval-stage crabs drifting between coastal and marine habitats. As
such, crab gene flow is promoted among populations by larval exchange via nearshore currents. Although
X. formosensis has high gene flow, the species could undergo an extinction crisis if the population sizes
continue to decline, as with most endangered species. In order to maintain the natural habitats and
population size of X. formosensis, long-term monitoring and investigation will be necessary.
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BACKGROUND

In Taiwan, there are 15 known species of fiddler
crabs, with Xeruca formosensis being the only endemic
species on the west coast. The first record of this
species was made at Lugang in Changhua County in
1918 (Shih et al. 1999), and it was announced as a new
species (originally Uca formosensis) in 1921 (Shih et al.
1999). In 2016, the genus was changed to Xeruca based
on morphological and molecular evidence, including
mitochondrial 16S rDNA, cytochrome oxidase subunit
I (COI), and nuclear 28S rDNA (Shih 2015; Shih et

al. 2016), which has been further supported by the
mitogenome analysis (MY Liu and Shih 2022). Previous
studies indicated that X. formosensis inhabits tidal areas
where there are wide flats with very clayey-muddy
substrate and no mangroves on the supratidal zone (Shih
et al. 1999; Liou 2012). In the past, large populations
of this species existed at several locations, including
Zengwen estuary, Dadu estuary, Xiangshan area, and
Shengang area (Fig. 1). In particular, the Shengang area
of Changhua County was once known as the “hometown
of X. formosensis” (Shih 1997; Liou 2012). However,
recent anthropogenic activities and improper land use
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have led to marked declines in the natural habitats
and populations of X. formosensis. Human endeavors
such as landfills, fish farms and artificial mangrove
planting have nearly eliminated X. formosensis from
many areas (Shih et al. 1999; Chen 2008; Liao et al.
2008; Liou 2012). For example, inappropriate dike
construction along the coastline of Shengang area has
displaced X. formosensis and allowed both Austruca
lactea and Tubuca arcuata to become two of the
most dominant species in the wetland (Liou 2010). In
addition, expansion of aquaculture facilities near the
Zengwen estuary in the Tainan City greatly damaged
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the habitats of X. formosensis such that only three
stable populations remain in this location (Liou 2012).
Meanwhile, construction of a water recycling center
and anthropogenic planting of a mangrove forest in
the Xiangshan area has led to a gradual decrease of the
X. formosensis population in the past decade (Wu and
Chang 2008).

According to the International Union for
Conservation of Nature and Natural Resources
(IUCN), regulations for protecting focal species should
make use of gene flow, genetic variation and genetic
differentiation as key indexes (Frankel 1974; Araujo
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Fig. 1. Sampling sites for Xeruca formosensis in the west coast of Taiwan. Red circles represent the sampled populations, the red star represents the
proposed population in Bazhang River at Jiayi County (this population was not yet sampled), and the black triangle represents the Dadu estuary.
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and Ramos 2000; Geist 2010). Moreover, excessive
anthropogenic development and inappropriate land use
not only impact the natural habitats of organisms but
also lead to decreased genetic diversity and increased
risk of population extinction (Dixo et al. 2009; Haag
et al. 2010). As such, research on the genetic structure
and diversity among geographically distinct populations
can be highly useful for identifying management units
for vulnerable species (Baeza et al. 2019; Mendiola and
Ravago-Gotanco 2021).

DNA fingerprinting and COI markers are robust
established methods that can be used to efficiently
produce large amounts of accurate genetic data for
genetic diversity analyses and further conservation
purposes. Many DNA fingerprinting methods have
been implemented, including amplified fragment length
polymorphisms (AFLP), and three endonuclease-
amplified fragment length polymorphisms (TE-AFLP).
These fingerprinting methods have been widely applied
in different areas, including genetic structure research
on crustaceans (Fratini and Vannini 2002; Herborg et al.
2007; Wieman et al. 2014; Seeb et al. 2002). Similarly,
the COI marker of crustacea is useful for detecting and
evaluating intraspecific diversity (Tang et al. 2003; Aoki
et al. 2008). Since knowledge of genetic diversity and
structure is important for species conservation, detailed
studies to gather genetic structural information on the
endemic fiddler crab X. formosensis are warranted.
However, up to now, beside the molecular studies
mentioned above (Shih 2015; Shih et al. 2016; MY
Liu and Shih 2022), most studies on this species have
focused on population size, behavior, habitat selection,
adult and larval morphology (Takahasi 1935; Shih et al.
1999; Shih et al. 2005; Liao et al. 2008; Chen and Lee
2008; YC Zhang and Shih 2022). Only two studies have
reported allozyme analyses, and these were conducted
in 1984 and 1999 (Zhang 1984; Shih 1999). Thus, it
is important to identify the current state of genetic
variation at high-resolution using modern methods in
order to better understand the genetic structure of X.
formosensis among populations.

The habitats of X. formosensis are mostly found
within the wetlands of the eastern Taiwan Strait,
which is located between the South China Sea and the
East China Sea on the western coast of Taiwan. The
Taiwan Strait contains several major currents (Hsiao
et al. 2011), including the China Coastal Current, the
extension of the South China Sea Warm Current, and
the intrusion from the Kuroshio Current (Hsich et al.
2004; Lan et al. 2004; Guan and Fang 2006; Dur et
al. 2007). These ocean currents are subject to strong
seasonal influence by monsoons (Wyrtki 1961; Liang
et al. 2003). In the summer, a northward intrusion of
the current from the South China Sea and branch of the
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Kuroshio arises as the southwest monsoon appears from
May to November. In winter months, the intrusion from
the Kuroshio is blocked by the northeasterly monsoon,
which lasts from approximately December to February
depending on climatological conditions (Hu et al. 2010).
Based on these environmental conditions and its life
history, the breeding season of X. formosensis occurs in
the summer, from April to September.

In light of recent habitat destruction and
population declines, we sought to evaluate the species
genetic diversity and structure for X. formosensis. To
this end, we investigated the genetic variation across
seven sampling locations that were geographically
divided into three groups (north, central and south).
We analyzed the expected heterozygosity of genetic
diversity and population structure (including genetic
clustering among locations) based on TE-AFLP DNA
fingerprinting (Pritchard et al. 2000; Wieman et al.
2014). Furthermore, we determined the nucleotide
diversity (m) and haplotype diversity (&) from
mitochondrial DNA sequencing data. Multiple statistical
methods, such as analysis of molecular variance
(AMOVA), mismatch distribution, principal coordinate
analysis (PCoA) and historical effective population
estimation, were used to explore the endemic genetic
status of X. formosensis. Overall, our findings contribute
to understanding the current status of the endemic
species, X. formosensis, in Taiwan.

MATERIALS AND METHODS
Sample collection

In total, 280 samples were collected from seven
different locations in mudflat intertidal zones on the
west coast of Taiwan with natural distributions of X.
formosensis (Table 1). Adult X. formosensis individuals
were collected from the following seven different
coastal locations: Xiangshan area of Hsinchu City,
Gaomei area in Taichung City, Shengang area, Xianxi
area, and Dacheng in Changhua County, Mailiao area
in Yunlin County, and Qigu area in the Tainan City;
hereafter, these arcas are respectively referred to as
Xiangshan, Gaomei, Shengang, Xianxi, Dacheng,
Mailiao, and Qigu. The X. formosensis sampling
locations were further grouped according to geographic
area: north (Xiangshan); central, (Gaomei, Shengang,
Xianxi, Dacheng, and Mailiao); and south (Qigu)
(Table 1). Total genomic DNA was extracted from adult
individuals using the MasterPureTM DNA Purification
Kit (Epicentre, United States) and stored in Tris-EDTA
at -20°C for later use.
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Molecular methods
DNA fingerprinting TE-AFLP genotypes data

Based on AFLP, the TE-AFLP method consists
of three parts, as described by van der Wurff et al.
(2000). First, total genomic DNA (~100 ng) was
digested by Xbal, BamHI, and Rsal, and two
sets of adapters (Xbal adapter sequences were
5'-"ACGTTGTGGCGGCGTCGGACTAGA-3' and
3'-CCGCCGCAGCTCTGATCT-5'; BamHI adapter
sequences were 5'-ACGAAGTCCCGCGCCAGCAA
GATCC-3' and 3'-GGGCGCGGTCGTTCTAG-5") were
selectively ligated using an enzyme-specific sequence
to restriction fragments in a single reaction volume.
Each reaction contained 2 pl 10X Ligase buffer, 2.0 pl
500 mM NacCl, 7.5 U ligase (NEB, USA), 1.25 U Xbal
(Promega, USA), 4.0 ul BamHI adapter (1 pmol/ul
and 4.0 pl Xbal adapter (1 pmol/ul). Second, a labelled
Xbal primer (5'-GGCGTCGAGACTAGACC-3" *, *
represents the fluorescein-labeled site) and unlabeled
BamHI-CC primer (5'-GTTTCGCGCCAGCAAGAT
CC-3") were used for selective amplification. Each
reaction included 0.5 pl digestion/ligation DNA
sample, 2.5 pl 5x PCR buffer, 0.25 pl BamHI-C primer
(10pmol/ pul), 0.25 pl Xbal-CC primer (10 pmol/ul),
0.125 pl Taq polymerase (Go-Taq, Promega, USA),
0.25 pl 10 mM dNTPs and 11 pl distilled water
(van der Wurff et al. 2000). Third, polymerase chain
reaction (PCR) was performed on a thermal cycler
(Eppendorf Master cycler gradient 5331, Eppendorf
AG, Germany) using an initial denaturation step at
95°C for 3 min, followed by 10 cycles (denaturation at
95°C for 30 s, annealing at 70°C for 30 s, elongation
at 72°C for 1 min), 40 cycles (denaturation at 95°C for
30 s, annealing at 60°C for 30 s, elongation at 72°C
for 1 min), and final elongation at 72°C for 20 min.
After PCR, the samples were stored at -20°C for later
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experimentation. PCR products were used for SNP
genotyping (130 loci for each sample). Gene-Mapper
software was used to transfer SNP data to a 1 and 0
matrix format by detecting the presence of each band in
the gel (Mission biotech Ltd, Taipei, Taiwan).

Mitochondrial DNA COJ sequencing

A 648 base-pair region of the COIl gene was
amplified using the following universal primers: HCO-
2198: 5'-TAAACTTCAGGGTGACCAAAAAAT
CA-3"and LCO1490: 5'-GGTCAACAAATCATAAA
GATATTGG-3' (Folmer et al. 1994; Shih 2015).
PCR amplification conditions consisted of an initial
denaturation step at 95°C for 5 min, followed by 35
cycles of 30 s at 95°C, 30 s for primer annealing at
51°C, and extension at 72°C for 15 min; after the
reaction, samples were held at 4°C (Shih 2015). PCR
products were separated by electrophoresis on a 2%
agarose gel to check quality.

Molecular data analyses
TE-AFLP genotypes

Genetic clusters were assessed based on TE-
AFLP genotype data of X. formosensis by Bayesian
assignment test using STRUCTURE 2.3.4 (Pritchard
et al. 2000). The program operation (number of
subpopulations) was set as follows: 3,000 lengths burn-
in period; 30,000 MCMC reps after burn-in; admixture
model of ancestry info; and range of genetic demes (K)
from 1 to 7, with three repetitions per genetic cluster (K)
for allele frequencies correlated with the population of
the frequency model. The best value of K was detected
by calculating AK (Evanno et al. 2005). The genotype
data were also used to estimate the molecular variance
among/within sampling location (Excoffier et al. 1992),

Table 1. Sampling information on the fiddler crab Xeruca formosensis, including sampling location, group assignment
(according to geographic distance), county, geographic coordinates, number of DNA samples for mtDNA (COI) and

TE-AFLP markers analyses

Sampling location Group County Geographic coordinates Number of DNA samples
mtDNA (COI) TE-AFLP analyses

Xiangshan North group Hsinchu 24°48'02.9"N 120°54'57.5"E 29 40
Gaomei Central group Taichung 24°18'39.7"N 120°32'59.7"E 21 40
Shengang Central group North Changhua 24°09'54.3"N 120°27'54.6"E 21 40
Xianxi Central group North Changhua 24°07'31.0"N 120°25'59.2"E 11 40
Dacheng Central group South Changhua 23°51227.7"N 120°15'43.3"E 20 40
Mailiao Central group Yunlin 23°49'44.0"N 120°14'10.2"E 22 40
Qigu South group Tainan 23°03'27.9"N 120°03'36.0"E 28 40
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and PCoA was performed using GeneAlex 6.501
(Peakall and Smouse 2006) based on an Euclidean
distance matrix. Nei’s heterozygosity (H;) (Nei 1987)
and the percentage of polymorphic loci (%P) for each
location were calculated using AFLP-SURYV version
1.0 (Lynch and Milligan 1994; Vekemans et al. 2002).
A consensus tree of X. formosensis was constructed by
the Phylip 3.6 software (Felsenstein 1993) based on the
unweighted pair group method with arithmetic mean
(UPGMA).

Mitochondrial DNA COIl sequencing data

The analysis of molecular variance (AMOVA)
was performed on data from 152 individuals using
Arlequin 3.5.2.2. Molecular diversity indices, including
the number of haplotypes (Nh), haplotype diversity
(h), nucleotide diversity (m), pairwise fixation index
(Fgr) estimates, and the average number of nucleotide
differences (k), were estimated using DnaSP, version 6.0.
Two neutral hypothesis tests, the Tajima D test (Tajima
1983) and Fu’s F's test (Fu 1997) were performed to
detect the expansion of the whole population of X.
formosensis. The mismatch distribution (Lavery et al.
1996) was determined using Arlequin with a spatial
expansion model, and the sum of square deviation (SSD)
of observed frequencies was greater than the expected
frequencies (P > 0.05), indicating that this population
conforms to an expansion model (Harpending 1994;
Deli et al. 2016). In addition, the unit of mutational
time (1) and absolute time since expansion (T) at
the same time were assessed according to mismatch
distribution, following analyses described in previous
studies (Rogers and Harpending 1992; Harpending
1994; Tokuyama et al. 2020). The effective population
size was estimated based on formulae from a previous
study (Watterson 1975), and the mutation rate (pn =
2.1 x 10™) was adopted from a previous study on
the terrestrial crab genus Sesarma spp. (Wares and
Cunningham 2007; Wieman et al. 2014). Furthermore,
a haplotype network was constructed using PopART
1.7 by the minimum spanning network (MSN) method
(Leigh and Bryant 2015; Hardianto et al. 2022). The
nucleotide sequences of X. formosensis from this study
were deposited into GenBank (National Center for
Biotechnology Information, NCBI) under accession
numbers ON692540-ON692691.

RESULTS
TE-AFLP data

Total TE-AFLP data were obtained from 280
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individuals and used for AMOVA. The results showed
93% genetic variation within location and 98% genetic
variation within groups (Table 2). The Bayesian
assignment test revealed two genetic clusters for X.
formosensis (AK = 2) (Fig. 2). Comparing the results
of the three groups of X. formosensis in this study
(north, central and south groups) indicated that both
genetic diversity and polymorphic loci in the central
group were lower than those of the north and south
groups (Table 3); those for Shengang (H; = 0.033; %P =
16.92%) were the lowest. The highest genetic diversity
and polymorphic loci were seen in the south group,
especially those in Mailiao. For the whole population,
the percentage of polymorphic loci was 86.48%, and the
expected heterozygosity of genetic diversity index was
0.152 (Table 3). PCoA analysis did not show obvious
clustering of the seven X. formosensis sampling locations
(Fig. 3). Moreover, the UPGMA tree only indicated that
the distance of the north group was relatively farther
than others; the analysis did not clearly distinguish the
southern and central groups too (Fig. 4).

Mitochondrial DNA COIl sequencing data

A 648 base-pair coding region of the COI gene
was sequenced from 152 adult individuals collected
from seven locations of X. formosensis. According
to COI sequencing results, we found nucleotide
frequencies of A =27.2%, T = 36.5%, C = 20.1%, and
G = 16.1%. The results of AMOVA showed 96-98%
genetic variation within sampling locations (Table 2),
and mean Fg; value obtained from the AMOVA was
0.021 (Table 4), with a significant P-value (P < 0.05).
Pairwise comparisons showed negative Fg; values
between Xiangshan and Mailiao and between Shengang
and Mailiao (Table 5); negative values indicate
essential genetic homogeneity. The pairwise Fg; values
comparing between the north, central and south groups
were positive (Table 6). Notably, when comparing
between the north and central groups, and between the
north and south groups, the pairwise Fy; values were
significant (P < 0.05). However, comparing between
the south and central groups yielded a non-significant
pairwise Fg; value (P value = 0.23).

According to our molecular diversity analysis
of the COI marker, haplotype diversity (%) was high
in all locations, with Xiangshan having the highest
value (2 = 0.993 + 0.014). In addition, the nucleotide
diversity values (n) for Xiangshan, Xianxi, Qigu
and Mailiao populations were higher than those for
Gaomei, Shengang and Dacheng. As shown in table 3,
118 haplotypes were detected among all samples. The
overall haplotype diversity index was 0.976 + 0.008
(range, 0.924-0.993), while the nucleotide diversity
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index was 0.010 £ 0.004 (range, 0.007-0.016), and the
average number of nucleotide differences (k) was 5.95
(range, 4.65-7.37). Further, the nucleotide diversity
indexes for Gaomei and Shengang were lower than
those for the rest of the examined locations. Haplotype
network analysis revealed no obvious patterns (Fig. 5).
The results of Tajima’s D test (P < 0.05) and Fu’s
F's test (P < 0.02) showed negative values for our X.
formosensis samples (Table 4). Mismatch distribution
plots exhibited a single peak for X. formosensis, which
indicates a past expansion (Fig. 6). Furthermore, the
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units of mutational rate prior to the present (1) was 4.684,
and the absolute time (T years) since the expansion of
the X. formosensis was 108,861 years ago (Table 4). We
also determined that the population size post-expansion
(06, = 28.44) was higher than before the expansion
(8, = 2.02), and the mode value of theta in the MCMC
parameters was 0.09823. The effective population
size (N,) was 4.68 x 10° for X. formosensis (Table 4).
Furthermore, according to the mutation rate we adopted,
the X. formosensis population is predicted to have
expanded in the past 100,000 years.

Dacheng Mailiao Qigu

Fig. 2. Genetic analysis as inferred by the assignment test and using a Bayesian approach in STRUCTURE 2.3.4. A) Estimation of populations
using a AK value of 2 based on TE-AFLP markers. B) The result of Bayesian assignment test indicted two genetic clusters for seven locations of X.
formosensis.

Table 2. Analysis of molecular variance for seven sampling locations, three groups (north, central and south) and two
subpopulations (north and others) of Xeruca formosensis based on TE-AFLP and mitochondrial DNA cytochrome
oxidase subunit I (COI) data

DNA data type Source daf. Percentage of variation Sum of squares Variance components
Among 7 sampling locations 6 7.00 236.22 0.73
Within sampling location 273 93.00 2771.10 10.15
Total 279 100 3007.32 10.88
Among 3 groups 2 2.86 71.17 0.31

TE-AFLP Within group 277 97.14 2936.15 10.60
Total 279 100 3007.32 10.91
Among 2 populations 1 1.51 22.06 0.17
Within populations 278 98.49 2985.26 10.74
Total 279 100 3007.32 10.90
Among 7 sampling locations 6 2.07 25.55 0.06
Within sampling location 146 97.93 426.94 2.92
Total 152 100 452.48 2.99
Among 3 groups 2 2.06 1.45 0.08

mtDNA COI Within group 149 97.94 588.10 3.95
Total 151 100 602.79 4.03
Among 2 populations 1 3.39 10.45 0.14
Within populations 150 96.61 592.34 3.95
Total 151 100 602.79 4.09
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Table 3. Nuclear and mitochondrial COI DNA diversity indexes for the fiddler crab Xeruca formosensis

Genetic marker TE-AFLP mtDNA (COI)

Sampling location and groups H; %P N, h+£SD n+SD k
Xiangshan 0.197 82.31% 25 0.993 £0.014 0.016 = 0.008 7.12
Gaomei 0.085 43.08 % 11 0.924 £ 0.033 0.007 + 0.004 4.65
Shengang 0.033 16.92 % 18 0.976 £ 0.023 0.009 + 0.005 5.23
Xianxi 0.106 46.92 % 10 0.946 + 0.066 0.012 +0.007 6.98
Dacheng 0.221 80.00 % 18 0.984 + 0.024 0.010 + 0.005 5.36
Mailiao 0.221 96.92 % 14 0.939 +0.035 0.010 £ 0.005 5.91
Qigu 0.206 88.46 % 22 0.980 +0.014 0.010 £+ 0.006 6.22
North group 0.197 82.31% 25 0.993 £0.012 0.016 = 0.008 7.12
Central group 0.147 59.23 % 71 0.972 +0.011 0.012 +0.006 5.41
South group 0.206 88.46 % 22 0.982+£0.015 0.012 +0.006 5.75
North populations 0.197 82.31% 25 0.993 £0.012 0.016 + 0.008 7.12
Other populations 0.160 67.69 % 85 0.980 + 0.007 0.011 £ 0.006 7.37
Whole population 0.152 86.48 % 118 0.976 + 0.008 0.010 = 0.004 5.95

H;: expected heterozygosity of genetic diversity. %P: percentage of polymorphic loci. N,: number of haplotypes. /: haplotype diversity. n: nucleotide
diversity. k: average number of nucleotide differences.
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DISCUSSION
Genetic variation and structure

Our analysis of TE-AFLP data and COI marker
from X. formosensis showed that the genetic variation
within the sampling location was higher than it was
among sampling locations. These results indicate that
X. formosensis possesses characteristics of genetic
structure that are typical of decapods (Tracey et al.
1975; Brian et al. 2006). Importantly, X. formosensis
currently has greater than 90% genetic variation within
location and group, and the mean Fg; value (0.021,
with significant P-value) suggests the possibility of
an X. formosensis metapopulation (Wang et al. 2019;
Tokuyama et al. 2020). In addition, this result indicates
that X. formosensis still has high gene flow among
sampling locations, even though it faces survival
pressures and habitat destruction. Notably, the pairwise
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F; among the three groups showed that the northern
group was significantly different from the other two (P
< 0.05), but there was no significant difference between
the southern and central groups. In line with this result,
the UPGMA tree only indicated a grouping of the
northern group and others (Fig 4). Thus, we concluded
that X. formosensis should be divided into two
populations (north and others) rather than three (north,
central and south). This conclusion led us to further
conduct the AMOVA analysis and calculate diversity
indexes for the two populations (north and others); the
results are shown in tables 2 and 3.

The genetic diversity value (H; = 0.152) we
observed for X. formosensis is higher than that of
another fiddler crab species, Uca maracoani (0.062),
reported in Wieman et al. 2014. However, it is lower
than the reported values for other brachyurans, such
as swimming crab (Portunus trituberculatus) and
Cancer setosus (Gomez-Uchida et al. 2003; Liu et al.

Table 4. Neutrality test and mismatch distribution values for Xeruca formosensis

N, T, F T

T 0, 0, SSD Fyr

Whole population 4,680,000 -2.109 **

-3.332 ** 4.684

108,861.37 2.02 28.44 0.0013 0.021 **

Ty: Tajima D test. F,;: Fu’s F's test. T: time since expansion in units of mutational time. T: absolute time since expansion in years. 6,: estimated value
of population size before expansion. 8,: estimated value of post-expansion population size. SSD: sum of squared deviation value. Fg;: fixation index.

** mean significant value (P < 0.05).

Table 5. The pairwise F; value (below the diagonal) and pairwise Fg; P-value (above the diagonal) for the COI

marker among 7 sampling location of Xeruca formosensis

Xiangshan Gaomei Shengang Xianxi Dacheng Mailiao Qigu

Xiangshan - 0.0371 £ 0.006**  0.2168 £0.010  0.0156 + 0.004**  0.0537+0.006  0.9043 £0.013  0.0156 + 0.004**
Gaomei 0.0362 - 0.1602 £0.012  0.0664 £ 0.007 0.0898 £ 0.010  0.1641 +£0.014 0.1426 £ 0.011
Shengang 0.0090 0.0165 - 0.1113 £ 0.011 0.3291+0.018  0.5889+0.014 0.2940+0.019
Xianxi 0.0547 0.0344 0.0263 - 0.2832+0.015  0.0566 +0.008 0.1660 +0.012
Dacheng 0.0322 0.0257 0.0053 0.0063 - 0.1953£0.012  0.2539+0.014
Mailiao -0.0291 0.0250 -0.0156 0.0674 0.0177 - 0.1055+0.010
Qigu 0.0435 0.0133 0.0055 0.0130 0.0053 0.0341 -

** mean significant value (P < 0.05).

Table 6. The pairwise Fgy; value (below the diagonal) and pairwise Fg; P-value (above the diagonal) for the COI
marker among 3 groups (north group, central group, and south group) of Xeruca formosensis

North group Central group South group
North group - 0.01367 £ 0.0037 ** 0.01758 £ 0.0039 **
Central group 0.028 - 0.22852 £0.0131
South group 0.043 0.0035 -

** mean significant value (P < 0.05), and for details of groups, see Table 1.
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2012). According to mitochondrial COI DNA diversity
analyses, X. formosensis has higher levels of haplotype
diversity and nucleotide diversity (Table 3) than fiddler
crabs and other crabs from mangrove, coastal and
marine habitats (Azuma et al. 2007; Aoki et al. 2008;
Darling et al. 2008; Wieman et al. 2014). Nevertheless,
the diversity of X. formosensis is lower than that of its
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sympatric species, 4. lactea (Tokuyama et al. 2020).
In addition, the highest value of genetic diversity (H;)
was found in the Mailiao and Dacheng sites (Table
5). The Mailiao sampling site is a large, abandoned
fish farm near the Sixth Naphtha Cracking Complex,
south of the Zhuoshui River. According to our personal
observations, the distribution area was approximately

10 é;:aéibles

1 sample
e Xiangshan
o Gaomei
e Shengang
e Xianxi
e Dacheng
e Mailiao
e Qigu

Fig. 5. TCS network showing the relationships among the recorded haplotypes of X. formosensis based on the analysis of a 648 base pair region of

the mitochondrial gene COI using PopART.
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41 hectares [about 4 individuals (ind)/m’]. Relative to
other locations, the number of individuals, distribution
area, genetic diversity (0.221), and percentage of
polymorphic loci (97%) were all higher for the Mailiao
site than the other six sampling locations (Table 3).
Of note, the Dacheng site is located just north of the
Zhuoshui River, only about 4 km from the Mailiao
location.

In the present study, the nucleotide diversity of the
central group was the lowest (0.012 £ 0.006), but this
population showed relatively high haplotype diversity
values. This pattern is consistent with a rapidly growing
population derived from a sporadic or small effective
population (Hardianto et al. 2022). However, Xianxi
showed both high haplotype and nucleotide diversity
(h=0.946 £ 0.066; = = 0.012 £ 0.007) based on the
COI data, suggesting that the source of larvae at Xianxi
might be a different location or that it was large and
stable (Hardianto et al. 2022). Of note, the number of
individuals found at Xianxi is typically much smaller
than at other sites (according to our field observations
over the past few years), and both the percentage
of polymorphic loci and the genetic diversity were
relatively low (H; = 0.106; %P = 46.92%) based on TE-
AFLP data. Furthermore, a previous study reported low
values of polymorphic loci and the genetic diversity
based on allozyme analysis if the habitat was not
suitable for X. formosensis (Shih 1999). Together,
these results suggest that the population at Xianxi
might be undergoing survival pressure. The Xianxi
site is located on the coastal wetland of the Changhua
coastal industrial park, which was developed in 1979
(https://www.rtaiwanr.com/lukang/changhua-coastal-
industrial-park). In a field survey conducted in 2014,
we found that the number of X. formosensis individuals

1600 -
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800 -
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600 -
400 -
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was relatively smaller than at other locations. In 2019,
floating solar panels were installed at the nearby
mudflat. It is uncertain what influence this development
may have on the X. formosensis in the future. Since
our COI and TE-AFLP results showed different
patterns at Xianxi, further study with more sampling
will be needed to more accurately assess the genetic
structure, only if the habitat does not disappear due
to anthropogenic activities. Similar to the situation at
Xianxi, the Shengang population had similarly high
haplotype and nucleotide diversity based on the COI
data, but X. formosensis in Shengang had the lowest
genetic diversity and polymorphic loci values. In 1999,
the population size in Shengang abruptly decreased
due to preparatory construction for a controversial
landfill project (Shih 1997; Liou 2012) that was
ultimately shelved. Between 2003 and 2006, the trail
and embankment were constructed again (Chen 2008);
however, this construction project did not improve the
habitat. In fact, the conditions became worse, and the
number of X. formosensis individuals at this site has
declined in the past 15 years. Recently, the species
has been replaced by other species of fiddler crabs,
namely A. lactea, T. arcuata and Gelasimus borealis.
The population density of X. formosensis dropped from
0.59 ind/m” in 1991 (Lee 1991) to only 0.022 ind/m’,
according to the results of our field survey in 2019 (Fig.
7).

Genetic cluster analysis using TE-AFLP marker
data revealed that there were two genetic clusters
for each sampling location and also that the genetic
structures of populations at Gaomei, Shengang and
Xianxi showed little difference from the other locations.
Nevertheless, the nucleotide diversity value from COI
marker data was lower for the central group than it

= Observed
= Simulated

0123456 7 8 91011121314 1516 17 18 19 20 21

Number of pairwise differences

Fig. 6. Mismatch distribution for X. formosensis determined using Arlequin 3.5.2.2 and based on mitochondrial DNA cytochrome oxidase subunit
1 (COI) data. Blue-colored bars represent the observed frequency and the red-colored curve represents the expected frequencies under a sudden

expansion model.
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was for the other sites. Likewise, the genetic diversity,
percentage of polymorphic loci, haplotype diversity
and nucleotide diversity of the central group were all
relatively low as well (Table 3). According to previous
reports, several populations of X. formosensis have
been abruptly reduced by different developmental
pressures (Shih 1997; Shih et al. 1999). For example,
the X. formosensis population in the Gaomei area
disappeared due to the construction of a breakwater
and seawall at natural shorelines about 20 years ago.
Thereafter, only a few isolated individuals have been
sporadically seen near the mudflat. Larger numbers of
individuals did not appear next to the seawall until the
summer (approximately June to September) of 2017.
The PCoA of TE-AFLP data indicated that there was no
obvious grouping of individuals by sampling location.
Additionally, the haplotype network analysis of COI
data indicated widespread haplotypes in each location.
The COI haplotype network analysis also revealed a
“star-like” tree topology for X. formosensis, which is an
indication that the population has recently undergone
a founder effect or population bottleneck (Slatkin and
Hudson 1991). Under such circumstances, a sudden
population expansion would increase the probability of
retaining new mutations (Fu 1997).

Population historical expansion and dynamics

The values from Tajima’s D and Fu’s F's test
were significantly negative (Table 4), and mismatch
distribution indicated a low sum square deviation
(SDD) value of 0.0013, which was not significant
(> 0.05). These results suggest that the X. formosensis
are currently expanding. When we apply a mutation
rate adopted from Sesarma spp., the X. formosensis
population appears to have expanded since 100,000
years ago (about 130,000 to 12,000 years ago in the

0.7 1
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Late Pleistocene) (Walker et al. 2012). At that time in
Taiwan, the sea level was lower and the land area was
larger than now (Oshir and Noihra 2000; Tokuyama
et al. 2020). To be more precise, we calculated an
expansion time for X. formosensis of 108,861 years ago.
In contrast, the A. lactea population in Taiwan expanded
30,000 years ago (Tokuyama et al. 2020), when the
local ocean environment was relatively stable.

The genetic connectivity among sampling
locations may be affected by inshore water circulation
patterns along the coastal area (Gordon 2007; Silva et
al. 2010; Hardianto et al. 2022). Several studies also
show that coastal environmental factors and the life
cycles of marine crustaceans (inshore crab, Carcinus
maenas; fiddler crabs, Austruca lactea, Austruca
perplexa and T. arcuata) greatly affect the population
structure (Peliz et al. 2007; Moksnes et al. 2014; Aoki
et al. 2008; Bashevkin et al. 2020; Tokuyama et al.
2020; Hardianto et al. 2022). Other species in the ocean
(e.g., Acanthochromis polyacanthus and tropical reef
fishes) are also subject to similar influences (Planes
et al. 2001; Rocha et al. 2005). Both connectivity and
population dynamics are driven by interactions between
hydrology and life history (Cowen and Sponaugle
2009; Mendiola and Ravago-Gotanco 2021). Our
molecular data indicated X. formosensis populations at
the western coast in Taiwan should be considered as a
metapopulation, although the gene flow in the central
group might be somehow restricted. There may also
be a correlation between the hydrology of the western
inshore of Taiwan and the genetic connectivity of X.
formosensis, since many previous studies have shown
that larval-stage crabs play an important role in reducing
geographical impacts on population dynamics (Peliz et
al. 2007; Moksnes et al. 2014; Bashevkin et al. 2020).
As previously mentioned, the dispersal mechanisms of
X. formosensis larvae may be affected by many coastal
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Fig. 7. Timeline of the population density change of X. formosensis at the Shengang area from 1991 to 2019. “No population density data available.
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environmental factors, but the larval drifting dynamics
and specific influences remain to be clarified. Therefore,
it would be highly valuable to construct a drifting
simulation of X. formosensis larvae in order to better
understand the population genetics of the species.

Drift dynamics of crab larvae are known to play
an important role in the settlement of fiddler crabs (Silva
et al. 2010; Ituarte et al. 2012; Tokuyama et al. 2020). It
is also thought that the population genetic connectivity
of benthic species can be maintained by very few larvae
drift processes (Bashevkin et al. 2020). While crab
larvae can swim among intertidal zones, this behavior
is coordinately affected by many marine environmental
factors (Ituarte et al. 2012; Hardianto et al. 2022).
Thus, inshore currents and hydrology appear to be the
major determinants of most migration and gene flow
(Peliz et al. 2007). For example, the different vertical
positions of inshore crab (Carcinus maenas) larvaec may
critically affect the direction of dispersal by different
current systems or tidal cycles (Moksnes et al. 2014).
Furthermore, green crab (Carcinus maenas) larvae
were shown to spread along a coastal area by surface
ocean currents, along with diel vertical migration
(DVM) behaviors of zooplankton and fish dispersal in
intertidal or coastal regions (Queiroga et al. 1994; Peliz
et al. 2007). Similarly, the larvae of X. formosensis
are thought to spread and migrate with the help of the
oceanographic conditions, which is expected to drive
gene flow among subpopulations along the coast.

Management and conservation

A previous study reported that some populations
of X. formosensis have gradually disappeared, including
those in Keelung, Yongan (Kaohsiung) and Yilan
County (Shih et al. 1999). In 1992, the X. formosensis
populations in the Qigu area of Tainan City were huge,
relatively stable, and completely distributed (Liou
2012). However over the next 20 years, much of the
habitat in the original distribution area was destroyed,
causing the crabs to become displaced or disappear and
leaving a patchy distribution (Liou 2012). Therefore,
a conservation strategy to prevent reductions in gene
flow is urgently needed in order to protect the remaining
small populations (Aoki and Wada 2013). A parallel
example is T. arcuate, a common fiddler crab with a
high genetic diversity in its Taiwan population (Aoki
et al. 2008; Shih et al. 2022). Based on the analysis of
restriction fragment length polymorphism (RFLP), Aoki
et al. (2008) reported the population of 7. arcuata in
Nakagusuku Bay of Okinawa, Japan is not only small,
but its genetic and nucleotide diversities are lower than
those in other populations. Thus, they suggested that
destruction of the nearby 7. arcuata habitat on the coast
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of Okinawa may hinder gene flow. The X. formosensis
in Xiangshan faces a similar situation, as the density
dropped from 1.58 ind/m” in 2005 to only 0.25 ind/m’ in
2006 (Wang et al. 2012). This population was negatively
affected by the improper transplantation of mangroves
(e.g., Kandelia candel) and a water recycling center
built in April 2006 (Shih et al. 1999; Liao et al. 2008).
Along with the overall decrease in numbers, the high-
density distribution area of X. formosensis declined
from 8,000 m’ to 2,500 m* (Wang et al. 2012). Until
recently, X. formosensis could survive in the area due to
some protective measures (Liao et al. 2008). However,
it has been suggested that if wild populations continue
to decline due to environmental pressures or some other
factors, eventually the genetic diversity and gene flow
of the population will decrease, and the population’s
extinction risk will increase (Hoffmann and Willi 2008;
Aoki and Wada 2013). Therefore, it should be a priority
to protect small populations with higher extinction
risks than larger populations, so that gene flow among
populations can continue.

Although the two molecular methods used in this
study, TE-AFLP and COI marker, are modern analyses
that revealed the population genetics of X. formosensis,
there are limitations to our study. For example, future
efforts should include the use of high-throughput
molecular and powerful genetic marker methods such
as RAD sequencing to increase the resolution of genetic
structure and to more precisely detect intensity and
directionality of gene flow (Davey and Blaxter 2011;
Moksnes et al. 2014; Jeffery et al. 2017; Baeza et al.
2019).

CONCLUSIONS

Both TE-AFLP and COI marker results indicated
that the X. formosensis on the western coast of Taiwan
can be considered a metapopulation that is divided
into two subpopulations (north and others). Despite
the high gene flow in this metapopulation, if the local
populations of X. formosensis along the western coast
continue to decline, the species may face a crisis similar
to those of other endangered species. Maintenance
of suitable habitats will be crucial future work for
restoring the populations of X. formosensis. We plan to
continue our surveys and record the population genetics
at several locations to gain a more comprehensive
understanding of how the X. formosensis population
is changing over time. Based on our genetic findings
so far, environmental factors may allow for robust
gene flow among locations and reduce the degree of
differentiation between location. Therefore, future
studies on the scale of spreading and patterns of drifting
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behavior for X. formosensis larvae will be necessary to
guide appropriate conservation efforts in the future.

Acknowledgments: Fiddler crab sampling in Qigu
of Tainan City was performed with the approval of the
Endemic Species Research Institute, Taiwan. Dr. Yong-
Chao Su of Kaohsiung Medical University provided
many suggestions on genetic analyses. The first author
also thanks members of the Department of Life Science,
Tunghai University for their help during the sampling.
Furthermore, we thank Hsi-Te Shih and the two
anonymous reviewers for helpful comments.

Authors’ contributions: HKC, LHC collected the
specimens and designed the research of genetic analysis;
LCY provided detailed information on specimens
and collection sites; WCC provided hydrodynamic
information about patterns of larval dispersal. All
authors contributed to the study conception and
interpreted the results. All authors read and approved
the final manuscript.

Competing interests: The authors declare that they
have no conflicts of interests.

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

Consent for publication: Not applicable.

Ethics approval consent to participate: Not
applicable.

REFERENCES

Aoki M, Naruse T, Cheng JH, Suzuki Y, Imai H. 2008. Low genetic
variability in an endangered population of fiddler crab Uca
arcuata on Okinawajima Island: Analysis of mitochondrial DNA.
Fish Sci 74:330-340. doi:10.1111/j.1444-2906.2008.01529.x.

Aoki M, Wada K. 2013. Genetic structure of the wide-ranging fiddler
crab Uca crassipes in the west Pacific region. J Mar Biolog
Assoc 93:789-795. doi:10.1017/S0025315412001178.

Araujo R, Ramos MA. 2000. Status and conservation of the giant
European freshwater pearl mussel (Margaritifera auricularia)
(Spengler, 1793) (Bivalvia: Unionoidea). Biol Conserv 96:233—
239. doi:10.1016/S0006-3207(00)00075-6.

Azuma N, Kunihiro Y, Sasaki J, Mihara E, Mihara Y, Yasunaga T, Jin
DH, Abe S. 2007. Genetic variation and population structure
of hair crab (Erimacrus isenbeckii ) in Japan inferred from
mitochondrial DNA sequence analysis. Mar Biotechnol (New
York, N.Y.) 10:39-48. doi:10.1007/s10126-007-9033-1.

Baeza JA, Holstein D, Umafia-Castro R, Mejia-Ortiz LM. 2019.
Population genetics and biophysical modeling inform
metapopulation connectivity of the Caribbean king crab

page 13 of 15

Maguimithrax spinosissimus. Mar Ecol Prog Ser 610:83-97.
doi:10.3354/meps12842.

Bashevkin SM, Dibble CD, Dunn RP, Hollarsmith JA, Ng G,
Satterthwaite EV, Morgan SG. 2020. Larval dispersal in a
changing ocean with an emphasis on upwelling regions.
Ecosphere 11:1-29. doi:10.1002/ecs2.3015.

Brian JV, Fernandes T, Ladle RJ, Todd PA. 2006. Patterns of
morphological and genetic variability in UK populations of
the shore crab, Carcinus maenas Linnaeus, 1758 (Crustacea:
Decapoda: Brachyura). J Exp Mar Biol 329:47-54. doi:10.1016/
j-jembe.2005.08.002.

Chen PH, Lee DYH. 2008. Being Extinguished Uca Formosensis
Study. J Soil Water Conserv 40:235-256. (in Chinese)

Chen SY. 2008. A Study on the Habitat Characteristics for the
Conservation of Uca formosensis: Mailiao area as an Example.
Dissertation. National Taiwan University Graduate Institute of
Fisheries Science, Taipei, Taiwan. (in Chinese)

Cowen RK, Sponaugle S. 2009. Larval dispersal and marine
population connectivity. Annu Rev Mar Sci 1:443-466.
doi:10.1146/annurev.marine.010908.163757.

Darling JA, Bagley MJ, Roman J, Tepolt CK, Geller JB. 2008. Genetic
patterns across multiple introductions of the globally invasive
crab genus Carcinus. Mol Ecol 17:4992-5007. doi:10.1111/
j-1365-294x.2008.03978.x.

Davey JL, Blaxter MW. 2011. RADseq: Next-generation population
genetics. Brief Funct Genomics 9:416—423. doi:10.1093/bfgp/
elq031.

Deli T, Fratini S, Ragionieri L, Said K, Chatti N, Schubart CD. 2016.
Phylogeography of the marbled crab Pachygrapsus marmoratus
(Decapoda, Grapsidae) along part of the African Mediterranean
coast reveals genetic homogeneity across the Siculo-Tunisian
Strait versus heterogeneity across the Gibraltar Strait. Mar Biol
Research 12:471-487. doi:10.1080/17451000.2016.1154972.

Dixo M, Metzger JP, Morgante JS, Zamudio KR. 2009. Habitat
fragmentation reduces genetic diversity and connectivity among
toad populations in the Brazilian Atlantic Coastal Forest. Biol
Conserv 142:1560-1569. doi:10.1016/j.biocon.2008.11.016.

Dur G, Hwang JS, Souissi S, Tseng LC, Wu CH, Hsiao SH, Chen QC.
2007. An overview of the influence of hydrodynamics on the
spatial and temporal patterns of calanoid copepod communities
around Taiwan. J Plankton Res 29:97-116. doi:10.1093/plankt/
b1070.

Evanno G, Regnaut S, Goudet J. 2005. Detecting the number of
clusters of individuals using the software STRUCTURE: A
simulation study. Mol Ecol 14:2611-2620. doi:10.1111/j.1365-
294X.2005.02553 x.

Excoffier L, Smouse PE, Quattro JM. 1992. Analysis of molecular
variance inferred from metric distance among DNA haplotype
application to human mitochondrial DNA restriction data.
Genetics 131:479-491. doi:10.1093/genetics/131.2.479.

Felsenstein J. 1993. ‘PHYLIP: Phylogeny Inference Package’.
Department of Genetics, University of Washington, Seattle.

Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R. 1994. DNA
primers for amplification of mitochondrial cytochrome ¢ oxidase
subunit I from diverse metazoan invertebrates. Mol Mar Biol
Biotechnol 3:294-299.

Frankel OH. 1974. Genetic conservation: our evolutionary
responsibility. Genetics 78:53—65. doi:10.1093/genetics/78.1.53.

Fratini S, Vannini M. 2002. Genetic differentiation in the mud crab
Scylla serrata (Decapoda: Portunidae) within the Indian Ocean. J
Exp Mar Biol 272:103-116. doi:10.1016/S0022-0981(02)00052-
7.

Fu YX. 1997. Statistical tests of neutrality of mutations against
population growth, hitchhiking and background selection.
Genetics 147:915-925. doi:10.1093/genetics/147.2.915.

© 2023 Academia Sinica, Taiwan


https://doi.org/10.1111/j.1444-2906.2008.01529.x
https://doi.org/10.1017/S0025315412001178
https://doi.org/10.1016/S0006-3207(00)00075-6
https://doi.org/10.1007/s10126-007-9033-1
https://doi.org/10.3354/meps12842
https://doi.org/10.1002/ecs2.3015
https://doi.org/10.1016/j.jembe.2005.08.002
https://doi.org/10.1146/annurev.marine.010908.163757
https://doi.org/10.1111/j.1365-294X.2008.03978.x
https://doi.org/10.1093/bfgp/elr007
https://doi.org/10.1080/17451000.2016.1154972
https://doi.org/10.1016/j.biocon.2008.11.016
https://doi.org/10.1093/plankt/fbl070
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1093/genetics/131.2.479
https://doi.org/10.1093/genetics/78.1.53
https://doi.org/10.1016/S0022-0981(02)00052-7
https://doi.org/10.1093/genetics/147.2.915

Zoological Studies 62:24 (2023)

Geist J. 2010. Strategies for the conservation of endangered freshwater
pearl mussels (Margaritifera margaritifera L.): A synthesis of
conservation genetics and ecology. Hydrobiologia 644:69—88.
doi:10.1007/s10750-010-0190-2.

Gomez-Uchida D, Weetman D, Hauser L, Galleguillos R,
Retamal M. 2003. Allozyme and AFLP analyses of genetic
population structure in the hairy edible crab Cancer
Setosus from the Chilean coast. J Crustac Biol 23:486-494.
doi:10.1163/20021975-99990354.

Gordon AL. 2007. Review of the Agulhas Current, by J.R.E.
Lutjeharms. Oceanography 20:206-208.

Guan B, Fang G. 2006. Winter counter-wind currents off the
southeastern China coast: A review. J Oceanogr 62:1-24.
doi:10.1007/s10872-006-0028-8.

Haag T, Santos AS, Sana DA, Morato RG, Cullen L, Crawshaw PG,
De Angelo C, DiBitetti MS, Salzano FM, Eizirik E. 2010. The
effect of habitat fragmentation on the genetic structure of a
top predator: Loss of diversity and high differentiation among
remnant populations of Atlantic Forest jaguars (Panthera onca).
Mol Ecol 19:4906—4921. doi:10.1111/j.1365-294x.2010.04856.x.

Hardianto E, Wijayanti DP, Shy JY, Mather P, Hughes J, Imai H.
2022. Molecular ecology of the fiddler crab Austruca perplexa
(H. Milne Edwards, 1852): genetic divergence along a major
biogeographical barrier, Wallace’s Line. Biol J Linn Soc
135:310-321. doi:10.1093/biolinnean/blab142.

Harpending HC. 1994. Signature of Ancient Population Growth in
a Low-Resolution Mitochondrial DNA Mismatch Distribution.
Hum Biol 66:591-600.

Herborg LM, Mandrak NE, Cudmore BC, Maclsaac HJ. 2007.
Comparative distribution and invasion risk of snakehead
(Channidae) and Asian carp (Cyprinidae) species in North
America. Can J Fish Aquat 64:1723-1735. doi:10.1139/f07-130.

Hoffmann AA, Willi Y. 2008. Detecting genetic responses to
environmental change. Nat Rev Genet 9:421-432. doi:10.1038/
nrg2339.

Hsiao SH, Fang TH, Shih CT, Hwang JS. 2011. Effects of the
Kuroshio Current on copepod assemblages in Taiwan. Zool Stud
50:475-490.

Hsieh CH, Chiu TS, Shih CT. 2004. Copepod Diversity and
Composition as Indicators of Intrusion of the Kuroshio Branch
Current into the Northern Taiwan Strait in Spring 2000. Zool
Stud 43:393-403.

Hu J, Kawamura H, Li C, Hong H, Jiang Y. 2010. Review on current
and seawater volume transport through the Taiwan Strait. J
Oceanogr 66:591-610. doi:10.1007/s10872-010-0049-1.

Ituarte RB, D’Anatro A, LuppiT A, Ribeiro PD, Spivak ED, Iribarne
0O, Lessa EP. 2012. Population Structure of the SW Atlantic
Estuarine Crab Neohelice granulata Throughout Its Range: A
Genetic and Morphometric Study. Estuaries Coasts 35:1249—
1260. doi:10.1007/s12237-012-9516-9.

Jeffery NW, DiBacco C, Van Wyngaarden M, Hamilton LC, Stanley
RRE, Bernier R, FitzGerald J, Matheson K, Mc Kenzie CH,
Nadukkalam Ravindran P, Beiko R, Bradbury IR. 2017.
RAD sequencing reveals genomewide divergence between
independent invasions of the European green crab (Carcinus
maenas) in the Northwest Atlantic. Ecol Evol 7:2513-2524.
doi:10.1002/ece3.2872.

Lan YC, Shih CT, Lee MA, Shieh HZ. 2004. Spring distribution of
copepods in relation to water masses in the northern Taiwan
Strait. Zool Stud 43:332-343.

Lavery S, Moritz C, Fielder DR. 1996. Genetic patterns suggest
exponential population growth in a declining species. Mol
Biol Evol 13:1106—-1113. doi:10.1093/0xfordjournals.molbev.
a025672.

Lee SY. 1991. Ecology and behavior of Uca formosensis in Taiwan.

© 2023 Academia Sinica, Taiwan

page 14 of 15

Master’s thesis, National Sun Yat-sen University, Taiwan. (in
Chinese)

Leigh JW, Bryant D. 2015. POPART: Full-feature software for
haplotype network construction. Methods Ecol Evol 6:1110-
1116. doi:10.1111/2041-210X.12410.

Liang WD, Tang TY, Yang YJ, Ko MT, Chuang WS. 2003. Upper-
ocean currents around Taiwan. Deep-Sea Res. II: Top. Stud.
Oceanogr 50:1085-1105. doi:10.1016/S0967-0645(03)00011-0.

Liao SW, Chang WL, Lin SW. 2008. Status and habitat preferences for
endemic inhabitants of fiddler crab Uca formosensis in Hsiang-
Shan wetland, Taiwan. Environ Monit Assess 143:203-214.
doi:10.1007/510661-007-9969-7.

Liou CY. 2010. Visiting the west coast of Taiwan (II)-Introduction
to the coastal Ecosystem of Taichung, Changhua, Yunlin.
Nat. Conserv Quart 71:65-77. (in Chinese). doi:10.29738/
NCQ.201009.0014.

Liou CY. 2012. Habitat of Uca formosensis in the Zengwen Estuary of
Southwestern Taiwan. Taiwan Journal of Biodiversity 14:1-25.
(in Chinese)

Liu L, Li J, Liu P, Zhao F, Gao B, Du Y. 2012. A genetic linkage
map of swimming crab (Portunus trituberculatus) based on
SSR and AFLP markers. Aquaculture 344:66-81. doi:10.1016/
j-aquaculture.2012.01.034.

Liu MY, Shih HT. 2022. The complete mitogenome of Xeruca
formosensis (Rathbun, 1921) (Crustacea: Brachyura:
Ocypodidae), a fiddler crab endemic to Taiwan, with its
phylogenetic position in the family. Zool Stud 61:69.
doi:10.6620/ZS.2022.61-69.

Lynch M, Milligan BG. 1994. Analysis of population genetic structure
with RAPD markers. Mol Ecol 3:91-99. doi:10.1111/j.1365-
294x.1994.tb00109.x.

Mendiola MJR, Ravago-Gotanco R. 2021. Genetic differentiation and
signatures of local adaptation revealed by RADseq for a highly
dispersive mud crab Scylla olivacea (Herbst, 1796) in the Sulu
Sea. Ecol Evol 11:7951-7969. doi:10.1002/ece3.7625.

Moksnes PO, Corell H, Tryman K, Hordoir R, Jonsson PR. 2014.
Larval behavior and dispersal mechanisms in shore crab
larvae (Carcinus maenas): Local adaptations to different tidal
environments? Limnol Oceanogr 59:588—-602. doi:10.4319/
10.2014.59.2.0588.

Nei M. 1987. Molecular evolutionary genetics. Columbia University,
New York. Press.

Oshir I, Noihra T. 2000. Distribution of pleistocene terrestrial
vertebrates and their migration to the Ryukyus. Tropics 10:41—
50. doi:10.3759/tropics.10.41.

Peakall R, Smouse PE. 2006. GENALEX 6: Genetic analysis in Excel.
Population genetic software for teaching and research. Mol Ecol
Notes 6:288-295. doi:10.1111/j.1471-8286.2005.01155.x.

Peliz A, Marchesiello P, Dubert J, Marta-Almeida M, Roy C, Queiroga
H. 2007. A study of crab larvae dispersal on the Western Iberian
Shelf: Physical processes. J Mar Syst 68:215-236. doi:10.1016/
j-jmarsys.2006.11.007.

Planes S, Doherty PJ, Bernardi G. 2001. Strong genetic divergence
among populations of a marine fish with limited dispersal,
Acanthochromis polyacanthus, within the Great Barrier Reef
and the Coral Sea. Evol 55:2263-2273. doi:10.1111/j.0014-
3820.2001.tb00741.x.

Pritchard JK, Stephens M, Rosenberg NA, Donnelly P. 2000.
Association mapping in structured populations. Am J Hum Genet
67:170-181. doi:10.1086/302959.

Queiroga H, Costlow JD, Moreira MH. 1994. Larval abundance
patterns of Carcinus maenas (Decapoda, Brachyura) in Canal de
Mira (Ria de Aveiro, Portugal). Mar Ecol Prog Ser 111:63-72.
doi:10.3354/meps111063.

Rocha LA, Robertson DR, Roman J, Bowen BW. 2005. Ecological


https://doi.org/10.1007/s10750-010-0190-2
https://doi.org/10.1163/20021975-99990354
https://doi.org/10.1007/s10872-006-0028-8
https://doi.org/10.1111/j.1365-294X.2010.04856.x
https://doi.org/10.1093/biolinnean/blab142
https://doi.org/10.1139/f07-130
https://doi.org/10.1038/nrg2339
https://doi.org/10.1007/s10872-010-0049-1
https://doi.org/10.1007/s12237-012-9516-9
https://doi.org/10.1002/ece3.2872
https://doi.org/10.1093/oxfordjournals.molbev.a025672
https://doi.org/10.1111/2041-210X.12410
https://doi.org/10.1016/S0967-0645(03)00011-0
https://doi.org/10.1007/s10661-007-9969-7
https://doi.org/10.29738/NCQ.201009.0014
https://doi.org/10.1016/j.aquaculture.2012.01.034
https://zoolstud.sinica.edu.tw/Journals/61/61-69.html
https://doi.org/10.1111/j.1365-294X.1994.tb00109.x
https://doi.org/10.1002/ece3.7625
https://doi.org/10.4319/lo.2014.59.2.0588
https://doi.org/10.3759/tropics.10.41
https://doi.org/10.1111/j.1471-8286.2005.01155.x
https://doi.org/10.1016/j.jmarsys.2006.11.007
https://doi.org/10.1111/j.0014-3820.2001.tb00741.x
https://doi.org/10.1086/302959
https://www.int-res.com/articles/meps/111/m111p063.pdf

Zoological Studies 62:24 (2023)

speciation in tropical reef fishes. Proc R Soc Lond B Biol Sci
272:573-579. doi:10.1098/2004.3005.

Rogers AR, Harpending H. 1992. Population growth makes waves in
the distribution of pairwise genetic differences. Mol Biol Evol
9:552-569. doi:10.1093/oxfordjournals.molbev.a040727.

Seeb LW, Kretschmer EJ, Olsen JB, Templin WD, Jones KC, Grant
WS. 2002. Development of microsatellite loci in red king crab
(Paralithodes camtschaticus). Mol Ecol Notes 2:137-138.
doi:10.1046/j.1471-8286.2002.00178 x.

Shih HT. 1997. The fiddler crab that belongs to Formosa, Uca
formosensis. Where should they go? — The present condition of
an endemic fiddler crab of Taiwan. Taiwan Nat Sci 54:68-80. (in
Chinese)

Shih HT. 1999. Systematics of Uca formosensis Rathbun, 1921
(Crustacea: Decapoda: Ocypodidae), an Endemic Fiddler Crab
from Taiwan, based on Morphological, Genetic and Ecological
Evidence. Doctoral dissertation, National Sun Yat-sen University,
Taiwan. (in Chinese)

Shih HT. 2015. Uca (Xeruca), a new subgenus for the Taiwanese
fiddler crab Uca formosensis Rathbun, 1921 (Crustacea:
Decapoda: Ocypodidae), based on morphological and molecular
evidence. Zootaxa 3974:151-169. doi:10.11646/zootaxa.3974.
2.1.

Shih HT, Lee JH, HO PH, Liu HC, Wang CH, Suzuki H, Teng SJ.
2016. Species diversity of fiddler crabs, genus Uca Leach, 1814
(Crustacea: Ocypodidae), from Taiwan and adjacent islands,
with notes on the Japanese species. Zootaxa 4083:057-082.
doi:10.11646/zootaxa.4083.1.3.

Shih HT, Liu MY, Aoki M, Suzuki H. 2022. Phylogeography of the
fiddler crab Tubuca arcuata (Crustacea: Brachyura: Ocypodidae)
in East Asia and northern Vietnam. Zool Stud 61:68.
doi:10.6620/ZS.2022.61-68.

Shih HT, Mok HK, Chang HW. 2005. Chimney Building by Male Uca
formosensis Rathbun, 1921 (Crustacea: Decapoda: Ocypodidae)
after Pairing: A New Hypothesis for Chimney Function. Zool
Stud 44:242-251.

Shih HT, Mok HK, Chang HW, Lee SC. 1999. Morphology of Uca
formosensis Rathbun, 1921 (Crustacea: Decapoda: Ocypodidae),
an endemic fiddler crab from Taiwan, with notes on its ecology.
Zool Stud 38:164—177.

Silva IC, Mesquita N, Paula J. 2010. Lack of population structure in
the fiddler crab Uca annulipes along an East African latitudinal
gradient: Genetic and morphometric evidence. Mar Biol
157:1113-1126. doi:10.1007/s00227-010-1393-9.

Slatkin M, Hudson RR. 1991. Pairwise comparisons of mitochondrial
DNA sequences in stable and exponentially growing populations.
Genetics 129:555-562. doi:10.1093/genetics/129.2.555.

Tajima F. 1983. Evolutionary relationship of DNA sequences
in finite populations. Genetics 105:437-460. doi:10.1093/
genetics/105.2.437.

Takahasi S. 1935. Ecological notes on the ocypodian crabs
(Ocypodidae) in Formosa, Japan. Annot Zool Japon 15:78-87.

Tang B, Zhou K, Song D, Yang G, Dai A. 2003. Molecular systematics
of the Asian mitten crabs, genus Eriocheir (Crustacea:
Brachyura). Mol Phylogenet Evol 29:309-316. doi:10.1016/
51055-7903(03)00112-x.

Tokuyama T, Shy JY, Lin HC, Henmi Y, Mather P, Hughes J, Tsuchiya
M, Imai H. 2020. Genetic population structure of the fiddler
crab Austruca lactea (De Haan, 1835) based on mitochondrial

page 15 of 15

DNA control region sequences. Crustacean Res 49:141-153.
doi:10.18353/crustacea.49.0_141.

Tracey ML, Nelson K, Hedgecock D, Shleser RA, Pressick ML.
1975. Biochemical genetics of lobsters: genetic variation
and the structure of American lobster (Homarus americanus)
populations. J Fish Res Board Can 32:2091-2101. doi:10.1139/
F75-247.

Vekemans X, Beauwens T, Lemaire M, Roldan R. 2002. Data from
amplified fragment length polymorphism (AFLP) markers show
indication of size homoplasy and of a relationship between
degree of homoplasy and fragment size. Mol Ecol 11:139-151.
doi:10.1046/j.0962-1083.2001.01415 x.

Walker MJC, Berkelhammer M, Bjorck S, Cwynar LC, Fisher DA,
Long AJ, Lowe JJ, Newnham RM, Rasmussen SO, Weiss
H. 2012. Formal subdivision of the Holocene Series/Epoch:
A Discussion Paper by a Working Group of INTIMATE
(Integration of ice-core, marine and terrestrial records) and
the Subcommission on Quaternary Stratigraphy (International
Commission on Stratigraphy). J Quat Sci 27:649-659.
doi:10.1002/jgs.2565.

Wang SH, Kuo JS, Kuo YY, Chu TJ. 2012. The Study of the Impact
by Building the Water Recycling Center on the Habitat of “Uca
formosensis” in Shang-Shan Wetland of Hsin-Chu City. Journal of
Wetlands 2:67-80. (in Chinese). doi:10.30124/JW.201207.0005.

Wang SH, Zhang C, Shang M, Wu XG, Cheng YX. 2019. Genetic
diversity and population structure of native mitten crab
(Eriocheirsensu stricto) by microsatellite markers and
mitochondrial COI gene sequence. Gene 693:101-113.
doi:10.1016/j.gene.2018.12.083.

Wares JP, Cunningham CW. 2007. Phylogeography and historical
ecology of the north atlantic intertidal. Evol 55:2455-2469.
doi:10.1111/5.0014-3820.2001.tb00760.x.

Watterson GA. 1975. On the number of segregating sites in genetical
models without recombination. Theor Popul Biol 7:256-276.
doi:10.1016/0040-5809(75)90020-9.

Wieman AC, Berendzen PB, Hampton KR, Jang J, Hopkins MJ,
Jurgenson J, McNamara JC, Thurman CL. 2014. A panmictic
fiddler crab from the coast of Brazil? Impact of divergent
ocean currents and larval dispersal potential on genetic and
morphological variation in Uca maracoani. Mar Biol 161:173—
185. doi:10.1007/s00227-013-2327-0.

Wu YH, Chang WL. 2008. Effects of Hydrology-Soil-Vegetation
Dynamics on the Microhabitat of Uca formosensis in San-Sun
Wetland. Proceedings of the First Asian Wetland Convention and
Workshop 23-26 October Construction and Planning Agency
(CPA), Taipei, Taiwan, ROC, pp. 135-141.

Wyrtki K. 1961. Physical oceanography of the southeast Asian
waters. Scripps Institution of Oceanography La Jolla, California
University, Press.

van der Wurff AW, Chan YL, van Straalen NM, Schouten J. 2000. TE-
AFLP: combining rapidity and robustness in DNA fingerprinting.
Oxford University, Press. doi:10.1093/nar/28.24.e105.

Zhang BL. 1984. The study of allozyme electrophoresis among four
fiddler crab in Taiwan. Master’s thesis, National Taiwan Normal
University, Taiwan. (in Chinese)

Zhang YC, Shih HT. 2022. First zoeal stage of 15 species of fiddler
crabs (Crustacea: Brachyura: Ocypodidae) from Taiwan. Zool
Stud 61:71. doi:10.6620/ZS.2022.61-71.

© 2023 Academia Sinica, Taiwan


https://doi.org/10.1098/2004.3005
https://doi.org/10.1093/oxfordjournals.molbev.a040727
https://doi.org/10.1046/j.1471-8286.2002.00178.x
https://doi.org/10.11646/zootaxa.3974.2.1
https://doi.org/10.11646/zootaxa.4083.1.3
https://zoolstud.sinica.edu.tw/Journals/61/61-68.html
https://doi.org/10.1007/s00227-010-1393-9
https://doi.org/10.1093/genetics/129.2.555
https://doi.org/10.1093/genetics/105.2.437
https://doi.org/10.1016/S1055-7903(03)00112-X
https://doi.org/10.18353/crustacea.49.0_141
https://doi.org/10.1139/f75-247
https://doi.org/10.1046/j.0962-1083.2001.01415.x
https://doi.org/10.1002/jqs.2565
https://www.airitilibrary.com/Publication/alDetailedMesh?DocID=P20151104001-201207-201511040003-201511040003-67-80
https://doi.org/10.1016/j.gene.2018.12.083
https://doi.org/10.1111/j.0014-3820.2001.tb00760.x
https://doi.org/10.1016/0040-5809(75)90020-9
https://doi.org/10.1007/s00227-013-2327-0
https://doi.org/10.1093/nar/28.24.e105
https://zoolstud.sinica.edu.tw/Journals/61/61-71.html

	BACKGROUND
	MATERIALS AND METHODS
	Sample collection
	Molecular methods
	DNA fingerprinting TE-AFLP genotypes data
	Mitochondrial DNA COI sequencing
	Molecular data analyses
	TE-AFLP genotypes
	Mitochondrial DNA COI sequencing data

	RESULTS
	TE-AFLP data
	Mitochondrial DNA COI sequencing data

	DISCUSSION
	Genetic variation and structure
	Population historical expansion and dynamics
	Management and conservation

	CONCLUSIONS
	Acknowledgments
	Authors’ contributions
	Competing interests
	Availability of data and materials
	Consent for publication
	Ethics approval consent to participate
	REFERENCES

