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Abstract

Belonging to the Oncorhynchus masou species complex, the Biwa salmon is described as the new species Oncorhynchus
biwaensis, a Lake Biwa (Japan) endemic which has been treated as an unidentified species/subspecies since 1990. The new
species can be easily distinguished from Masu salmon [Oncorhynchus masou masou (Brevoort 1856)] and Amago salmon
(Oncorhynchus masou ishikawae Jordan and McGregor in Jordan and Hubbs 1925) among the species complex in having
more pyloric caeca and fewer transverse scales above the lateral line. The identity of Oncorhynchus rhodurus Jordan and
McGregor in Jordan and Hubbs 1925, often previously applied to the new species, is shown to differ from the latter. Similarly,
O. ishikawae, also previously confused with the new species, is confirmed as Amago salmon. Types of the new species and
examples of the other subspecies examined were confirmed as nonhybrids by DNA analysis.
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Introduction

The Oncorhynchus masou complex, distributed in coastal
marine and fresh waters of the northeastern Pacific, com-
prises Masu salmon, Amago salmon, Biwa salmon, and
Taiwan salmon. The former three species, occurring around
Japan, have been recently recognized as Oncorhynchus
masou masou (Brevoort 1856), Oncorhynchus masou ishi-
kawae Jordan and McGregor in Jordan and Hubbs 1925, and
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Oncorhynchus sp., respectively (Nakabo 2018; Fujioka et al.
2024), the two first-mentioned having both fluvial and sea-
run forms, and the last-mentioned having fluvial (Fujioka
and Fushiki 1988; Kuwahara and Iguchi 1994) and lacustrine
forms.

However, the ecological forms of Amago salmon and
Biwa salmon have been poorly understood until recently,
both species having small distinctive red spots scattered on
the body when young.

Oshima (1929, 1930, 1936) identified a “salmonid fish”
with red spots on the body when young (fluvial form) dis-
tributed in western Japan, plus a lacustrine form in Lake
Biwa, as Oncorhynchus rhodurus Jordan and McGregor in
Jordan and Hubbs 1925, to which he applied the Japanese
standard name “Biwamasu”. Thereafter, the lacustrine form
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only has been commonly recognized as “Biwamasu”, and the
fluvial form as “Amago”.

Subsequently, a sea-run form identified as “Biwamasu”
was found in the Kiso River, Aichi Prefecture (Oshima
1957), Kagami River, Yamaguchi Prefecture (Katayama and
Fujioka 1966), and Nagara River, Aichi Prefecture (Kato
1968), being initially followed by Hikita (1962) and Naka-
mura (1963). However, Miyadi et al. (1963) recognized the
lacustrine and sea-run forms, and the fluvial form as eco-
logical variations among the species, applying the names
O. rhodurus f. rhodurus for the formers, and O. rhodurus f.
macrostomus for the latter.

Later, Kato (1973a, b, 1975) noted some morphologi-
cal differences between the lacustrine form from the Ado
River, Lake Biwa, sea-run form from Ise Bay/Nagara River,
and fluvial form from the Nagara River. In addition, Kato
(1978b) found both morphological and ecological differ-
ences between the lacustrine form from Lake Biwa and the
fluvial form inhabiting some upper streams flowing into the
lake, and suggested that the two forms should be treated as
evolutionarily discrete populations. This suggestion laid the
ground for subsequent determination of the taxonomic status
of these forms, and appropriate conservation measures.

Similarly, Fujioka (1987, 1988a, 1990, 1991), Fujioka
and Fushiki (1988, 1989a, b) and Fujioka et al. (1990a, b,
1991) reported several morphological, behavioral and physi-
ological differences between the lacustrine (Lake Biwa) and
fluvial forms during parr-smolt transformations.

During its taxonomic history, “Biwamasu” has been
recognized as a subspecies included within the O. masou
species complex, as O. masou rhodurus by Araga (1984),
Kato (1985), Takasaki et al. (1994), Oohara and Okazaki
(1996), and Murata et al. (1998), or O. masou ishikawai by
Furukawa (1989).

However, Kimura (1990) treated “this salmonid fish” as
an unidentified subspecies (O. masou subsp.), applying the
English name “Biwa salmon” based on an examination of
the holotypes of taxa related to the O. masou species com-
plex. Thereafter, “Biwa salmon” has usually been recog-
nized as O. masou subsp. (Hosoya 1993, 2002; Kuwahara
and Iguchi 1994, 2007; Gwo et al. 2008; Hsu et al. 2010;
Kuwahara et al. 2012, 2019; Kuwahara 2013; Tabata et al.
2016).

On the other hand, Kato (1986, 1987, 1988) recognized
the three species of the O. masou complex as distinct spe-
cies (O. masou, O. ishikawae and O. rhodurus) due to the
morphological differences among them. Nakabo (2009) also
recognized Biwa salmon as a distinct species, mainly due
to the biological separation from Amago salmon shown by
Kato (1978b) and Kuwahara and Iguchi (2007). Recently,
“Biwa salmon” has been treated as a separate species (Onco-
rhynchus sp.), distinct from Masu salmon (O. masou masou)
and Amago salmon (0. masou ishikawae) (Hosoya 2013;

@ Springer

Kawase 2015; Amano et al. 2018; Nakabo 2018; Fujioka
et al. 2024).

Because “Biwa salmon” have not been reviewed taxo-
nomically since Kimura (1990), the species is here described
as new, and included within the O. masou species complex.
Recently, hybrid specimens between Biwa salmon and
Amago salmon have been found in Lake Biwa and some
inflowing rivers by Kuwahara et al. (2012, 2019). Because
names proposed for hybrid specimens are excluded from the
provisions of the International Code of Zoological Nomen-
clature (ICZN 1999: art. 1.3.3), the description herein of
Biwa salmon as a new species of the family Salmonidae is
based on specimens having no hybrid traces, confirmed by
DNA analysis.

Because taxonomic reviews necessitate morphological
comparisons of the types of nominal species, young indi-
viduals (excluding juveniles) of the other two O. masou sub-
species were selected, since the types related to this species
complex are also young individuals (Kimura 1990).

Materials and methods

All specimens examined were kept on ice when captured,
and preserved at -20°C in the laboratory until use. After
thawing in cold water, the specimens were photographed
and part of the right pelvic fin preserved in 100% ethanol
pending molecular analysis. Approximately 10 scales were
taken from the right side of the body between the dorsal fin
base and lateral line before fixation in 10% formalin, washed
in clear water, and mounted between two glass slides for
observation. No specimens showing evidence of hybridiza-
tion with other subspecies were used for the description of
the new species. Examples of the two subspecies of Onco-
rhynchus masou were not collected from localities at which
inter-subspecific hybridization had been recorded.
Morphology. The specimens examined were examined
morphologically after fixation in 10% formalin for greater
than a two month period. Specimens that could not be exam-
ined for both mitochondrial DNA (mtDNA) and nuclear
DNA (described below) were excluded from the follow-
ing morphological examination. Counts and measurements
generally followed Nakabo (2002), and numbers of basal
ridges and apical ridges on the body scales, Kato (1978a).
Red spots on the body were counted on the left side before
formalin fixation. The postorbital body length (from the end
of the orbit to that of the hypural), and post orbital length
(Nakabo 2002) are expressed relative to postorbital head
length. Scale length and width followed Kato (1978a),
expressed as the mean value of 10 scales. All measurements
were made to 0.1 mm under a stereo microscope, using a
caliper. Vertebrae and dorsal fin soft rays were counted from
radiographs (CBW-80, SOFTEX Co., Ltd.). Scale shape and
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numbers were observed under 50 times magnification by
Profile Projector V-16E, NIKON without staining, following
the methods of Kato (1978a).

Molecular analysis. Total genomic DNA was iso-
lated from a piece of fin preserved in 99% ethanol, using
a DNeasy Blood & Tissue Kit or QIAamp DNA Micro
Kit (QIAGEN, Hilden). Nucleotide sequence data for the
mitochondrial cytochrome b (cytb) gene (5° half of cytb;
600 bp) were used to infer molecular identification. PCR
amplification was conducted using the primer pair L15172
(5’- TGA GGA CAA ATA TCN TTY TGA GG -3’; Harada
et al. 2002) and H15915 (5’- ACC TCC GAT CTY CGG
ATT ACA AGA C -3’; Aoyama et al. 2000). The conditions
for PCR amplification, purification of PCR products, and
cycle sequencing reactions followed Tabata et al. (2016).
Sequencing was performed using a DNA autosequencer
(SeqStudio; Thermo fisher science, Waltham, MA), the
resulting sequences were deposited in the DNA sequence
database DDBJ/EMBL/GenBank (accession numbers:
PV409879-PV409952). The cytbh nucleotide sequences
were edited and aligned with ClustalW, and by eye using
MEGA X (Kumar et al. 2018). Phylogenetic analyses were
conducted using the maximum likelihood (ML) method. The
unrooted ML tree was estimated using MEGA X under the
TN model selected by Akaike’s information criterion (AIC;
base frequencies of A =0.250, C =0.320, G=0.132,and T
= 0.298). The relationships among mtDNA haplotypes were
estimated as a statistical parsimony network using the TCS
1.2.1 software (Clement et al. 2000).

Assessment of the genetic characteristics of specimens
based on genome-wide polymorphism utilized the multi-
plexed ISSR genotyping by sequencing method (MIG-seq;
Suyama and Matsuki 2015). The MIG-seq library was pre-
pared according to Watanabe et al. (2020) and Suyama et al.
(2022). The index primer sets were those provided by Onuki
and Fuke (2022). The library was outsourced to Novogene
and 150 bp paired-end sequencing was performed on the
NovaSeq 6000 (Illumina). Raw data were deposited in the
NCBI Sequence Read Archive (SRA) (BioProject accession
number: PRINA1243010, BioSample accession numbers:
SAMN47613482-47613562).

The raw data from NovaSeq 6000 were demultiplexed
using the process_shortread program in Stacks 2.64 (Roch-
ette et al. 2019), according to a 5 bp index. Quality control
and trimming of the obtained reads were performed using
fastp 0.23.4 (Chen et al. 2018). All reads were trimmed to
109 bases to remove tail and primer sequences: the first
35 bases (tail and primer sequences) from Read 1, and the
first 17 bases (primer sequence) and the last 23 bases (for
sequence length adjustment) from Read 2. Subsequently,
reads containing low-quality bases (<Q30) and adaptor
sequences were removed.

The filtered reads were mapped to the chromo-
some-level reference genome assembly of O. m. masou
(GCF_036934945.1; Christensen et al. 2025) using stro-
bealign 0.13.0 (Sahlin 2022), with the default settings. Sub-
sequently, SNP calls were performed using the ref_map.pl
pipeline in Stacks, outputting a VCF file with the first SNP
per locus selected using --write-single-snp flag. The VCF
files were filtered using vcftools 0.1.16 (Danecek et al. 2011)
to remove loci with a depth of less than 3 (--min-meanDP =
3), and the populations program in Stacks under the follow-
ing setting: ‘remove variant sites shared by less than 75%
of all individuals (R = 0.75), with heterozygosity greater
than 75% (--max-obs-het = 0.75), and with fewer than three
minor alleles (--min-mac = 3)’. Downstream analyses were
conducted on files generated in plink format.

Principal component and clustering analyses were per-
formed to assess the genetic segregation of each species.
Principal component analysis was performed using PLINK
v1.90b5 (Purcell et al. 2007). Clustering analysis was per-
formed using ADMIXTURE 1.3.0 (Alexander et al. 2009)
with 100 iterations at different seed values for the number
of genetic clusters (K) ranging from 1 to 6. The results were
summarized based on CV-error values. For each K, a re-
analysis was performed based on the seed value showing
the lowest CV-error value, so as to obtain the final output.
The analyses and visualization of results were performed in
R 4.3.1 (R Core Team 2023) using custom scripts.

Specimens examined. Deposited at LBM (Lake Biwa
Museum, Kusatsu, Shiga, Japan), FAKU (The Kyoto Uni-
versity Museum, Sakyo-ku, Kyoto, Japan), NSMT (National
Museum of Nature and Science, Tsukuba, Ibaraki, Japan),
and OMNH (Osaka Museum of Natural History, Higashi-
Sumiyosi-ku, Osaka, Japan).

Oncorhynchus biwaensis sp. nov.

(Standard Japanese name: Biwamasu; English name: Biwa
salmon)
(Fig. 1; Table 1)

Salmo perryi (not of Brevoort 1856): Jordan and Snyder
1902: 579 (in part, Karasaki, Lake Biwa) [conspecific with
“Masu salmon”]

Oncorhynchus masou (not of Brevoort 1856): Jordan
et al. 1913: 42 (in part, Lake Biwa); Jordan and Thompson
1914: 211 (in part, Lake Biwa) [conspecific with “Masu
salmon”]

Oncorhynchus macrostomus (not of Glinther 1877): Jor-
dan and McGregor in Jordan and Hubbs 1925: 135, pl. 4,
fig. 2 (in part, Lake Biwa); Ohno and Ando 1931: 23, pl.
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Fig. 1 Oncorhynchus biwaensis sp. nov. a Holotype, LBM 1210060173, 151.4 mm SL, from Lake Biwa, when fresh; b holotype, in sprits; ¢
mature male, unregistered specimen, 49.5 cm SL; d mature female, unregistered specimen, 33.7 cm SL

Table 1 Counts of Oncorhynchus biwaensis sp. nov., O. masou masou, and O. m. ishikawae

Oncorhynchus biwaensis sp. nov. O. m. masou O. m. ishikawae O. ishikawae  O. rhodurus
Holotype Paratypes Holotype* Holotype*
LBM 1210060173 n =20 n=20 n=33 FMNH 58682 FMNH 59389

Standard length (mm) 151.4 112.2-241.0 Modes 92.2-190.2 Modes 99.6-165.7 Modes 151.2 446.0

Dorsal fin rays 14 14 14 15-16 15 14-16 15

Anal fin rays 14 11-14 13 13-15 14 12-14 13 12

Pectoral fin rays 13 13-14 14 14-16 15 14-16 16

Pelvic fin rays 9 9 9 9-10 10 9-11 10

Gill-rakers on first arch 17 17-20 18 18-21 19 17-23 21 21 18

Lateral line scales 133 127-139 131 121-139 138 110-145 129 135 136

Scales above lateral line 22 19-22 21 28-35 29 28-36 32 34 36

Scales below lateral line 22 21-24 24 27-34 32 26-34 31 27 33

Number of basal ridges ~ 21.1 18.0-445 - 11.6-203 - 64-17.3 -

Number of apical ridges 17.9 14.9-36.2 - 53-11.7 - 6.1-12.7 -

Branchiostegal rays 13 11-13 13 13-14 13 11-14 13 12-13 11-12

Number of pyloric caeca 60 43-65 56 32-56 46 2849 36 51 42

Number of red spots 3 0-15 0 0 0 2-46 29

Number of vertebrae 64 63-66 65 62-67 64 64-67 66 65 63

*After Jordan and Hubbs (1925) and Kimura (1990)

3, fig. 20 (in part, Lake Biwa) [conspecific with “Amago
salmon”]

Oncorhynchus rhodurus (not of Jordan and McGregor
in Jordan and Hubbs 1925): Oshima 1929: 133, photo in p.
137 (in part, Lake Biwa); Oshima 1936: 17 (in part, Lake
Biwa); Okada and Nakamura 1948: 136 (in part, Lake
Biwa); Aoyagi 1957: 32 (in part, Lake Biwa); Oshima
1957: 42, figs. in pp. 42 and 50 (in part, Lake Biwa);
Hikita 1962: 44 (in part, Lake Biwa) [conspecific with
“Amago salmon”]; Nakamura 1963: 97, fig. 18Aa, b (in
part, Lake Biwa)
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Oncorhynchus formosanus (not of Jordan and Oshima
1919): Oshima 1930: 1121, fig. 6 (in part, Lake Biwa) [con-
specific with “Amago salmon’’]

Oncorhynchus rhodurus var. rhodurus (not of Jordan and
McGregor in Jordan and Hubbs 1925): Matsubara 1955: 206
(key; lakes in southern Japan) [conspecific with “Amago
salmon”]

Oncorhynchus rhodurus f. rhodurus (not of Jordan and
McGregor in Jordan and Hubbs 1925): Miyadi et al. 1963:
42, pl. 4, fig. 14 (Lake Biwa) [as intraspecific ecological
variant]
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Oncorhynchus rhodurus (not of Jordan and McGregor
in Jordan and Hubbs 1925): Kato 1973a: 108, tables 1, 2
(Lake Biwa); Kato 1973b: 232 (Lake Biwa); Kato 1975:
192, fig. 2c (Lake Biwa); Kato 1978a: 53, fig. 4 (Lake Biwa);
Kato 1978b: 199, fig. 5B-D (Lake Biwa); Kato 1981: 185,
fig. 2C (Lake Biwa) [a discrete population of a distinct
species]

Salmo (Oncorhnchus) masou macrostomus f. ishi-
kawai (not of Jordan and McGregor in Jordan and Hubbs
1925): Miyadi et al. 1976: 86, pl. 6 (Lake Biwa) [as distinct
intraspecific population]

Oncorhynchus masou rhodurus (not of Jordan and
McGregor in Jordan and Hubbs 1925): Araga 1984: 39, pl.
43 (A-D) (Lake Biwa); Kato 1985: 47, figs. 2C, 3E (Ado
River); Araga 1988: 39, pl. 43 (A-D) (Lake Biwa); Takasaki
et al. 1994: 10153 (molecular analysis; Same River, Shiga
Pref.); Oohara and Okazaki 1996: 189 (molecular analysis;
Lake Biwa); Murata et al. 1998: 1864 (molecular analysis;
Lake Biwa) [as distinct subspecies]

Oncorhynchus rhodurus (not of Jordan and McGregor in
Jordan and Hubbs 1925): Kato 1986: 3 (Lake Biwa); Kato
1987: 112, figs. C, D (Lake Biwa); Kato 1988: 5, fig. 2B
(Ado River) [as distinct species]

Salmo (Oncorhnchus) masou ishikawai (not of Jordan and
McGregor in Jordan and Hubbs 1925): Furukawa 1989: 180,
photos (Lake Biwa) [as distinct subspecies]

Oncorhynchus masou subsp.: Kimura 1990: 11 (Lake
Biwa); Hosoya 1993: 262, figs. (Lake Biwa); Kuwahara
and Iguchi 1994: 496 (Ishida River, Shiga Pref.); Hosoya
2002: 304, figs. (Lake Biwa); Kuwahara and Iguchi 2007:
15 (molecular analysis; Chinai, Ishida and Anegawa rivers);
Gwo et al. 2008: 776 (molecular analysis; cultivated stock
Biwa salmon, Inland Station of National Research Institute
of Aquaculture); Hsu et al. 2010: e316 (cultivated stock
Biwa salmon); Kuwahara et al. 2012: 195 (molecular analy-
sis; Lake Biwa); Tega et al. 2012: 51 (molecular analysis;
cultivated stock Biwa salmon, Samegai Trout Farm, Shiga

Pref.); Tabata et al. 2016: 2601 (molecular analysis; Lake
Biwa); Kuwahara et al. 2019: 67(molecular analysis; as dis-
tinct subspecies; several streams inflowing to Lake Biwa)
[as distinct subspecies]

Oncorhynchus sp.: Nakabo 2009: 313 (Lake Biwa);
Hosoya 2013: 367, figs. (Lake Biwa); Kawase 2015: 252,
photos (Lake Biwa); Amano et al. 2018: 799 (ecological
note; Lake Biwa); Fujioka et al. 2024: 138 (Lake Biwa) [as
distinct species]

Holotype. LBM 1210060173 (mtDNA accession No.:
PV409899; SRA accession No.: SAMN47613509), young
female, 151.4 mm SL, 50 m depth, off Takashima, Shiga
Pref., Lake Biwa, Japan, 35.1°N, 135.9°E, bottom trawl, coll.
by Y. Kawata and Y. Fujioka, 25 Feb. 2022.

Paratypes. LBM 1210060151, 1210060161,
1210060162-1210060166, 1210060169-1210060172
(PV409881, 409889-409893, 409895-409898;
SAMN47613487, 47613497-47613502,
47613505-47613508), 112.2-189.3 mm SL, 11 young
males, and LBM 1210060146, 1210060149, 1210060168
(PV409879, 409880, 409894; SAMN47613482, 47613485,
47613504), 215.2-241.0 mm SL, 3 young females, data
same as holotype. FAKU 211998 and 211999 (PV409882,
409883; SAMN47613490, 47613491), 188.1-185.7 mm SL,
young males, data same as holotype. NSMT-P 151065 and
151066 (PV409884, 409885; SAMN47613492, 47613493),
151.4-172.7 mm SL, young males, data same as holotype.
OMNH-P 53412 (PV409886, SAMN47613494), 154.6
mm SL, young female, OMNH-P 53413 (PV409887,
SAMN47613496), 155.8 mm SL, young male, data same
as holotype.

Diagnosis. A new species of the O. masou species com-
plex with the following combination of characters: fewer
dorsal, anal, pectoral and pelvic fin-rays [14 (mode 14),
11-14 (13), 13-14 (14) and 9 (9), respectively]; fewer scales
above and below lateral line [19-22 (21) and 21-24 (24),

@ Springer
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Table 2 Measurements of Oncorhynchus biwaensis sp. nov., O. masou masou, and O. m. ishikawae

Oncorhynchus biwaensis sp. nov. 0. m. masou O. m. ishikawae O. ishikawae  O. rhodurus
Holotype Paratypes Holotype* Holotype*
LBM 1210060173 n =20 Average n =20 Average n =33 Average FMNH 58682 FMNH 59389
Standard length 151.4 112.2-241.0 1639  92.2-190.2 1322  99.6-165.7 125.6 151.2 446.0
(mm)
As % SL
Total length 117.7 116.2-122.3 119.1 107.6-123.2 118.8 105.8-121.1 118.7 120.2 115.0
Fork length 108.8 108.3-110.8 109.6  89.4-113.5 109.8  90.1-113.0 110.4
Body depth 24.6 20.9-26.7 233 23.5-30.5  28.0 21.4-257 239 24.8 30.7
Body width 12.1 11.2-13.6 12.5 12.4-17.8 15.2 13.2-16.0 14.7
Head length 239 229-256 240 21.8-28.7 270 23.3-293 275 27.1 339
Snout length 6.0 5.5-7.0 6.2 5.1-8.0 7.3 6.5-8.2 72 6.4
Eyed diameter 5.3 4.2-6.3 52 4.5-6.5 5.7 5.4-13 6.5 5.6 39
Interorbital width 7.3 6.7-8.0 7.4 7.3-10.2 8.7 7.0-10.0 8.6 7.3 11.0
Upper jaw length ~ 12.3 11.8-13.1 12.5 12.3-16.6 154 13.6-17.5 15.6 15.0 249
Postorbital length 7.9 7.2-8.4 7.6 6.6-9.2 8.1 5.6-8.5 7.7
Postorbital body 90.6 89.2-923  90.8 78.7-89.3 872 79.4-909  88.1
length
Predorsal length 46.3 44.4-493  46.7 42.9-50.7 483 44.0-51.3  49.0
Postorbital head 134 12.8-14.6 13.6 11.5-16.7 14.8 12.2-16.1 14.7
length
Longest dorsal fin ~ 14.8 12.3-14.8 13.8 13.6-19.9 16.6 13.5-19.0 17.2
length
Longest anal fin 9.0 9.0-12.5 10.4 11.7-16.4 139 11.2-15.1 13.8
length
Scale length 0.9 0.8-1.1 1.0 0.6-1.0 0.8 0.5-1.0 0.7
Scale width 0.6 0.6-0.8 0.7 0.4-0.8 0.6 0.3-0.8 0.5
Scale length/width  1.47 1.26-1.64 1.48 1.16-1.42 1.30 1.28-1.54 1.37
Scale length of 1.26 0.99-1.45 1.21 0.95-1.48 1.16 1.01-1.38 1.20
apical area/basal
area
Pectoral fin length  16.1 14.5-16.7 15.5 14.2-20.5 18.1 14.5-18.8 17.1
Pelvic fin length 11.4 10.7-13.1 12.0 12.3-16.2 14.2 12.1-15.0 14.0
Caudal fin length ~ 23.3 20.4-26.5 234 20.4-25.1 23.1 18.2-247 223
Caudal peduncle 16.2 14.0-18.4 17.1 14.2-17.9 16.2 16.4-19.3 17.8
length
Caudal peduncle 8.5 7.6-9.0 8.1 8.1-10.9 10.0 8.3-10.3 9.5 8.5 10.4
depth

*These values calculated followed Jordan and Hubbs (1925) and Kimura (1990)

respectively)]; 43—-65 (56) pyloric caeca (Fig. 2); 0-15 (0)
red spots laterally on body less than ca. 20 cm SL; body
particularly slender in immature juveniles, body depth
20.9-26.7% of SL (average 23.3%); snout short, moderately
pointed, length 5.5-7.0% of SL (6.2%); eye small, diameter
4.2-6.3% of SL (5.2%); interorbit narrow, width 6.7-8.0%
of SL (7.4%). Scales oblong, length/width ratio 1.26-1.64
(1.48); focus slightly forward of center, length of apical area/
length of basal area 0.99-1.45 (1.21); ridges circular, not
disappearing in apical area (Fig. 3a).
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Description of young individuals and immature large
males and females (holotype and paratypes). Counts and
measurements shown in Tables 1 and 2. Body fusiform,
but compressed laterally. Body fusiform, but compressed
laterally. Head and snout rather short, interorbital rather
narrow, upper jaw rather short. Predorsal length rather
short, postdorsal length relatively short. Longest dorsal
fin and longest anal fin relatively short. Pectoral and pelvic
fin relatively short. Pectoral fin relatively short. Pelvic fit
relatively short. Scale relatively oblong. Caudal peduncle
relatively shallow.
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Fig.3 Scales of species of
Oncorhynchus: a O. biwaensis
sp. nov., LBM 1210060173
(151.4 mm SL), holotype;

b O. masou masou, LBM
1210060216 (105.7 mm SL);
¢ O. m. ishikawae, LBM
1210060180 (120.2 mm SL)

Description of mature males and females. Body com-
pressed well laterally. Head shape sexually dimorphic; jaws
longer in males than in females, upper jaw convex, tip of
upper jaw curved downward and tip of lower jaw curved
upward in males.

Color of young individuals and immature large male
and females when fresh (holotype and paratype) (Fig. 1a).
Body silvery, with small dark spots scattered dorsally; parr
marks indistinct. Pectoral fin faint transparent with faint dark
uppermost margin. Pelvic fin whitish transparent with faint
dark distal margin. Dorsal fin semi-transparent, with faint
dark dorsal margin and without black tip. Anal fin whitish
transparent with faint dark distal margin. Caudal fin semi-
transparent with dark posterior margin, some dark spots on
uppermost margin.

Color of young individuals and immature large males
and females in spirits (Fig. 1b). Body dark brown, with
small dark spots scattered dorsally, otherwise pale, with
7—11 parr marks. Pectoral fin semi-transparent, with faint
dark dorsal margin. Pelvic fin semi-transparent, with faint
dark anteriorly. Dorsal fin semi-transparent faint dark with-
out black tip. Anal fin semi-transparent with faint dark at
base. Caudal fin semi-transparent faint dark with darker pos-
terior margin, some dark spots on uppermost margin.

Color of mature males (Fig. 1c) and females (Fig. 1d).
Head, pectoral fin, pelvic fin and anal fin more brackish in
males than in females. Body blackish brown with transverse
cloud like pinkish or purplish markings on lateral side in
both sexes.

Molecular characteristics. Partial mtDNA sequences
could not be obtained from some individuals (Fig. 4d),
which were therefore excluded from the type series (only
specimens for which both partial mtDNA and nuclear
genome-wide data were available are proposed as type speci-
mens). All individuals identified as Biwa salmon on the basis
of their external morphology and used in this study, were
characterized by the mtDNA haplotypes detected in Biwa
salmon by Tabata et al. (2016) (Fig. 5). The Holotype had

the haplotype No.1. As a result of the nuclear genome-wide
analysis, both the holotype and paratypes were recognized
as belonging to the pure Biwa salmon cluster (Fig. 4a, d).
While a very small amount of ancestry applicable to other
species was detected in some individuals, these individuals
also exhibited relatively high rates of missing data (Fig. 4d).
Since missing data can lead to incorrect hybridization sig-
nals in clustering analysis (Yi and Latch 2022), we inter-
preted these signals as artifacts. Therefore, no individuals
were suspected of resulting from interspecific hybridization.

Habitat. The type specimens were collected from the
middle and bottom layers of Lake Biwa at depths between
40 m and 90 m.

Etymology. The specific name “biwaensis” referred to
Lake Biwa, the original habitat of the new species.

Comparisons

Morphology. Oncorhynchus biwaensis sp. nov. have fewer
scales above the lateral line [19-22 (mode 21)] than O.
masou masou [28-35 (29)] and O. m. ishikawae [28-36
(32)], fewer scales below the lateral line [21-24 (24) vs
27-34 (32) and 26-34 (31), respectively], and more pyloric
caeca [43-65 (56) vs 32-56 (46) and 28-49 (36), respec-
tively] (Fig. 2; Table 1).

Proportionally (Table 2), Biwa salmon have a shorter
head [22.9-25.6% of SL (average 24.0%)] than Masu
salmon [21.8-28.7% of SL (27.0%)] and Amago salmon
[23.3-29.3% of SL (27.5%)], shorter snout [5.5-7.0% of
SL (6.2%) vs 5.1-8.0% of SL (7.3%) and 6.5-8.2% of SL
(7.2%), respectively], narrower interorbital [width 6.7-8.0%
of SL (7.4%) vs 7.3-10.2% of SL (8.7%) and 7.0-10.0% of
SL (8.6%), respectively], shallower body [depth 20.9-26.7%
of SL (23.3%) vs 23.5-30.5% of SL (28.0%) and 21.4-25.7%
of SL (23.9 %), respectively], and a scale oblong length/
width ratio 1.26-1.64 (1.48) compared with almost round
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Fig.4 Results of genetic analy- a
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scales [length/width ratio 1.16—1.42 (average 1.30) and
1.28-1.54 (1.37), respectively].

The scale focus, located slightly forward of center, api-
cal area length/basal area length [0.99—-1.45 (average 1.21)]
and circular ridges present in the apical area in Biwa salmon
(Fig. 3a) also contrast with scale characteristics in Masu and
Amago salmon, the foci being located almost centrally in
both latter species, the apical area length/basal area length
being 0.95-1.48 (1.16) and 1.01-1.38 (1.20), respectively,
in both, and circular ridges partly absent near the apical area
in both (Fig. 3b, c).

Molecular characters. All individuals identified as
Amago salmon and Masu salmon on the basis of their exter-
nal morphology plus specific habitat had mtDNA haplotypes
consistent with such identifications. Nuclear genome-wide
analysis also revealed an absence of hybrid individuals. The
mtDNA and nuclear genome analyses also supported the
clear genetic differentiation between Biwa salmon, Amago
salmon, and Masu salmon (Fig. 4).

Discussion

Species differentiation. The differences between Biwa
salmon from Amago salmon and Masu salmon shown here
did not contradict the previous morphology-based (Kato
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1973a, 1978a, b, 1981, 1986, 1987) and molecular-based
decisions regarding identity (Oohara and Okazaki 1996;
Gwo et al. 2008; Tega et al. 2012; Tabata et al. 2016; Iwat-
suki et al. 2019; Kuwahara et al. 2019; Yamamoto et al.
2020). The following discussion emphasizes previously
recognized specific or subspecific differences.

Tega et al. (2012) found no genetic mixing due to
hybridization between Biwa salmon (a wild population
in Anegawa river, Shiga Prefecture, and cultured popula-
tion at Shiga Prefectural Samegai Trout Farm) and Amago
salmon (3 wild populations in Okayama Prefecture, and 2
cultured populations in Gifu Prefecture and at Shiga Pre-
fectural Samegai Trout Farm), therefore stating that the
two salmon species were clearly separated according to
the DNA marker analysis.

Although Biwa salmon has been essentially reproduc-
tively isolated from Amago salmon in the Chinai, Ukawa,
Otani, and Okawa Rivers in the Lake Biwa catchment,
some hybrids have been found between the two, although
characterized by low reproductive success (Kuwahara
et al. 2019). However, Biwa salmon were found to have
hybridized with Amago salmon originating from released
fishes cultured at Shiga Prefectural Samegai Trout Farm
(from parental stock transplanted from Gifu Prefecture)
in upstream dams on the Aratani and Kawachidani Riv-
ers (Lake Biwa catchment), resulting in a hybrid swarm
(Kuwahara et al. 2019). Such hybridization implies differ-
ent operating factors compared to the subspecific relation-
ship between Masu salmon and Amago salmon resulting in
hybrid swarms between them (see below) (Yamazaki et al.
2005; Kitanishi et al. 2017).

Amago salmon and Masu salmon, widely recognized as
related subspecies because of their neighboring geographic
distributions, resemble each other in both ecological and
morphological aspects (Fujioka 2018), in addition to the
presence of hybrid swarms of the two in the Jinzu River,
Toyama Prefecture (Yamazaki et al. 2005), three rivers of
the former river system in Gifu Prefecture, and the Kugami
River, Tottori Prefecture (Kitanishi et al. 2017), due to the
artificial introduction from their original habitat. As such,
they have become good examples of subspecies categoriza-
tion sensu “the Biological species concept” (see Mayr 1942).

Both Amago salmon and Masu salmon migrate upstream
three or four months before the breeding season in spring
(Nakamura 1963; Furukawa 1989; Mayama and Kimura
1989). However, majority of Biwa salmon migrate upstream
just before the breeding season in autumn (Miyadi et al.
1963, 1976; Nakamura 1963; Kato 1978b; Furukawa
1989), and rarely in streams flowing into the lake in summer
(Kuwahara and Iguchi 2007), resulting in the latter species
being reproductively isolated from the others.

In Lake Biwa and its associated streams, Biwa salmon
differ biologically from Amago salmon in age at maturity,

growth rate and food choice (Kato 1973b, 1978b; Fujioka
and Uenishi 2006). The former also differ physiologi-
cally from Amago salmon in lacking seawater adaptability
(Fujioka 1988b; Fujioka and Fushiki 1989a; Nakajima et al.
2014), which further indicates a long period of reproductive
isolation in the lake.

Regarding the speciation history among the Oncorhyn-
chus masou complex, Tabata et al. (2016) demonstrated
a Bayesian phylogenetic tree for the four taxa based on
mtDNA 16S rRNA, CO1, NDS5, cyth, and CR regions.
Accordingly, Biwa salmon was divided from the others,
with Iwatsuki et al. (2020) similarly confirming the clear
separation of Biwa salmon after examining 36 haplotypes
of complete cytb genes (1,141 bp). Yamamoto et al. (2020)
also showed Biwa salmon to be well separated from the
other taxa of the complex, based on both the cytb and ND5
regions. Our results also support the clear separation of Biwa
salmon from other species in genome-wide SNP data.

Accordingly, Biwasalmon is here described as a new dis-
tinct species, rather than a new subspecies of O. masou.

Scientific names. Biwa salmon has often been identified
as a subspecies of Oncorhynchus rhodurus, or infraspecific
form of O. masou (see synonym list), following Oshima’s
(1929) account. The species has also been referred to Salmo
perryi, Salmo (Oncorhynchus) masou macrostomus, Salmo
(Oncorhynchus) masou ishikawai, and Oncorhynchus mac-
rostomus (see synonym list).

Kimura (1990) examined specimens related to the O.
masou species complex, including holotypes of Salmo
macrostoma (BMNH 1879.5.14), Oncorhynchus ishi-
kawae (FMNH58682), O. rhodurus (FMNH 59389) and
the specimen (FMNH 58687) identified as O. macrostomus
by Jordan and McGregor in Jordan and Hubbs (1925), and
identified the holotype of S. macrostoma as Masu salmon
(originally described as Salmo masou) based on a speci-
men from Hakodate (Hokkaido) depicted in a color plate
(pl. 9, fig. 2) (Brevoort 1856). However, no types of the
latter are known. The holotype of O. rhodurus was not con-
sistent with Biwa salmon due to having lower numbers of
pyloric caeca, and higher numbers of scales above and below
the lateral line (Fig. 2), instead being identified as a junior
synonym of O. masou or O. ishikawae. The holotype of O.
ishikawae was consistent with Amago salmon in the num-
bers of pyloric caeca, and scales above and below the lateral
line, and FMNH 58687 was considered similarly (Fig. 2).
Therefore, Kimura (1990) concluded that Masu salmon,
Amago salmon, and Biwa salmon were O. masou masou,
0. m. ishikawae and O. m. subsp., respectively, with Jordan
and McGregor’s “O. macrostoma” also being Biwa salmon.
Biwa salmon has remained an unidentified subspecies or
species since that account.

Kato (1978b) pointed out that Biwa salmon differed from
Amago salmon in numbers of pyloric caeca and transverse
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row scales, and later (Kato 1986) provided a figure show-
ing the relationship between numbers of pyloric caeca and
scales above the lateral line, which clearly differentiated
Biwa salmon, Masu salmon and Amago salmon. Figure 2,
which also shows the relationship between numbers of
pyloric caeca and scales above the lateral line, clearly sepa-
rates Biwa salmon from Masu salmon and Amago salmon.
In addition, plots for the holotypes of O. rhodurus and O. m.
ishikawae (following Kimura 1990) indicate that both speci-
mens fall into the clusters of O. m. masou and O. m. ishi-
kawae. Therefore, Biwa salmon is conspecific with neither
O. rhodurus nor O. m. ishikawae. In addition, the holotype
of O. ishikawae had a black tipped dorsal fin (pl. IV-fig. 1
in Jordan and Hubbs 1925), indicating marine adaptabil-
ity (Kubo 1974; Fujioka 1987), unlike “Biwa salmon” (see
Fig. 1b).

The holotype of O. ishikawae (FMNH58682), was
collected from Lake Biwa by Chiyomatsu Ishikawa and
YojiroWakiya, during the visit of D. S. Jordan to Japan in
1922 (Jordan and Hubbs 1925). However, Oshima (1936)
noted that Yojiro Wakiya had stated that the holotype
was not collected from Lake Biwa but by himself from
Miyako Bay (Miyagi Prefecture), facing the Pacific Ocean.
Because of this, Oshima (1936) stated that the holotype of
0. ishikawae should be identified as Oncorhynchus masou
(Brevoort 1856). However, the specimen had a number of
white spots (red when fresh) laterally on the body (Jordan
and Hubbs 1925; Kimura 1990). Furthermore, no record of
a specimen collected from Miyako Bay, Miyagi Prefecture
by Y. Wakiya was included in Jordan and Hubbs (1925).
Because no specimens of “Amago salmon” have been
recorded from Miyako Bayj, it is likely that the above asser-
tion in Oshima (1936) was a memory lapse.

Comparative material examined. Oncorhynchus
masou ishikawae, LBM 1210060174-1210060206
(mtDNA accession No.: PV409920-409952; SRA acces-
sion No.: SAMN47613530-47613562), 19 males and 14
females, 99.6-165.7 mm SL, Genta dani, Kozagawa River,
Wakayama Pref., Japan, fishing, coll. by M. Kuwahara,
Y. Takahashi and R. Uchiyama, 3-5 Aug. 2022. Onco-
rhynchus masou masou, LBM 1210060207-1210060226
(PV409900-409919; SAMN47613510-47613529), 18
males and 2 females, 92.2-190.2 mm SL, Kurumigahara
River, Jinzu River system, Toyama Pref., Japan, electric
fishing, coll. by Y. Tago, N. Nanjyo and K. Nomura, 7 Oct.
2022.
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