Vol. 27: 277-287, 2015
doi: 10.3354/esr00675

ENDANGERED SPECIES RESEARCH
Endang Species Res

Published online May 13

RSP

Causes of the drastic loss of genetic variation
in the Critically Endangered Formosa landlocked

salmon of Taiwan

Te-Hua Hsu!, Keisuke Takata?, Hiroshi Onozato?, Jin-Chywan Gwol"*

!Department of Aquaculture, National Taiwan Ocean University, Keelung 20224, Taiwan
2Faculty of Science, Shinshu University, Matsumoto-city, Nagano 390-8621, Japan
3Matsumoto Institute of Microorganisms Co. Ltd., Matsumoto-city, Nagano 390-1241, Japan

ABSTRACT: The use of hatchery-reared fish to replenish existing threatened wild populations has
been shown to reduce or change the natural genetic diversity of the wild populations. In this study,
the genetic diversity of wild Formosa landlocked salmon Oncorhynchus formosanus in its main
habitat of the Chichiawan Stream in Taiwan was examined after a large-scale escape of hatchery-
cultivated fish. Approximately 3000 individuals (the descendants of only 5 pairs of wild salmon) es-
caped from an old hatchery when Typhoon Ariel breached the hatchery in the fall of 2004. The ge-
netic diversity of the wild population was extremely low at that time, and declined further between
2004 and 2008 following the escape of hatchery fish. We hypothesize that the decline in genetic di-
versity of the wild population was mainly caused by a population bottleneck in 2005, and that ge-
netic homogeneity since 2005 was caused by breeding of the escaped hatchery fish (which showed
low genetic diversity) that survived the floods of 2004. This supports the possibility that the drastic
decline in genetic diversity between 2004 and 2008 was caused by the genetic effects of the
escaped hatchery fish, and demonstrates the risk of introducing hatchery fish into the wild.
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INTRODUCTION

The Formosa landlocked salmon Oncorhynchus
formosanus (Jordan & Oshima 1919) is an endan-
gered species endemic to the island of Taiwan. Most
of the population is confined to a 7 km section within
the headwaters of the Chichiawan Stream (Jan et al.
1990, Ho & Gwo 2010), in the upper reaches of the
Tachia River (Teng 1959, Watanabe & Lin 1985, Jan
et al. 1990). The Formosa landlocked salmon was
previously known as O. masou formosanus, a sub-
species of Japanese masu salmon O. masou masou
(Jordan & Oshima 1919, Behnke et al. 1962, Wata-
nabe & Lin 1985), and as such, was considered to be
the southernmost natural masu salmon population in
the world. However, several morphological and
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molecular studies have recently demonstrated that
Formosa landlocked salmon should be treated as an
independent species, O. formosanus (Gwo et al.
2008, Nakabo 2009, Ho & Gwo 2010, Ho & Shao
2011). The IUCN Red List also treats it as an inde-
pendent species (Kottelat 1996). This species is con-
sidered a glacial relic and became landlocked in the
streams of Taiwan as a result of a complex process of
glaciation, mountain range uplifting, de-glaciation,
and evolution from anadromous ancestors to a land-
locked population (Behnke et al. 1962).

Due to a combination of factors including habitat
loss and degradation, pollution, overexploitation,
natural catastrophes, and global warming, the re-
maining Formosa landlocked salmon population was
listed as an endangered species by the Taiwan Gov-
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ernment in 1989 (Lin et al. 1990, Anonymous 2000,
Lin et al. 2006), while the IUCN lists the species as
Critically Endangered. In 1992, the entire population
was estimated at fewer than 300 individuals. Because
the population was at a high risk of extinction,
approximately 1000 hatchery fish fry, (approximately
40 to 50 mm) were released into Chichiawan Stream
between 1994 and 1999. However, the survival rate
of the fry was extremely low. In order to maintain the
wild population, a complete aquaculture system was
established by Shei-Pa National Park in 2003 (Liao
2008). This system included the hatchery salmon and
the use of adult-produced eggs which were hatched
as larvae for rearing in captivity.

Five pairs of wild Formosa landlocked salmon were
collected in the year 2000 to serve as founders; these
fish produced 15000 juveniles for the supplementa-
tion program (Liao 2008). A total of approximately
5000 captive-bred (i.e. hatchery-cultivated) Formosa
landlocked salmon were propagated through the
complete aquaculture system, and then confined and
accumulated in an old hatchery for 4 consecutive
years (2000 to 2004) (Liao 2008, Lin 2010). Although
both Taiwanese and Japanese scientists proposed
that the hatchery-cultivated salmon should not be
released into historical habitats in order to avoid
potentially damaging genetic effects, at least 3271
(3000 age 1, 8 to 20 cm total body length; 250 age 2,
>20 cm; and 21 age 3) of the captive-bred salmon
escaped from the old hatchery when Typhoon Ariel
hit in the fall of 2004 (Lin et al. 2006, Liao 2008).

The use of hatchery-reared fish as a technique to
replenish existing threatened wild populations has
long been discussed (Hilborn & Eggers 2000, 2001,
Brown & Day 2002, Araki et al. 2007, Buhle et al.
2009, Araki & Schmid 2010). Loss of genetic diversity
in salmonids reportedly occurs when the effective
number of parents is reduced to <100 (Ryman &
Laikre 1991, Cloud & Thorgaard 1993, Allendorf &
Luikart 2007, Araki et al. 2007, 2009). Massive re-
leases or escapes of hatchery-cultivated salmon have
been shown to reduce or change the natural genetic
diversity among wild populations (e.g. Salmo spp.,
Araki & Schmid 2010, Jensen et al. 2010; Oncorhyn-
chus spp., Kawamura et al. 2007, Buhle et al. 2009,
Araki & Schmid 2010, Heggenes et al. 2011). Biologi-
cal problems that may arise following hatchery
releases include (1) changes in the genetic diversity
of wild populations, (2) risk of introduction of disease
pathogens to wild stock, and (3) risk of overstocking
the wild capacity of streams (Brown & Day 2002,
Naish et al. 2007, Buhle et al. 2009, Jensen et al.
2010).

Genetic diversity is correlated with population vi-
ability and related to the ability of the species to cope
with future environmental changes. It is important
for endangered species to retain as much genetic
diversity as possible to enhance their chances of
recovery (Cloud & Thorgaard 1993, Brown & Day
2002, Allendorf & Luikart 2007). Understanding the
genetic makeup of an ‘at-risk’ population is extremely
important for genetic enhancement programs in
order to maximize the advantages of captive breed-
ing while avoiding potential inbreeding and random
genetic drift drawbacks (Taniguchi 2003, Allendorf &
Luikart 2007, Araki et al. 2007). Thus, for successful
conservation it is extremely important to monitor
genetic variability in the wild population as well as in
the hatchery stock.

Previous genetic studies of Formosa landlocked
salmon using mitochondrial control region sequen-
ces and 23 microsatellite DNA loci were not useful in
terms of revealing genetic structure because of the
low genetic diversity of the population (Tzeng et al.
2006, Chang et al. 2009, Hsu et al. 2010). Here, we
used amplified fragment length polymorphism (AFLP)
technology to investigate the potential genetic
effects on the wild population of the massive escape
of hatchery-cultivated salmon that occurred in 2004.
AFLP is a multi-locus PCR-based DNA fingerprinting
technique that provides reliable, rapid, economic
and robust analysis of population genetics (Liu &
Cordes 2004, Bensch & Akesson 2005, Falush et al.
2007). In addition, AFLP is capable of generating a
large number of loci per assay and has shown some
informative loci in a previous study of Formosa land-
locked salmon (Gwo et al. 2008, Hsu et al. 2010).
Samples taken prior to and following the flooding
event caused by Typhoon Ariel were examined along
with reference samples from the hatchery-cultivated
captive stock were examined. Our results support the
possibility that the drastic decline of genetic diversity
between 2004 and 2008 was caused by the genetic
effects of escaped hatchery fish, and highlights the
risk of releasing hatchery fish into the wild.

MATERIALS AND METHODS
Study area, sample collection and DNA extraction

This study was conducted in the Chichiawan
Stream, in the upper tributary of the Tachia River in
central Taiwan (Fig. 1). To save the endangered
Formosa landlocked salmon from extinction, the Chi-
chiawan Stream was designed as a protected refuge
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LT that were constructed in the 1970s for
i ! sediment, erosion and flood control
(Lin et al. 1990, Lin et al. 2006). The
area between Dams 1 and 3 (a distance
of 4349 m) is the main habitat of For-
w, mosa landlocked salmon (Lin et al
R 1990, Tzeng 2004, Lin et al. 2006). The
N | upper end of the collecting section is
= . bounded by Dam 3 (12 m high), while
120°E 122° the lower end is bounded by Dam 1
(15 m high). Dam 2 (located 1500 m
- downstream from Dam 1, midway
1- Dém 3 b between Dams 1 and 3) was damaged
: by storms in the 1990s, such that fish
can swim freely through Dam 2.
In 2004, 2005, 2006, and 2008, wild
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k=3 lected between Dams 1 and 3 in Shei-

= Dam s Pa National Park (Fig. 1). At least 28
=== Broken dam o ™ fish (total length ranging from 15 to

& ¢ Waterfall g 150 26 cm) were collected each year with
Y¢ old hatchery z 0 casting nets. In 2004, the fish were col-
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=== Habitat 0 breached by Typhoon Ariel. In 2005,

0 1 2Kkm e e 2006, and 2008, the fish were captured
— Tachia River during the breeding season (October
to November). In May 2006, 139 wild

Fig. 1. (a) Sampling areas of Formosa landlocked salmon Oncorhynchus for- fish were additionally sampled in the
mosanus within the upper tributary of the Tachia River in central Taiwan. upper reaches of the Chitchiawan

The old hatchery (s¢) near the broken dam (Dam 2) is located midstream on Stream (Fig. 1, Table 1). A total of 30

the Chichiawan Stream. The new hatchery (@) was established in 2006. Inset . .

shows the location of Chichiawan Stream in Taiwan. (b) Estimated number of hatchery-cultivated fish (pre-typhoon)
3 yr old fish from 2003 to 2008 (data from Lin 2010) were used as controls.

Following capture, part of the adi-

pose fin of all fish was clipped (about

area, and various conservation efforts (including hat- 20 mg), and fin samples were preserved in 95%
chery propagation) have been conducted in that area ethanol. Fish were released into the original capture
since the 1990s (Lin et al. 2006). sites immediately after the fin was clipped. Total

Table 1. Number of bands detected and polymorphic bands scored from amplified fragment length polymorphism analysis of
3 selective-primer pairs in wild and hatchery-cultivated Formosa landlocked salmon Oncorhynchus formosanus over 4 yr
(2004, 2005, 2006, and 2008)

2004 2005 2006 2006 Hatchery- 2008
Dams 1-3 Dams 1-3 Dams 1-3 Above Dam 3 cultivated Dams 1-3
(pre-typhoon) (pre-typhoon)

Sample size 30 28 62 77 18 30
Total bands 191 177 178 196 161 161
Polymorphic bands 39 34 36 50 2 3
Similarity values (S) 0.968 0.977 0.992 0.988 0.998 0.999
Genetic diversity (H, + SD)  0.056 = 0.009 0.037 £ 0.008 0.013 +0.003 0.020 +£0.003 0.003 + 0.002 0.001 +0.001
Shannon's index (I + SD) 0.086 £ 0.013 0.060 +0.012 0.026 +0.005 0.041 +0.006 0.004 +0.003 0.003 + 0.002
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DNA was extracted from the adipose fin (<10 mg)
using proteinase-K digestion and the phenol-chloro-
form-isoamyl alcohol method (Sambrook & Russell
2000) with slight modifications. DNA concentration
was measured with a UV spectrophotometer. The
quality of extracted DNA was assessed by 1.0%
agarose gel electrophoresis with ethidium bromide.

AFLP analysis

Procedures for AFLP analysis were based on Hsu et
al. (2010). Fingerprint patterns were visualized on a
5% denaturing polyacrylamide gel using the silver
staining method. DNA templates for AFLP reactions
were generated by restriction digestion and ligation.
Initially, about 100 ng of total DNA was digested with
5 U of EcoRI and Tru9! (Promega) in 1x buffer C at 37
and 65°C for 3 h, respectively. Restriction fragments
were ligated to EcoRI and Msel adaptors. Ligation
was followed by pre-amplification and selective
amplification. The selective amplification was per-
formed using 3 pairs of primers: E-AGC/M-CTT,
E-AGC/M-CTG, and E-AAG/M-CTT. The amplifica-
tion products were electrophoresed on a 5% de-
naturing polyacrylamide gel.

Band sizes were estimated using a standard AFLP
DNA ladder and analyzed using the Imaging Ana-
lyzing System (HP ScanJet 5370c). The AFLP bands
were scored for presence (1) or absence (0), and
transformed into a 0/1 binary character matrix. A
similarity index (S) was calculated according to the
Dice similarity coefficient (Dice 1945) using Excel
Visual Basic for Applications (VBA). Expected gen-
etic diversity (H,), Shannon's index (I), Nei's genetic
distance (Dy; allele frequency based), mean popula-
tion binary genetic distance (GD), pairwise Phigr
(dst) calculated based on GD and principal co-
ordinates analysis (PCoA) were performed using
GENALEX v.6.41 (Peakall & Smouse 2006).

Pairwise Fst among AFLP loci was estimated using
the software HICKORY (Holsinger & Lewis 2007) to
generate 0-II values that are directly comparable to
the 0 estimator of the Fgr (Weir & Cockerham 1984).
Significant differentiation is revealed if the Fg = 0
model is preferred to the Fsr = 0 model based on the
smaller deviance information criterion (DIC) (Coyer
et al. 2011).

Model-based (Bayesian-Markov Chain Monte Car-
lo) clustering analysis was performed using STRUC-
TURE v.2.2 (Falush et al. 2007) to further elucidate
the genetic structure of the population. Three inde-
pendent runs were carried out for the total data set

for values of K (i.e. clusters of individuals) ranging
from 1 to 6. All runs were based on 100000 iterations
after a burn-in period of 100000 iterations. The best
estimation of K (the number of K groups) were
conducted according to Evanno et al. (2005) using
STRUCTURE HARVESTER (see Fig. S1 in the
Supplement at www.int-res.com/articles/suppl/n027
p277_supp.pdf) (Earl & vonHoldt 2012). Summation
and graphical representation of STRUCTURE results
were generated using CLUMPAK (Kopelman et al.
2015).

Mitochondrial DNA and microsatellite analysis

All specimens were used in mitochondrial DNA
analysis. The mitochondrial ND5 gene was amplified
using the primer pair ND5-1F, 5-TAC CCC AAT
TGC CCT GTA CG-3' and ND5-3R, 5'-CTA ACA
CGT GGG TTA GGT CG-3', yielding approximately
561 base pairs (Kitanishi et al. 2007). Amplifications
for the ND5 gene were carried out using an initial
denaturation of 94°C for 4 min, followed by 35 cycles
of 94°C for 60 s, 54°C for 60 s and 72°C for 120 s, fol-
lowed by a final extension at 72°C for 3 min. DNA
samples were purified using the QIAquick gel ex-
traction kit (Qiagen). Sequences were determined
using the ABI 3100 automated DNA sequencer (Ap-
plied Biosystems), edited and aligned in DNA Baser
(Heracle BioSoft S.R.L.; www.dnabaser.com).

All specimens were also used in microsatellite ana-
lysis. A total of 23 microsatellite primers sets de-
veloped from masu, Atlantic and Pacific salmon
were used: Omil7, Omi30, Omi34, Omi43, Omi50,
Omi57, Omi65, Omi69, Omi70, Omi7?7, Omi87,
Omil02, Omil09, Omil12, Omil79, Oma01, Oma02,
Oma3ke, Omadmy, Omy207, Oneull, Ssal97 and
Ssa293 (Hsu et al. 2010). Procedures for microsatel-
lite analysis were based on Hsu et al. (2010). Tests to
determine the observed genetic diversity or hetero-
zygosity (H,), H, and chi-squared Hardy-Weinberg
equilibrium (HWE) were performed using GENA-
LEX v.6.41 (Peakall & Smouse 2006).

RESULTS

The results of our preliminary study are in line with
the findings of previous genetic studies of Formosa
landlocked salmon. Using 23 microsatellite DNA loci
and mtDNA (NDS5), we were unable to reveal any
genetic diversity (Tables S1 & S2 in the Supplement
at www.int-res.com/articles/suppl/n027p277_supp.pdf).
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Table 2. Pairwise population matrix of mean population binary genetic distance (GD; below the diagonal, light gray) and Nei's

genetic distance (Ds; above the diagonal, dark gray) from amplified fragment length polymorphism (AFLP) analysis of 3

selective-primer pairs in wild and hatchery-cultivated Formosa landlocked salmon Oncorhynchus formosanus over 4 yr (2004,
2005, 2006, and 2008). Data for 2004 and ‘Hatchery-cultivated' are pre-typhoon

2004 2005 2006 2006 Hatchery- 2008
Dams 1-3 Dams 1-3 Dams 1-3 Above Dam 3 cultivated Dams 1-3

2004 Dams 1-3 - 0.010 0.008 0.005 0.007 0.008
2005 Dams 1-3 11.231 - 0.003 0.005 0.006 0.008
2006 Dams 1-3 7.983 6.297 - 0.002 0.003 0.004
2006 Above Dam 3 8.371 6.893 3.222 - 0.003 0.004
Hatchery-cultivated 7.133 5.603 1.536 2.307 - 0.002
2008 Dams 1-3 7.582 5.657 1.694 2.616 0.800 -

Only one polymorphic microsatellite loci (Omi43)
was found in this study that showed genetic diversity
or heterozygosity (Table S1). The observed and
expected genetic diversity obtained from this micro-
satellite in wild and hatchery-cultivated Formosa
landlocked salmon in 2004, 2005, and 2006 ranged
from 0.15 to 0.29 (Table S1). There were no signifi-
cant deviations from the Hardy-Weinberg equi-
librium. Additionally, 42 wild Formosa landlocked
salmon individuals captured in 2004 between Dams 1
and 3 all possessed the same haplotype (Table S2).

Using 3 AFLP primer pairs (E-AGC/M-CTT, E-
AGC/M-CTG and E-AAG/M-CTT), a total of 196
scorable loci (bands) were detected in 227 wild For-
mosa landlocked salmon individuals over the 4 yr of
this study (2004, 2005, 2006, and 2008) (Table 1). The
total bands (i.e. number of loci) generated from wild
and hatchery-cultivated fish were similar and ranged
from 161 to 196 (Table 1). However, the number of
polymorphic bands for wild fish between Dams 1 and
3 decreased from 39 in 2004 (pre-typhoon) to 3 in
2008 (Table 1). Wild fish above Dam 3 in 2006 had
the highest number of polymorphic bands (50),
whereas the wild fish between Dams 1 and 3 in
2008 had the fewest number of bands (3). Hatchery-
cultivated fish (pre-typhoon) had the lowest number
of polymorphic bands (2) in all populations investi-
gated (Table 1).

The H, of the wild population between Dams 1 and
3 ranged from 0.001 to 0.056, with S values ranging
from 0.968 to 0.999 and Iranging from 0.003 to 0.086
(Table 1). S values increased from 0.968 in 2004 to
0.999 in 2008, whereas the 2 population genetic di-
versity parameters (H, and I) decreased drastically to
almost 0 between 2004 and 2008. The wild popula-
tion above Dam 3 in 2006 had higher genetic diver-
sity than the wild population between Dams 1 and 3

and the hatchery-cultivated stock
(Table 1).

In the analysis of pairwise GD and D;, the pairwise
combination of hatchery-cultivated fish and wild fish
between Dams 1 and 3 in 2008 showed the lowest
values (GD = 0.800 and D, = 0.002), whereas the pair-
wise combination of wild fish between Dams 1 and 3
in 2004 and 2005 showed the highest values (GD =
11.231 and D, = 0.010) (Table 2). Similarly, lower val-
ues of @5t and Fgr were found in pairwise combina-
tions among hatchery-cultivated fish, wild fish be-
tween Dams 1 and 3 in 2006 and 2008, and wild fish
above Dam 3 in 2006 (®st: 0 to 0.042; Fsr: 0.00077 to
0.00172) (Table 3), whereas higher values of &gt and
Fsr were found in pairwise combinations of wild fish
between Dams 1 and 3 in 2004 and others (®g7: 0.038
to 0.071; Fsr: 0.02497 to 0.07087) (Table 3).

The allele frequency of amplified polymorphic loci
was most variable in wild fish between Dams 1 and
3 in 2004 (pre-typhoon) than in any other popula-
tions investigated (Fig. 2). Erratic behaviour of allele
frequencies is to be expected, both due to genetic
drift and as an effect of limited sample size. How-
ever, most of the amplified polymorphic loci became
monomorphic in wild fish between Dams 1 and 3
after 2004. Eighteen (loci 28 to 45) and 5 (loci 18 to
22) of the amplified polymorphic loci in 2004
became monomorphic in 2005 (the ratio of individu-
als showing AFLP bands: F = 100 %, bands present;
F = 0%, bands absent) (Fig. 2). By 2008, only 3 loci
(24, 25 and 48) were polymorphic in wild fish be-
tween Dams 1 and 3 (Fig. 2). In 2006, the polymor-
phic loci of wild fish above Dam 3 were more vari-
able than those of wild fish in the corresponding
year between Dams 1 and 3. Additionally, only 2
loci (25 and 48) were polymorphic in the hatchery-
cultivated population (Fig. 2).

(pre-typhoon)
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Table 3. Pairwise Fst (0-1I estimator, Holsinger & Lewis 2007; below the diagonal, light gray) and Phigt (®st; above the diag-

onal, dark gray) from amplified fragment length polymorphism (AFLP) analysis of 3 selective-primer pairs in wild and hatchery-

cultivated Formosa landlocked salmon Oncorhynchus formosanus over 4 yr (2004, 2005, 2006, and 2008). Data for 2004 and

‘Hatchery-cultivated' are pre-typhoon. *p < 0.01 (significance tests were performed in ®gr analysis); *Significant difference
between populations (best-fit model: Fis = 0)

2004 2005 2006 2006 Hatchery- 2008
Dams 1-3 Dams 1-3 Dams 1-3 Above Dam 3 cultivated Dams 1-3

2004 Dams 1-3 - 0.064* 0.071* 0.048* 0.038* 0.064*
2005 Dams 1-3 0.06424* - 0.063* 0.071* 0.049* 0.066*
2006 Dams 1-3 0.07087* 0.04670* - 0.002 0.000 0.029*
2006 Above Dam 3 0.04730* 0.03914* 0.00084 - 0.000 0.042*
Hatchery-cultivated 0.02497* 0.01737* 0.00077 0.00075 - 0.011
2008 Dams 1-3 0.06380* 0.04726* 0.00074 0.00172 0.00111 -

PCoA revealed 2 (small and large) main clusters
(Fig. 3). Sixty-six percent (20/30) of the individuals
sampled in 2004 (pre-typhoon) between Dams 1 and
3 were concentrated inside the small oval area, while
the rest of the individuals were spread over a relatively
larger portion of the 2-dimensional space (as shown
in Fig. 3). These observations suggest a lower level of
genetic diversity (variation) in hatchery-cultivated
(pre-typhoon) and wild fish collected between Dams
1 and 3 in 2008 compared to individuals collected in
2004 (pre-typhoon), 2005, and 2006 either from be-

Band present

tween Dams 1 and 3 or above Dam 3 (Fig. 3). Meas-
urement of genetic diversity indicates that the diver-
sities of wild fish between Dams 1 and 3 in 2004 (pre-
typhoon), 2005, and 2006 were clearly higher than
those of hatchery-cultivated individuals (pre-typhoon)
and wild fish between Dams 1 and 3 in 2008. In 2006,
the genetic diversity above Dam 3 appeared to be
only a subset of the diversity originally present in the
population below Dam 3; in the PCoA plot (Fig. 3),
some individuals of the below-dam 2004 sample clus-
ter were further apart from the ‘oval area' than the
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Fig. 2. Frequency of bands (amplified polymorphic loci) in all populations of Formosa landlocked salmon Oncorhynchus for-

mosanus. Only 2 loci (25 and 48) were polymorphic in the hatchery-cultivated population. In 2006, the polymorphic loci of the

wild fish above Dam 3 were more variable than wild fish between Dams 1 and 3. After the flooding event (following the
typhoon of 2004), only 3 loci (24, 25 and 48) were polymorphic in wild fish between Dams 1 and 3 in 2008
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were in the second dimension (Coord. 2). matrix of polymorphic loci and the STRUCTURE
The Bayesian clustering analysis (STRUCTURE analysis, the genotypes of the hatchery-cultivated
plot) clearly indicated 3 clusters (K = 3; purple, population and wild fish collected between Dams 1
orange and blue) and a geographical pattern among and 3 in 2008 were all in the blue cluster (band pres-
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Fig. 4. (a) The 1 (band present; red)/0 (band absent; black) binary character matrix of polymorphic loci among all individuals

of Formosa landlocked salmon Oncorhynchus formosanus in this study. (b) Estimated population structure based on the high-

est probability STRUCTURE run at K =2 and 3. Each individual is represented by a thin vertical line, which is partitioned into

K coloured segments that represent the individual's estimated membership fractions in each of the K clusters. Populations are

shown below the figure. Comparing binary character matrix and STRUCTURE analysis, the genotypes of the hatchery-

cultivated population and wild fish collected between Dams 1 and 3 in 2008 were all in the blue cluster (band present: loci 1
to 25 and band absent: loci 26 to 61)
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ent: loci 1 to 25; band absent: loci 26 to 61) (Fig. 4).
Other genotypes were partially or completely in the
purple and orange clusters that represent the indi-
vidual's estimated membership fractions. However,
genotypes belonging to the purple cluster were
mainly wild fish collected between Dams 1 and 3 in
2004.

DISCUSSION
Genetic structure of Formosa landlocked salmon

To the best of our knowledge, this study provides
the first molecular evidence for the decrease in
genetic diversity that has occurred in the Formosa
landlocked salmon subpopulations of the Chichi-
awan Stream. The study by Numachi et al. (1990)
and our previous studies (Gwo et al. 2008, Hsu &
Gwo 2010, Hsu et al. 2010) using AFLP, microsatellite
DNA and mtDNA, had all recognized the low genetic
diversity among wild Formosa landlocked salmon.
Before the massive escape from the hatchery in 2004,
the wild population of Formosa landlocked salmon
between Dams 1 and 3 had the highest genetic diver-
sity (H, = 0.056) and the lowest average similarity
index (S = 0.968) (Table 1). These values were much
lower than those reported in other fish species
(DeWoody & Avise 2000), although heterozygosity
values obtained are highly dependent on the marker
used. In general, the genetic diversity of landlocked
populations has been found to be lower than that of
amphidoromous populations in masu salmon and
other related fishes (Seki et al. 1999, DeWoody &
Avise 2000, Taniguchi 2003, Kakehi et al. 2005, Hsu
et al. 2010). The striking genetic homogeneity of For-
mosa landlocked salmon could be the result of the
bottleneck effect with a small effective population
size (Numachi et al. 1990).

We also observed variable allele frequencies in the
Formosa landlocked salmon population in this study
(Fig. 2). Drastic changes in allele frequencies may be
caused by a substantial random genetic drift, sam-
pling error, a cohort effect, or a large-scale escape.
Typhoons and storms frequently strike Taiwan (aver-
age 3.7 typhoon yr'!), and Formosa landlocked
salmon have periodically undergone fluctuations in
population size. Tzeng (2004) reported that the pop-
ulation size fluctuated drastically between 253 ind. in
1992 and 4221 in 2002, with an average of 1246 ind.
over 18 yr (1987 to 2004) of census observations done
by a visual counting method (snorkeling survey). The
population size remained at fewer than 1000 ind.

during the census period of this study. Apparently,
when the population of Formosa landlocked salmon
was at its lowest value, a large genetic drift might
have occurred which altered the genetic composition
of the population. Kawamura et al. (2007) also re-
ported that random genetic drift caused striking
genetic differentiation among amago salmon popula-
tions in small tributaries of River Koza, Japan, over a
short period (40 yr).

Genetic diversity in the 2005 sample appears to
have been less affected by the escape of hatchery
fish in 2004 (Table 1, Figs. 2 & 3). Formosa land-
locked salmon are fluvatile, spending their entire life
history in freshwater. The mature adult fish is small
(about 15 cm); males spawn when they are 1 yr old,
whereas females do not spawn until they are 2 yr old.
In contrast to the strict semelparity among Pacific
salmon in North America, Formosa salmon are
iteroparous (Healey et al. 2001), with a maximum age
of spawning of about 4 yr when the fish are about
30 cm in fork length (although some fish may live
longer; Dai 1992). Mature females produce between
200 and 500 eggs during each spawning event (Dai
1992, Liao 2008). Thus, the cohort effect may explain
the apparent time lag in the effect of the 2004 mass
escape.

Genetic effects of domesticated escape

Although the striking genetic homogeneity of For-
mosa landlocked salmon could have been caused by
a substantial random genetic drift, it is most likely the
result of improper hatchery practices (i.e. a low num-
ber of founders) and the mass escape of hatchery-
reared salmon. Although we did not examine the
genetic diversity of all escaped fish, we expect that
the escaped fish possessed little genetic diversity
based on the low number of founders (5 pairs).
Hatchery-cultivated Formosa landlocked salmon
(pre-typhoon) had the lowest number of polymorphic
bands (2, locus 25 and 48) among all the fish popula-
tions investigated (Fig. 2). Comparing the allele fre-
quency of all populations, almost all polymorphic loci
(with the exception of locus 25 and locus 48) became
monomorphic after the mass escape (Fig. 2). How-
ever, the wild fish above Dam 3 (i.e. those that were
not affected by the escaped fish) appear to have a
greater genetic diversity than that of the fish in the
area between Dams 1 and 3 in 2006 (Table 1, Figs. 1b
& 2). Therefore, it is unlikely that substantial random
genetic drift is the main cause of the loss of genetic
diversity in wild fish between Dams 1 and 3.
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Salmonid hatchery programs have been the topic
of much debate over the last few decades. Most stud-
ies agree that releases can have detrimental effects
on wild populations (Levin et al. 2001, Kaeriyama
2008, Buhle et al. 2009, Araki & Schmid 2010, Jensen
et al. 2010) since farmed salmon differ genetically
from wild populations due to founder effects, artifi-
cial domestication selection and genetic drift (Allen-
dorf & Luikart 2007, Araki et al. 2009). In addition,
loss of genetic diversity can occur when the effective
number of parents is <100 (Cloud & Thorgaard 1993,
Allendorf & Luikart 2007), as can occur in aqua-
culture operations. The release of hatchery-raised
salmon can have various ecological effects, including
predation and competition with native species as
well as hybridization and the introduction of diseases
to wild fish. Thus, the accumulated data suggest that
the release of hatchery fish may be hastening the
demise of wild stocks (Hilborn & Eggers 2000, 2001,
Allendorf & Luikart 2007, Araki et al. 2009). Lack of
proper hatchery management strategies also appears
to have led to the severe inbreeding and rapid
decline in genetic diversity of the wild Formosa land-
locked salmon.

Flooding occurs frequently in the Chichiawan
Stream, but the annual mean flood discharge varied
greatly from 2.6 m® s7! in 2003 (with only 1 flood
occurring in that year), to 14.5 m® s™! (112 floods in
2005) (Chiu et al. 2008). Chiu et al. (2008) reported
that the peak discharge (609 m?® s™') and the number
of floods that occurred in 2005 was the largest in the
previous 10 yr discharge history of the Chichiawan
Stream. Aquatic insects are the primary food for For-
mosa landlocked salmon (Chiu et al. 2008, Lin 2010),
and Chiu et al. (2008) reported that as flood magni-
tude increased, the biomass and abundance of
aquatic insects in the Chichiawan Stream decreased
steadily from 2003 to 2005, with both being at their
lowest levels in 2005.

The population of Formosa landlocked salmon in
the entire Chichiawan Stream was at its lowest point
in 2005 (523 ind.) (Lin 2010). Lin (2010) reported that
the population fluctuated drastically over a 10 yr
period (2001 to 2010), varying between 523 ind. in
2005 and 5321 in 2008, with an average population
size of 1400 fish. The carrying capacity of Formosa
landlocked salmon in the entire 7 km Chichiawan
Stream is estimated to be about 4800 ind., with most
fish (>50 to 60 %) concentrated between Dams 1 and
3 (Lin 2010). In the winter of 2003, 2004, 2005, and
2006, there were 3042, 1593, 523, and 2270 fish,
respectively, between Dams 1 and 3. In July 2004,
1648 fish were found in this area (Lin 2010). The

carrying capacity of the environment is limited, thus
competitive interactions between the wild and
escaped fish can have negative consequences. If the
carrying capacity of a stream has already been met
by wild salmon, the addition of hatchery-produced
fish will diminish the productivity of the group as a
whole.

In conclusion, we presented molecular evidence of
the low genetic diversity of wild Formosa landlocked
salmon in the Chichiawan Stream, and documented
that genetic diversity in the population decreased
even further between 2004 and 2008. The loss of
genetic diversity in the wild population was low in
2005, but since then it has continued to decrease. In
2005, the wild population experienced a drastic
decline in population size caused by many flooding
events. Judging from these phenomena, we hypo-
thesize that the decline in the genetic diversity of the
wild population was mainly caused by population
bottlenecks in 2005, and that the genetic homogene-
ity that has occurred in the population since 2005 was
caused by the breeding of the escaped hatchery fish,
particularly during the period of low stream produc-
tivity in 2005.
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