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Abstract

Introductions of non-native species have caused various negative impacts on native
species and their ecosystems. Hybridization is particularly prevalent among closely
related species, and can result in displacement, hybrid swarms, or the disruption of a
locally adapted gene complex. Although hybridization between native and non-native
species is widespread, long-term monitoring is generally lacking. In this study, we
compared the distribution and composition of native white-spotted charr (Salvelinus
leucomaenis), introduced brook trout (Salvelinus fontinalis), and their hybrids in the
upper Sorachi River, Hokkaido, Japan in 2003 and 2013, especially focusing on (1) if
genetic introgression or hybrid swarm has occurred and (2) if white-spotted charr have
declined, since a previous study indicated a potentially harmful asymmetric hybridization
with the mothers of hybrids being all white-spotted charr. We found no evidence of
decline in native white-spotted charr; rather, the distribution and abundance of introduced
brook trout had decreased. Of 142 charr (i.e., genus Salvelinus) collected, 18 individuals
(13%) were hybrids but no unidirectional hybridization was observed. However, most of
the hybrids were post-F1 individuals with biased mating with white-spotted charr. The
effects of long-term introgression on native white-spotted charr should be further

examined.

Keywords: hybrid swarm; introgression; invasive species; rainbow trout; microsatellite;
mtDNA
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Introduction

Introductions of non-native species are a major threat to biodiversity and can have
serious economic impacts (Vitousek et al., 1997; Allendorf & Lundquist, 2003; Gozlan et
al., 2010). Introduced species interact with native species in various ways, such as
through competition, predation, hybridization, or spread of diseases and parasites (Mack
et al., 2000; Allendorf et al., 2001; Peeler et al., 2011). These effects have contributed to
the decline or extinction of many populations of plants and animals
(Allan & Flecker, 1993; Rhymer & Simberloff, 1996).

Hybridization is more common among fish species than among other vertebrate taxa
because most fishes have external fertilization (Hubbs, 1955; Leary et al., 1995; Scribner
et al., 2001). In addition, many fish species have been introduced around the world for
both recreational and commercial purposes. This can exacerbate non-native and native
species interactions through invasive hybridization which may become more serious with
increases in land use and global climate change (Allendorf et al., 2001; Muhlfeld et al.,
2014). Hybridization and introgression of native with non-native species can cause the
breakdown of inherent gene complexes and ecological adaptations in native populations,
which can threaten the persistence of rare or endangered taxa
(Rhymer & Simberloff, 1996).

Hybridization can result in three major consequences. First, if hybrids are fertile and
have relatively high fitness, hybrid swarms can form in which the majority or all of the
individuals in a population are of hybrid origin resulting in genomic extinction of parental
species (Epifanio & Philipp, 2000; Allendorf et al., 2001). A famous example of a hybrid
swarm is the one between native cutthroat Oncorhynchus clarki and introduced rainbow

trout O. mykiss (Allendorf & Leary, 1988). Alternatively, if hybrids are sterile or have
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very low fitness, there will be two outcomes depending on the direction of hybridization.
If the mating is unidirectional, the maternal species may decline or even be displaced by
the paternal species because the production of eggs has higher energetic costs than sperm
and is often limited as a resource for population growth. For example, this unidirectional
hybridization might have significantly reduced native bull trout Salvelinus confluentus
populations in cases where brook trout S. fontinalis have been introduced (Leary et al.,
1993). Finally, if hybrids have low fitness and the direction of mating is more or less
random, two interbreeding species might be able to coexist, as in the many cases of
natural hybrid zones (Taylor, 2004).

Although hybridization between native and introduced species is globally widespread
(reviewed in Rhymer & Simberloff, 1996), long-term monitoring is generally lacking (but
see Muhlfeld et al., 2014). Displacement of native by non-native species can be rapid
(e.g., < 10 years) especially when unidirectional hybridization occurs and the fitness of
hybrids is very low (Leary et al., 1993; Konishi & Takata, 2004). To assess the impacts of
introduced species appropriately and develop management schemes, long-term
monitoring is necessary.

In Japan, hybridization between native white-spotted charr (Salvelinus leucomaenis)
and non-native brook trout (brook charr, S. fontinalis) has been documented in the upper
Sorachi River of Hokkaido (Kitano et al., 2014). In addition, mitochondrial DNA
(mtDNA) of all F1 hybrids (N = 7) were identical to that of white-spotted charr,
indicating unidirectional hybridization (Kitano et al., 2014). Suzuki (1974) indicated in a
breeding experiment that the fertility of F1 hybrids was lower than that of parental
species, although the fitness in the wild is unknown. Therefore, we can predict either

ongoing genetic introgression, which might result in hybrid swarm, or decline of native
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white-spotted charr through the seemingly unidirectional hybridization in the upper
Sorachi River. However, populations of native white-spotted charr have not been
monitored since the initial survey in 2003 (Kitano et al., 2014). In addition, because the
previous study only used three microsatellite loci with a relatively small number of
individuals for genetic analysis (N = 63), a more detailed survey is required.

In the present study, the current status of the native and introduced charr was
evaluated to determine (1) whether genetic introgression or hybrid swarm has occurred
and (2) whether decline of native white-spotted char has occurred via unidirectional
hybridization. A follow-up survey in the same 22 study sites as the previous study (Kitano
et al., 2014) was conducted, and using a greater number of microsatellite markers and
hybrid individuals, we compared the distributions of parental species and their hybrids

between the two sampling times separated by a 10-year interval.

Materials and methods

Study area and field surveys

The study area was located in three major tributaries of the upper Sorachi River,
central Hokkaido, Japan (Fig. 1). The same 22 sites were sampled as in the previous
survey (Kitano et al., 2014) in order to directly compare the distribution and abundance
of individuals between 2003 and 2013. Reach lengths of each site were set at least 100 m,
the same length, or longer than the previous survey (Kitano et al., 2014) for more
accurate sampling. Brook trout, white-spotted charr, their hybrids, rainbow trout, Dolly

Varden (Salvelinus malma), freshwater sculpin (Cottus nozawae), Siberian stone loach
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(Nemacheilus barbatulus toni), Japanese dace (Tribolodon hakonensis), and brook
lamprey (Lethenteron reissneri) inhabit this study area.

Brook trout are coldwater-adapted species originally distributed in northeastern
North America. In Japan, brook trout have been recorded in 14 prefectures of Honshu and
Hokkaido but self-reproducing populations have been reported in only four freshwater
systems of spring-fed streams or cold mountain lakes (Kitano, 2004). Although the
current distribution is limited, introduced populations could affect native salmonids via
hybridization, redd superimposition, and possibly competition (Kitano, 2004). Brook
trout were most likely introduced into the study area during the 1950s to 1990s for
aquaculture purposes (Kitano et al., 2014).

A one-pass backpack electrofishing survey (200-300 V) was conducted during July,
2013 at the 22 study sites. The fish collected were anesthetized with clove oil, identified
to species using phenotypic characteristics, and measured to the nearest 1 mm (fork
length for salmonids and total body length for other species) (Nakabo, 2000). Hybrid
individuals often showed intermediate physical characteristics and coloration between
white-spotted charr and brook trout, especially with regard to the dorsal fins. Individuals
with ambiguous wavy lines on the dorsal fin were marked as putative hybrids according
to Kitano et al. (2014). Adipose fin tissues were collected from all charr and preserved in

99% ethanol for subsequent DNA analysis to verify species identification.

DNA analysis
Total genomic DNA was extracted from fin tissues with a PureGene DNA isolation
kit (Applied Biosystems) following manufacturer’s instructions. Eight microsatellite loci

were used (Sfol2, Ssal97, Sco200, Ots101, Sle6, u-85, Sco211, Sleb), of which Sfol2,



140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

Ssal97, and MST-85 were expected to be diagnostic markers to identify brook trout,
white-spotted charr, and their hybrids (Kitano et al., 2014). Allele sizes of other loci were
partially overlapped but significantly differentiated between white-spotted charr and
brook trout (Fst > 0.4 for all loci combined), resulting in high resolution for species
identification (e.g., Vaha & Primmer, 2006). PCR reactions were performed in 10 ul
volumes using a thermal cycler (Takara; Thermal cycler TP650). The reaction mixture
contained 0.5 U Master Mix (GoTaq, Promega), 0.2 uM of each primer, 0.2 mM dNTP,
50 mM KCL, 15 mM Tris—HCI (pH 8.0), 1.5 mM MgCl,, and approximately 50-100
ng/ul of genomic DNA as a template. PCR was carried out for 2 min at 95°C followed by
35 cycles of denaturation at 95°C for 30 s, annealing at 56°C for 30 s, and extension at
72°C for 30 s. The amplified products were analyzed on the genetic analyzer ABI 3130
(Applied BioSystems) and allele sizes were scored by GeneMapper (GeneMapper v.4.0;
Applied BioSystems).

To evaluate the direction of hybridization between brook trout and white-spotted
charr, maternally inherited mtDNA was amplified using the primers HN20 (5°-GTG TTA
TGCTTTAGT TAAGC3’) and Tpro2 (5’-ACC CTT AAC TCC CAAAGC3’), which
are located in the proline and phenylalanine tRNAs, respectively (Brunner et al., 2001).
The PCR condition was 2 min at 94°C followed by 40 cycles of denaturation at 93°C for
60 s, annealing at 47°C for 60 s, and extension at 72°C for 60 s. The PCR products were
purified by PEG precipitation. Purified products were cycle sequenced using Big dye
terminator v.3.1 (Applied BioSystems) and run on the ABI 3130 (Applied BioSystems).
The base sequences were analyzed with the software MEGA ver.6.0 (Tamura et al., 2013).
The mother species was determined by comparing the mtDNA sequences with known

sequences of brook trout (AF154850) and white-spotted charr (KF513161) from DDBJ
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(DNA Data Bank of Japan) database.

Data analysis

To evaluate the changes of salmonid compositions, proportions of captured
salmonids were compared between 2003 and 2013 with a »* test. Following Kitano et al.
(2014), data were summarized to four regions due to small sample sizes in some of the 22
sites (Fig. 1). We also compared the proportion of salmonids in site FB5 where most
hybrids were collected in 2003. Parental species and hybrids were genetically determined
by the software NewHybrids (Anderson & Thompson, 2002). We assigned each
individual to one of six genotypic classes based on the posterior probabilities: two
parental (PO, P1), first-generation hybrids (F1), second-generation hybrids (F2),
backcrosses of F1 with the first parental (B0O), and backcrosses of F1 with the second
parental (B1). Software parameters were set as follows: without individual or allele
frequency prior information and the ‘“Jeffreys-like’” priors for both mixing proportions
and allele frequencies. Posterior distributions were evaluated after discarding an initial
““burnin’’ of 25,000 sweeps and 10° iterations of the Monte Carlo Markov Chain.
Individuals were assigned to the class with the highest posterior probability. Since
NewHybrids detects only F1 and second hybrid generations, we also performed a
Bayesian clustering method to infer potential later generation hybrids by the software
STRUCTURE (Pritchard et al., 2000). Although STRUCTURE cannot determine the
generations of hybrid classes, we assumed the presence of introgressive hybridization
when different levels of genetic admixture were observed among hybrid individuals. We
ran the program for a user-defined number of clusters k (1-5) under the following

conditions: 10° replicates after a burn-in of 10°, admixture model, correlated allele
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frequency, and no prior population information. When all charr samples (i.e.,
white-spotted charr, brook trout, and their hybrid) were analyzed, the most likely number
of genetic clusters was k = 2, representing white-spotted charr and brook trout (see
Results). We determined F1 hybrids when the probability of assignments of either one of
the parental species was larger than 40% and smaller than 60% (theoretically 50%),

whereas we assumed post-F1 hybrids when it was 5-40% or 60—95%.

Results

Seven fish species and putative hybrids were caught in the distribution survey, of
which a total of 188 individuals were salmonids (Supplementary Table 1). The results
from NewHybrids and STRUCTURE were largely consistent: the former indicated 18
hybrids and the latter indicated 18 hybrids (Fig. 2; Table 1). Both analyses suggested that
only 1-2 hybrids were F1 and the rests were post-F1, with backcrosses between F1 and
white-spotted charr being dominant. Hereafter, we will only report the result from
STRUCTURE due to the consistency with NewHybrids. Of the 22 sites surveyed,
occurrence sites of white-spotted charr, brook trout, and their hybrids were 16 (73%), 4
(18%), and 5 sites (23%), respectively.

Contrary to the prediction, white-spotted charr have not declined: rather, opposite
trends were observed. The occurrence site of white-spotted charr increased from 13 sites
in 2003 to 16 sites in 2013, whereas that of brook trout decreased from 9 to 4 sites. The
occurrence of hybrids increased from 2 sites in 2003 to 5 sites in 2013. In site FB5, where

unidirectional hybridization had been observed in 2003, pure brook trout were not



212  detected, however pure white-spotted charr and hybrids were observed in the current
213 survey (Fig. 3). Additional sampling in and around the site was conducted several times,
214  but pure brook trout were not captured. The composition of salmonid species at the

215  Shimonosawa stream was significantly different between 2003 and 2013 (> = 22.469. P<
216 0.01) with the proportion of brook trout having decreased (Fig. 3). In sites NS2-NS4,
217  which are above an erosion control dam, few salmonids were collected, even during
218  additional intensive sampling in and around the site. Compositions of salmonids were
219 relatively stable in the other three regions (Furebetsu 5> = 6.488, 2= 0.09; Nunobe main
220  4*=1.915, P=0.59; Nishitappu »°= 1.561, = 0.46).

221 In total, 98 (69%) white-spotted charr, 25 (18%) brook trout, and 18 (13%) hybrids
222 were collected from the present survey. Contrary to the previous study, no evidence for
223  sex-specific unidirectional hybridization was observed (Table 1). In site FB5 half of the
224 hybrids had white-spotted charr and brook trout mtDNA, respectively. In site NM10, all
225  the six hybrids had brook trout mtDNA. However, direction of mating was biased after
226 post-F1: most were either backcrosses between F1 and white-spotted charr or later

227  generations mating with white-spotted charr. The varying degrees of genetic admixture
228  shown in STRUCTURE suggest ongoing introgression.

229

230

231  Discussion

232

233 We found no evidence of a decrease in native white-spotted charr. Rather, the

234  distribution and abundance of introduced brook trout has decreased in the past 10 years.

235  This is especially the case for site FB5 where in 2003 pure brook trout and hybrids had

10



236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

been observed, yet presently pure brook trout individuals have disappeared. Moreover, in
the Shimonosawa stream, brook trout are now rare when in 2003 they dominated. Post-F1
hybrids were detected in several sites, indicating ongoing introgressive hybridization,
although no hybrid swarm was observed in any site. All the hybrids found 10 years ago
had white-spotted charr mtDNA, but hybrids found in this study were produced from
both mothers of the native and non-native charr. Taken together, these results suggest that
hybridization levels between native and introduced charr fluctuate substantially even
within a relatively short time span of 10 years, which highlights the need for long-term
monitoring of introduced populations.

Most hybrids were post-F1 individuals with varying degrees of genetic admixtures
from the two parental species. This indicates that hybrids of white-spotted charr and
brook trout are fertile even after F1 generations (e.g., Suzuki, 1974) but their fitness is not
so high as to cause a hybrid swarm. Alternatively, 20-60 years (i.e., since the introduction
of brook trout, Kitano et al., 2014) may not be enough time for a hybrid swarm to form.
Few studies have examined direct fitness of hybrids between native and non-native
salmonids so far, but Muhlfeld et al. (2009) suggest that even lowered reproductive
success of hybrids can cause long-term introgression. We should continue to monitor the
introgression and also investigate the ecological consequences of the introgression, such
as losses in locally adapted gene complexes (Rhymer & Simberloff, 1996).

Our data also indicate that patterns of hybridization change both spatially and
temporally. For example, all the hybrids in the upper Furebetsu stream (FB3-FB5) in
2003 were produced by female white-spotted charr and male brook trout, but the hybrids
in 2013 were produced from both mothers of the native and non-native charr. In addition,

all the hybrids found in MN10 had brook trout mtDNA. Interestingly, most hybrids

11
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collected in this study were post-F1 hybrids with higher proportions of genetic admixture
from white-spotted charr. This is probably because the native white-spotted charr have
been dominating the upper Sorachi River, leading to the higher probability of mating
between hybrids and white-spotted charr. It is known that population sizes should affect
the frequency and direction of inter-specific hybridization (Wirtz, 1999). Hybridization is
often unidirectional in salmonids (Redenbach & Taylor, 2003; Baumsteiger et al., 2005;
Kozfkay et al., 2007), but spatial and temporal variations in the patterns of hybridization
have also been reported (Kanda et al., 2002; Rubidge & Taylor, 2004; Gunnell et al.,
2008; DeHaan et al., 2010). It seems that many different factors affect the frequency and
directionality of hybridization, such as population size (Kanda et al., 2002; Rubidge &
Taylor, 2004; DeHaan et al., 2010), sneaking mating behavior (Kitano et al., 1994), and
breeding periods. In our system, relative abundance may be one of the important factors,
but a more detailed survey is certainly required.

Populations of non-native brook trout have been declining in the last 10 year period,
which may be partly due to hybridization. In the upper Furebetsu stream (FB3—-FB5)
where a relatively large number of hybrids were observed in 2003, no pure brook trout
were collected in this survey, whereas post-F1 hybrids were still observed. White-spotted
charr have dominated in this stream and pure brook trout might have had lower chances
to mate with conspecifics, resulting in the near disappearance. However, many other
ecological factors could affect the decline of brook trout other than hybridization. For
example, the compositions of non-native rainbow trout increased in some tributaries,
which may be replacing brook trout because rainbow trout are much larger (e.g., 15-25
cm in brook trout compared to 20-50 c¢cm in rainbow trout) and fecund (e.g., Clark &

Rose, 1997). Also, rainbow trout could be a potential threat to native white-spotted charr

12
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(Morita et al., 2004). In the upper Shimonosawa stream (NS2—-NS4) a local population of
brook trout have almost collapsed in the past 10 years. Interestingly, rainbow trout have
also significantly declined in this stream (I. Koizumi, personal observation), whereas
freshwater sculpin have increased. Some portions of the Shimonosawa stream flow in
pristine natural forests and conditions should be favorable for salmonids. Therefore, it is
difficult to imagine why certain salmonids declined dramatically. One possible factor for
near local extinction could be loss of genetic diversity (Saccheri et al., 1998). Local
population sizes of brook trout and rainbow trout would have been small because the
populations had been isolated by an erosion control dam (ca. 3 m in height, no fish
passage) in the middle of the stream. Strong genetic drift, as well as founder effects,
would have lowered the genetic diversity of the introduced species.

Climate change might also have mediated the distributions and species compositions,
including hybrids. In this region, mean annual air temperature has been increased by one
degree Celsius over the past 30 years (Pearson’s correlation, r = 0.529, P = 0.001, data
source: the Japan Meteorological Agency, the Rokugo station, Fig. 1). A similar trend was
observed during 2001-2013 (Pearson’s correlation, r = 0.739, P = 0.003) and the mean
summer temperature (June—August) differed by 2.17 °C between the years 2001-2003
and 2011-2013 (considering the years affecting the dominant year classes, i.e., age-0+,
1+, and 2+, during the study periods). Increase in water temperature alone, or in
conjunction with temperature-dependent competition (Taniguchi & Nakano, 2000) might
have influenced populations of white-spotted charr, brook trout, rainbow trout, as well as
hybrids in the last decade. More detailed surveying, as well as long-term monitoring, will

be required.

13



308

309  Acknowledgments

310 We acknowledge the valuable comments of two anonymous reviewers on the earlier
311  versions of this manuscript. We also thank to the staff of the Hokkaido Tokyo University
312  Forest for field assistance. This study was supported in part by the Water Resources

313  Environment Center, Japan.

314

14



315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

References

Allan, J. D. & A. S. Flecker, 1993. Biodiversity conservation in running waters:
identifying the major factors that threaten destruction of riverine species and
ecosystems. Bioscience 43: 32-43.

Allendorf, F. W. & R. F. Leary, 1988. Conservation and distribution of genetic variation
in a polytypic species: the cutthroat trout. Conservation Biology 2: 170-184.

Allendorf, F. W. & L. L. Lundquist, 2003. Introduction: population biology, evolution,
and control of invasive species. Conservation Biology. 17: 24-30.

Allendorf, F. W., R. F. Leary, P. Spruell & J. K. Wenburg, 2001. The problems with
hybrids: setting conservation guidelines. Trends in Ecology and Evolution 16: 613—
622.

Anderson, E.C. & E.A. Thompson, 2002. A model-based method for identifying species
hybrids using multilocus genetic data. Genetics 160: 1217-1229.

Baumsteiger, J. D. Hankin, & E. J. Loudenslager, 2005. Genetic analyses of juvenile
steelhead, coastal cutthroat trout, and their hybrids differ substantially from field
identifications. Transactions of the American Fisheries Society 134: 829-840.

Brunner, P.C., M. R. Douglas, A. Osinov, C. C. Wilson & L. Bernatchez, 2001. Holarctic
phylogeography of Arctic charr (Salvelinus alpinus L.) inferred from mitochondrial
DNA sequences. Evolution 55: 573-586.

Clark, M. E. & K. A. Rose, 1997. Factors affecting competitive dominance of rainbow
trout over brook trout in southern Appalachian streams: implications of an
individual-based model. Transactions of the American Fisheries Society 126: 1-20.

DeHaan, P. W., L. T. Schwabe & W. R. Ardren, 2010. Spatial patterns of hybridization

15



339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

between bull trout, Salvelinus confluentus, and brook trout, Salvelinus fontinalis in
an Oregon stream. Conservation Genetics 11: 935-949.

Epifanio J. & D. Philipp, 2000. Simulating the extinction of parental lineages from
introgressive hybridization: the effects of fitness, initial proportions of parental taxa,
and mate choice. Reviews in Fish Biology and Fisheries 10: 339-354.

Gozlan, R. E., J. R. Britton, I. Cowx & G. H. Copp, 2010. Current knowledge on
non-native freshwater fish introductions. Journal of Fish Biology 76: 751-786.

Gunnell, K., M. K. Tada, F. A. Hawthorne, E. R. Keeley & M. B. Ptacek, 2008.
Geographic patterns of introgressive hybridization between native Yellowstone
cutthroat trout (Oncorhynchus clarkii bouvieri) and introduced rainbow trout (O.
mykiss) in the South Fork of the Snake River watershed Idaho. Conservation
Genetics 9: 49-64.

Hubbs, C. L., 1955. Hybridization between fish species in nature. The International
Society for Systems Biology 4: 1-20.

Kanda, N., R. F. Leary & F. W. Allendorf, 2002. Evidence of introgressive hybridization
between bull trout and brook trout. Transactions of the American Fisheries Society
131: 772-782.

Kitano, S., 2004. Ecological impacts of rainbow, brown and brook trout in Japanese
inland waters. Global Environmental Research 8: 41-50.

Kitano, S., K. Maekawa, S. Nakano & K. D. Fausch, 1994. Spawning behavior of bull
trout in the upper Flathead drainage, Montana, with special reference to
hybridization with brook trout. Transactions of the American Fisheries Society 123:
988-992.

Kitano, S., S. Ohdachi, I. Koizumi & K. Hasegawa, 2014. Hybridization between native

16



363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

white-spotted charr and nonnative brook trout in the upper Sorachi River, Hokkaido,
Japan. Ichthyological Research 61: 1-8.

Konishi, M. & K. Takata, 2004. Impact of asymmetric hybridization followed by sterile
F1 hybrids on species replacement in Pseudorasbora. Conservation Genetics 5:
463-474.

Kozfkay, C. C., M. R. Campbell, S. P. Yundt, M. P. Peterson & M. S. Powell, 2007.
Incidence of hybridization between naturally sympatric westslope cutthroat trout
and rainbow trout in the Middle Fork Salmon River drainage, Idaho. Transactions
of the American Fisheries Society 136: 624—-638.

Leary, R. F., F. W. Allendorf & S. H. Forbes, 1993. Conservation genetics of bull trout in
the Columbia and Klamath River drainages. Conservation Biology 7: 856—-865.

Leary, R. F., F. W. Allendorf & G. Sage, 1995. Hybridization and introgression between
introduced and native fish. American Fisheries Society Symposium 15: 91-101.

Mack, R. N., D. Simberloff, W. M. Lonsdale, H. Evans, M. Clout & F. A. Bazzaz, 2000.
Biotic invasions, epidemiology, global consequences and control. Ecological
Applications 10: 689-710.

Morita, K., J. Tsuboi & H. Matsuda, 2004. The impact of exotic trout on native charr in a
Japanese stream. Journal of Applied Ecology 41: 962-972.

Muhlfeld, C.C., S.T. Kalinowski, T. E. McMahon, M. L. Taper, S. Painter, R. F. Leary &
F. W. Allendorf, 2009. Hybridization rapidly reduces fitness of a native trout in the
wild. Biology Letters 5: 328-331.

Muhlfeld, C. C., R. P. Kovach, L. A. Jones, R. Al-Chokhachy, M. C. Boyer, R. F. Leary,
W. H. Lowe, G. Luikart & F. W. Allendorf, 2014. Invasive hybridization in a

threatened species is accelerated by climate change. Nature Climate Change 4:

17



387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

620-624.

Nakabo, T. (ed)., 2000. Fishes of Japan with Pictorial Keys to the Species, second edition.
Tokai University Press, Tokyo.

Peeler, E. J., B.C. Oidtmann, P. J. Midtlyng, L. Miossec & R.E. Gozlan, 2011. Non-native
aquatic animals introductions have driven disease emergence in Europe. Biological
Invasions 13: 1291-1303.

Pritchard, J. K., M. Stephens & P. J. Donnelly, 2000. Inference of population structure
using multilocus genotype data. Genetics 155: 945-959.

Redenbach, Z. & E. B. Taylor, 2003. Evidence for bimodal hybrid zones between two
species of char (Salvelinus) in northwestern North America. Journal of
Evolutionary Biology 16: 1135-1148.

Rhymer, J. M. & D. Simberloff, 1996. Extinction by hybridization and introgression.
Annual Review of Ecology and Systematics 27: 83-109.

Rubidge, E. & E. B. Taylor, 2004. Hybrid zone structure and the potential role of
selection in hybridizing populations of native westslope cutthroat trout
(Oncorhynchus clarki lewisi) and introduced rainbow trout (O. mykiss). Molecular
Ecology 13: 3735-3749.

Saccheri, I., M. Kuussaari, M. Kankare, P. Vikman, W. Fortelius & I. Hanski, 1998.
Inbreeding and extinction in a butterfly metapopulation. Nature 392: 491-494.

Scribner, K. T., K. S. Page & M. L. Bartron, 2001. Hybridization in freshwater fishes: a
review of case studies and cytonuclear methods of biological inference. Reviews in
Fish Biology and Fisheries 10: 293-323.

Suzuki, R., 1974. Intercrossing and backcrossing of F1 hybrids among salmonid fishes.

Freshwater Fisheries Research Laboratory 340: 11-31.

18



411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

Taniguchi, Y. & S. Nakano, 2000. Condition-specific competition: implications for the
altitudinal distribution of stream fishes. Ecology 81: 2027-39.

Tamura, K., G. Stecher, D. Peterson, A. Filipski & S. Kumar, 2013. MEGAG6: molecular
evolutionary genetics analysis Version 6.0. Molecular Biology and Evolution 30:
2725-2729.

Taylor, E. B, 2004. Evolution in mixed company: evolutionary inferences from studies of
natural hybridization in Salmonidae. In Hendry, A. P. & S. Stearns (eds), Evolution
Illuminated. Salmon and their Relatives. Oxford University Press, Oxford. 232-263.

Véha, J.-P. & C. R. Primmer, 2006. Efficiency of model-based Bayesian methods for
detecting hybrid individuals under different hybridization scenarios and with
different numbers of loci. Molecular Ecology 15: 63-72.

Vitousek, P. M., H. A. Mooney, J. Lubchenco & J. M. Melillo, 1997. Human domination
of Earth’s ecosystems. Science 277: 494-499.

Wirtz, P., 1999. Mother species-father species: unidirectional hybridization in animals

with female choice. Animal Behavior 58: 1-12.

19



427  Figure Captions

428

429  Fig. 1 Study location in central Hokkaido, Japan showing the location of 22 study sites in
430  the upper Sorachi River where distributions of brook trout, white-spotted charr and

431  hybrids were compared with that of 10 year ago. Site numbers correspond to

432  Supplementary Table 1. The location of the Rokugo meteorological station from the
433  Japan Meteorological Agency is indicated by a star.

434

435  Fig. 2 Distruct plots for STRUCTURE runs of white-spotted charr, brook trout, and
436 hybrids collected in the upper Sorachi River. Each fish is represented by a vertical bar
437  that denotes membership fractions (K = 2). Red bars represent pure white-spotted charr,
438  and green bars represent pure brook trout. Bars which have both red and green indicate
439  hybrid individuals

440

441  Fig. 3 Relative compositions of salmonid species in 2003 and 2013. Abbreviations of
442  species names are as follows WSC white-spotted charr, BT brook trout, HYB hybrid
443  between white-spotted charr and brook trout, RT rainbow trout. One Dolly Varden charr
444  caught in NM12 in 2003 was not included.

445

446

447

448

449

450
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451
452  Table 1 Number of hybrids collected and their mtDNA haplotypes. The number in the

453  Extra represents hybrids caught in extra surveys.

454
455

Sites No. of hybrids mtDNA haplotype

F1 F1x WSC FIxBT F2 WSC BT

FB3 - 1 - - - 1

FB4 - - - 1 1 -

FB5 - 6 - - 3 3

NS5 - 1 - - 1 -

NM10 - 6 - - - 6

Extra 1 2 - - 2 1
456
457
458
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