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Spawning Patterns of Three Bitterling Fishes (Pisces: Acheilognathinae) in Relation to the Shell
Size of Host Mussels (Unio douglasiae sinuolatus)'
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£ Il 2015-20181 59 717t 59t WApEol} offe] A4 Uik YR FA YEHHN), H2HHD),
AA ZAAIG) W 2FHI)S Aoz 7] 7idtE AgHdH Ao ofhd A(restriction fragment length polymorphism;
RFLP) £jn}A2 o]g3te] £327) & o 1 Zojo] ther A3ket 5 $4S 58 F WaFoly} offe] 32
A7)0 et Abekel i whetstalat shlek. Ao A W HARRol o= WedY SAH A 13 (EEAS
Acheilognathus signifer), B X0l 4] 3%2(ZHA|5-0]; Rhodeus uyekii, A%, A. signifer, Z'3A}5; Achellognathus
yamatsutae), =470l A 2F(F AT, EHAF) SR SIS, Yl Ao 2R FASHL e 5270 A
=27} (Unio douglasiae sinuolatus) 98271A1S A5t RFLP ExjulAE o835t YAlFola} ofFo] 1 gl
#oi7}k Sholel 22w /i (N=163; 16.6%) 14 % 646744] kot o} o] 1l A ol(RPAT 450, FHAE
43, A1) 1AMA)Z BHlsdr). 7t A|o] 2l A7)0 T ARAEEE 2A] 98] ¢ 2 Zol7} Bl
<227l (mussels with [presence] eggs/fry)e} sHelx]#] ok& <227l (mussels without [absence] eggs/fry)2] ZH
(shell length), Z-31(shell height) = 2(shell wickh)©] B 57|12 ulaatgich. 1 A 3%0] WAool g7t
FA8kE YAHY A9 b 9 Xo7} ERIE 32 )7 SRIEA| §b2 32T ZPH(1.98mm), Z+3(0.85mm),
ZFZ(0.73mm) Q] F7|7} EA o2 §0)517 A e n(Mann-Whitney U tests, P=0.002, P=0.012, P=0.009),
T2 A A A ME ¢ 9 Xoj7} BrelEl EHO] Zbg, Zha, 4| )k 2 Ang myou, EAReR
Relste okth. F/PoR % 7 SR o WAl o W Aoje] £ BAT A7} ZA3o] 93115947,
BRI 2.86:2457, AT 25013242 2ol ByRRo ARG 4327 & B 6.45-6.8L7
ol @o] 4heslqlal, AR o7 A7E UEt glck(Kruskal-Wallis test, P<0.001). o] Aif= & A o4t
AR o} 3FoA 277t 2 A2URINE AlRkS 93 s52A Ao oulskal, 2l A7)0 tiet A e
Aol BABIE PAFOLT $0] 47} eSS 2 Ueth Ea BuRel BdARe) 39 Be SR
Ho o] S Z/4H0R T2 ARISH: HhHo] ZAlBol HlmE He fe] sfe] Be ool e ARISH:
WAAEE Uehfgleh. 2% o] WAlRolnt off7 AAlsHE EXH(HD) I 2ol A BHAtRe B
2F0] st 2o Aebst= o] BEEITHN=4). o] FARFok} of 77t 2% ol SAT uf, FUTE AFAQl
Houz NS Aple] A o) galy] 91g 57173 (nterspecific competition)o] Slojutst Q= Ao wkeley
2 Aol ME 71E A7E ek Ao SAstAel WS 278k 2k Wk 7, & 3 %32 27]0] djet
ARIPAFE Bt B85 Tgstel SRS o8k WAl o R A ASPAS WS ot o
Lot 32719f YARRoR o 78] A (mutudism) S <5714 9] Af T (hodt-parasite relationship)E 78
St 710 = & A= 7|t
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ABSTRACT

This study was conducted to investigate the spawning preference of the Acheilognathinae fishesin relation
to the shell size of host mussels after identifying the species of eggsand friesin the host mussel using our recently
developed RFLP (Restriction Fragment Length Polymorphism) molecular marker at four sites [Hongcheon
Naechoncheon (HN) and Deokchicheon (HD) from the North Han River basin and Jeongseon Goljicheon (JG)
and Joyanggang (JJ) from the South Han River] in South Koreaduring May in each year between 2015 and 2018.
The Acheilognathinae fish observed in the studied sitesincluded one species (Acheilognathus signifer) in HN
and JG, three species (Rhodeus uyekii, A. signifer, and Acheilognathus yamatsutae) in HD, and two species (A.
signifer and Acheil ognathus yamatsutae) in JJ, and we collected 982 host mussels (Unio douglasiae sinuolatus)
that inhabited in all four sites. Using the RFLP molecular marker, we confirmed 46 eggs and fry of the
Acheilognathinae fish (454 A. signifer, 43 Acheilognathus yamatsutae, and 149 Acheilognathus yamatsutae)
in Unio douglasiae sinuolatus (N=163; 16.6%). We compare the average shell length, shell height, and shell
width of mussels with [presence] eggs/fry and mussels without [absence] eggs/fry to examine the spawning
preference according to the size of host musselsin each site. The results show that the shell length (1.98 mm),
shell height (0.85 mm), and shell width (0.73 mm) of mussels with the eggs/fry were significantly larger
(Mann-Whitney U test, P=0.002; difference=1.98 mm) than those of mussel without eggs/fry in HD wherethree
species cohabitated. Although the shell length, shell height, and shell width of musselswith the eggs/fry were
larger also in the other three sites, the difference was not statistically significant. In addition, we analyzed the
mean number of spawned eggs and fry of each speciesand found 9.31+5.94 R. uyekii, 2.86+2.45 A.signifer, and
2.50+£1.32 A. yamatsutae. R. uyekii spawned 6.45-6.81 more eggs than A.signifer and A. yamatsutae on average
per mussel, and it was statistically significant (Kruskal-Wallistest, P < 0.001). Thesefindingsindicatethat the
three species of Acheilognathinaefish tend to prefer larger mussels astheir spawning hosts, and this tendency
increases when the number of cohabitating bitterling fish species increases. Moreover, A.signifer and A.
yamatsutae spawned asmaller number of eggs evenly in more host musselswhile R. uyekii spawned many eggs
onrelatively fewer mussels. We found mussels (N=4) having the eggs/fry of two coexisting species, A. signifier
and A. yamatsutae in HD and JJwhere more than two bitterling fish species occurred. It suggeststhe interspecific
competition taking place between the Acheilognathinae fishes for utilizing the same resource of mussels for
spawning when two or more species cohabitate. Thisstudy isexpected help to understand better the spawning
patterns and reproductive ecology of the Acheilognathinae fishes, which will provideinsightful information for
advancing our understanding of their ecological relationships - mutualism or host-parasitism - with host mussels.

KEY WORDS: ACHEILOGNATHINAE FISHES, COEVOLUTION, HOST-PARASTE RELATIONSHIP,
MUTUALISM, SPAWNING PATTERNS

M E 44t A9ji(Bivalvia, Unionidae) 3j52] of7ta] ¢tofl Akt

sto] AEEO] B2 BB 27HAE S0 ShollAl

o ohFetal EE53 WAl Akt ek(reproductive RO RMN TRE Jofif ofFlTh A2 o Ao RE
srategy) AstE hFs| o=@ Fo] HES ek W AEEE =Y 4 e S5 AET 54E 7L Q)
gko g B3lz]o] gti(Baon, 1985). o 7}A] AtghzEF tH(De Wit, 1955; Zale and Neves, 1982; Aldridge, 1999).
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ofF=A A Aol oF 400iFo] HarEl vl glom|(Bogutskaya
and Komlev, 2001; Damme & al., 2007), 1 & -2yt
L 24 14%0] 7| =jo| SIrHKim and Park, 2000). A5
oft of 78] A2 AbkAl7]of ShEh &1 AE UEh
o, S22 Felol A Al g Wolsha AL f
Qabct. QRS 1) AR WA SFEAN F5TE
£3) ofu] Qhol ARz} Alek A% AL HFEA
%30l ARl YAE BEsk, Szl 550 2
27N o= GATF FARH, 27 WellAl o] a=4o] A
o iTh(Smith et al., 2004). W2 %F2INE PRpRokt
ol 77t AHA19] of7tulof Akgtsl= 7t A% 2R 7IT%
(glochidium)S& ®&ske] gAFFola} o} 79| ofrjn], 2=
2] sof F2AIA FAF 5 (dispersal capacity)e =0l=
kAL Aek(life history tactic) &2 2 3}sto], YR Fola}
o7&} SN WAE T (symbiosig) o] HoE H
I % H} gltiJohn et al., 1997). d}Aqt, & gxpFola}
o FEth o] Cyprinidae)2t W= HGobiidag)of -
25 FR7|t80| o ol WAHUL, T2 BAR
oft o}5te] e vjEstelsk UE@Ao] S1E vt it
(de Wit, 1955; Reichard et al., 2010). £3|, Reichard et
al. (2011) WAoo Feh HFEA 7F HEAES
71&e EA e Aels A (mutudism)of ofgt S8t
(coevolution) Ao A <3-7|A 9] A% 37 (host-parasite
relationship) 9] Aj2&- 714 A7jstg ot vt Wek
ol SlaA 75 o] FAlo] that B At aTEck

=W B HEA7IOMIAE T 5 HEAFE o
oz AAdeot HWAES Sl w27 Foll it Akt
Hlg, AlRe] BAS BAED, SF2le) tet $3E
o] A(host specidization) == £ A3 =& Tolstr] 9st
A7t F2 AP UCHKiIim et al., 2013; Kim et al.,
2014). ofeigt ol SF2A) 4 el FHL e
Foll 23 WS dnE ez wasto] 434511, &
ol Fe] WARRolat oj5e] ol gt BRE 1o
§3, 27), WATES AW WRS St 2t
(Park e al, 2018). WAk} o o] Wb 7he o] 49
o %3z7he] 2718} Aleba)7)o] wet Zolel mopo] o
2RIkl B a1EHl Qlo(Kitamura, 2006, 2007; Kitamura
e al., 2012). aeb, kol o Fo] ARoRS BE)
5] stefslr] AsfiAle sl & o] ATt Aol o
o sty wpgel welo] Wasin mekEch 2
PCR (polymerase chain reaction) 7|5t RFLP (restriction
fragment length polymorphism; A3 # Zo] thgA) &
A7) ol §5to] PAolat olf 3% zhAlEol(Rnodeus
uyekii), EdAF(Acheilognathus signifer) % ZdA5
(Acheilognathus yamatsutae) ©] & xjoj& gjitoz A

et 4 AT A7 A8 Ua(Choi and Lee,
2018), o]t AGHE o] & A9 HAFol o] 79
ge}s] olgffet=t] &84
& Aog )

2 dAtollA= FARRORS o 7o) AAIR|Ql ZHE B
T HEAHN), EAHHD)T A 2AHIG) © 2
ZHI)S Aoz F27) ¢l 22 % J)(Unio douglasae
sinuolatus) & AR5+ 1L, 7] e RFLP ExulAE o]
gafo] %327 & o L Holol e ekt F FHS
SR 11 AT e R WARol ofRe] 4527
of et 7] FHsAE Shlek, 2 A4 Aol

15 AL HLURINE FHH WAL ofF 3
710l thgt Aok, AkRteke] zpo] & w20 of
P e Hoh Aeks] oFrgste] 39 ol AAMNAI
Al §A, we] 9 B uh ] &8 4
o124 71z HlolEE AlwstaAl gt
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1. g7t X9

ArtiAat x¢del Y= (Hongcheon Naechoncheon;
HN), & ] & (Hongcheon Deokchicheon; HD)-& 317t
o, A, B3, X ERE FYEe AR,
=X 7H(Jeongseon Goljicheon; JG)T} Z9F7H(Jeongseon
Joyanggang; J)-> TS, RbpA|, Hi, 5 2
T2 U= AFolck(Figure 1). & 2ARAHS 2 F

o

e

SHRgol, AA) ATE Hushda, AT PR
o ol57} T MAlshthaL eiA gle. EazAel @
A2} ATHE WAshe] WA Rolnt o} 15 A4o] Bl
£ AR(HN, J9)2} 25 ol A4]o] Sl SHHHD, 1=
27} 5T Aol AR 0] A, R A4
W % ) o) AEe ARSIk

Sampling Site 1 (HN): 7% FA7 W& =3k u
=74 (N 37°480456 ", E 128° 052252 ")

Sampling Site 2 (HD): 7 9% 47 5 g2 =)
(N 37°41'5298 "7, E 127 °5541.72")

Sampling Site 3 (J6): 2= FAT ojaknl G4 24
A (N 37°282278", E 128° 434683 ")

Sampling Site 4 (): Z9I% AAT AL 8]
7 (N 37°220352" , E 128°37'14.64")
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Figure 1. Sampling localities of three Acheilognathinae
fishes a four gtes in two river basins from South
Korea. The study sites included Hongcheon
(Naechoncheon; HN 37°4804.56'N 128°0522.52'E
and Deokchicheon; HD 37°41'52.98"'N 127°
5541.72"E) from the North Han River basn and
Jeongseon (Goljicheon; JG 37°28'22.78"'N 128"
43'46.83"E and Joyanggang; JJ 37°22'03.52"N
128°37'17.64"E) from the South Han River.

2. ZAA|7]

Qe Kol AL Aokt ol F| ARIRY
& Sdohi] 98] BRRA FARNE ST ALk 2
of, AR, FHAT 3F0] DAL 2471 A
S 9J5) 359 ARMVIE B9 2R A3, Zhapgo] 459,
BT 569, ST 5-8U= Sl glrk(Song, 1994
Baek, 2005; Kim et al., 2015). wabA], 359 AIAI7| 7}
AHL 5U(2015-20184)0 NEALS AASE. SHA
(HD)3+ BAHIG)S A9 38] ARAYL SasIgoL,
FPHD) 2 WEAHNE 22t 2819} 18] 2A1E S5
T AT A 2 A7IE et P

2015 05¢ 29¥ (Hongcheon Deokchicheon; HD)
20161 05¥ 14¥ (Jeongseon Goljicheon; JG)
20164 05¢ 144 (Jeongseon Joyanggang; JJ)
20179 05¢ 27¥ (Hongcheon Deokchicheon; HD)
20179 05€ 27¥ (Jeongseon Goljicheon; JG)
20184 05¢ 129 (Hongcheon Deokchicheon; HD)
20181 05¢ 13¥Y (Hongcheon Naechoncheon; HN)

2018 05¢ 26¥ (Jeongseon Goljicheon; JG)
2018 05¢ 264 (Jeongseon Joyanggang; JJ)

3. ZAILHE

1) MAIX W o 5tetx EAEN

— o

A A oje] e sleby BAEHS 2A5] S
20184 5¢(HD; 12¢, HN; 134, JG; 264, 1% 264) AL
A ZE AAA S FHE, SE, SR, 2, DO (§E4kA
P, pH (5401 2%%) 9 BOD (Y83t Ataed) 5
& zABIo0, SRR AS U ERE Cummins
(1962) 2] =8 #-235}o] Boulder, Cobble, Pebble, Gravd,
SiltSande] 5eHA| 2 Listo] FojQl 4 vl &S 27
SR, sFek4 34 2912 YSI Pro Plus (Van Walt Ltd,
England)& ©l-&sto] S5kt

2) |7 & =A

o7 AHHE FL(TE 7x7 mm)} Zoi(P 5%5
mm)E o|-§t3ich XA Al E1E HARSTE SRt
o] A AFATEE A o] £ 6]7H2015-17, 2017-10,
2018-6)5 H53 & 2AE APstgion, ol7F 4
7)20] BFEE AMFE(Kim, 1997; Kim and Park, 2002)<]
5 AAel w2t 85t AYE olF= Rl 5
A EARKEY & SA] RSt At A1Y o)
T ZARE ot £F2IE o485k oF T R A
I=(relative abundance)& }2}5}%itt.

3) LIXI20lT of2 0| Lt U X|ojEE. AZEI| MAIY
ExA A B5SE
222700 YL FA A 28 2o 2astglon,
7} 2)9] 2z2zl0] HAMEE otolh ] o5}

Ao g 27k 7314 B2 A Ixl mE 3skeict. A
A8 43270 242E 14314 falcon tube (50 mi)of o]
9% olPUSe] 1 5 APAR LSkt Ay
Subel 2N gARolE) of o) ARHEES oo}
27| 93} digimatic caliper (0-150 mm; Mitutoyo, Japan)
2 olgste] %%z Z(shell length), zta(shell
height) @ Z-Z(shell width)& 0.01 mm7tA] SA31% 1L
(Figure 2), o}7ju] & 1 5l 2]o}5 FE3}o] 9% o2 Y=
20| E9{9)= micro-centrifuge E-tube (1.5 ml)of go] X
wahas.

Sr2le] 3 B4 AN S32A9 2Azte) A
2k A7)ef 2o Apol7t Y= & :N=2 H
3 3G: 2 10 38 BA9IE AAstel fHA LA F
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S353ick Genomic DNA &2 e 5270 & =
2 AE(~ 2mm)E Ahslo] G-spin Total DNA Extraction
Kit (INTRON Biotechnology, Korea)E ©o]-&3}o] 23}
gon, 2% DNAX fluorometer (Invitrogen, USA)S
ol-gsto] FEE el & AF e o]&5it. nEZ = o}
DNAS] COIGAAE dAre 2 PCR (polymerase chain
reaction) & 53 444 FE AYS LPspgon, 12
Aol N FAHFEES o R AL primersS o] 45}
FHFolmer et al., 1994).

2 3

Figure 2. Methods used for estimating shell height, length

and width of mussels, U. douglasiae sinuolatus
in this study (1; shell height, 2; shell length,
3; shell width).

A= primer 24 2 E]=(nudeotide) sequences (5 -3)
= theat 2t

FW(LCO1490) (5'-GGTCAACAAATCATAAAGATATTGG-3)
RV(HC02198) (5-TAAACTTCAGGGTGACCAAAAAATCA-3')

u|EZ=z]o} DNA COI (cytochrome oxidase |) 8- &}
714 €(600 bp)S &FE & NCBI (national center for
biotechnology information)©] GenBank search 54 A}
BT ZRodk 2 7)(U. douglasiae sinuolatus)o] 7] 4 &}
9% A5kt WEHE ALt YA ZARR oA A
T Corbiculidag) o] HF = o] IH2E QX T Song and
Kwon (1994)¢f 9J3}H FR}5<(genus Acheilognathus) i}
'HE74(genus Rhodeus) 9] ol 77F A& sF271= ©|
S ghetts o[ AT AL lol A PAkRol)
R MtHFRA A Fol M Alsleheict
4) EXI2ott 0iFe| Lt Y X|of F SHS I8t genomic
DNA =Z, O0/EZ2c2|0} DNA PCR 2! RFLP
&F2 & gARol o7 ¢ 9l Aole] F FHL
9]gt genomic DNA 9] &2 AT 527 & & %
Z|o] 29| X (~ 2mm)E Atsle] G-spin Tota DNA

A

Extraction Kit (INTRON Biotechnology)& ©|-&35}lo] &
st on, =% DNAX= fluorometer (Invitrogen)& ©]-&
Blof =g Bl 5 Ay olg3krk
n|EZ =20} DNA2] COIZ} Cyt b (cytochrome b) -4
A2 dpFoR PORS B9 444 35 A9S S35t
o, 7]& AFtollA olRE e WU primerss of§
3} tH(lvanova et al., 2007; Chang et al., 2014).
AREE primer 72 2 ] =(nuclectide) sequences (5 -3)
L ohea 2
o . W(FF2) (5-TTCTCCACCAACCACAARGAYATYGG-3)
RV(FR1d) (5-CACCTCAGGGTGTCCGAARAAYCARAA-3)
FW(Cytb-F) (5-GAYTTGAAGAACCATCGTTGT-3')

b-
o RV(Cytb-R) (5-CTTCGGATTACAAGACCGATG-3)

G320 & 0 2 Holo] WEk F £HL /|E
RFLPEAS 5 -aal9lom, ZHalgol, Byxe
AR 32 g s At BEAuAE o
(Choi and Lee, 2018). z}zte] f-5d#}+ PCR ¥hg-=
UG 1% RALP 47 9 B4319e) Axe
Choi and Lee (2018)2 #=x3s}oitt

e
Sy

1

HE

=
oo B

%P
9‘1"
%2
flo w2 £ miN e

|

SRS oo WL mE ST 4TS

&3to] Oneway ANOVA Z45 s3fsiqlar, Hd 7t
pairwise comparisonsS: 93t AlS-H A2 Scheffe tet & 9]
ok 3249 a7l W gagoln AetdEE
o] zfolz ZARY] $J3 £z ol7bu] 4 v 9l Ao
7F 2l = 7M(presence of eggs/fry; PEF)@} 21914 ¢
& Z7N(absence of eggs/fry; AEF)9| &= & 7+ Bt
vk Wiy FA W (Mann-Whitney U test) < ©]-8-
sko] EAstlen, £ 1t 3x2ole] A7) tiet A
o AR ok 3l Wl SA HR(Kruska-
Wallis test)= o|-&3to] 45ttt Z2ke] Adk 3 T4
Sofe] A7)0l digh FARRot oo Aleteke] A
A B2 8l A4 (Pearson’s correlation coefficient)

lo

o
>
o2
_?L
bt
iy

% 2 SR g AR Rolg 24 913 A
o} off 2% ol4fo] SHelEl SHH(HD, W) Tz
42 Ao, BT AT 25| Belg
FPHI) Wl & 2 Holt sl 2] 571 157
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A % BT ¢ 2 Holr} sl AL 1], B
A2 8l Hoj7k Sl 2V} 2HAE B FOE W
S B0l BARYS 4954 Shatet. mhebd, 24
o, BYAT 2 24T 3%0] FH5H: A H(HD)
W daomg FARAE St

<,
1. MAIR] LY 0] 3}5tX SIZEA

AR 9] o]-BelA] 28142 B4R At B3} 4
o] &H(HN)o| 4 DO 87.8%, pH 7.89, BOD 4.02mg/L,
422 1587, 3}= 50-65m, 5-Z 20-45m, 9 2] (HD)ol|A]
DO 50.8%, pH 6.61, BOD 0.78mg/L, 42 15.6C 3%
45-70m, 7% 35-50m=z eI lon, detit 4A1Ql =4

Z(IG)ol| A DO 97.3%, pH 9.07, BOD 4.33mg/L, =& 18.
2°C 3% 120-125m, $-E 25-45m, ZF7HIJ)olA DO
77.6%, pH 858, BOD 1.60mglL, <~& 19.9°C 3}& 160-170m,
F 60-80m= 3172 F <l YA H(HD) T 2F7HI) 2] F
i} fZo] ARAE Bt YolA= AS gRlsksirt. sH
29| A AFAHEA YWEHHN)Z ZAHJG)olA 3F
FAHQ EAH(HD), 2%97HJ) Xt} Boulder2} Cobble?]

Hl&o] &4

Gravel, Silt/Sande] H|-&o| =2

2, At

7 A 7+

i e

SHRAHOR U4 Pebble

A1 e,

X W =02 MAZE

S32709] AAEE Holg dohir] $13)
One-way ANOVA

w45 s 23, WEH(HN)A

W 65742577}, PR H(HD)olA 1.29£0.497), A H(JG)
o4 25741517, ZA7HAolA 9.00£6.737) 2 Thejw A

Microphysogobio longidorsalis __ 185
Pseudogoblo esocinus |1
Kareocobitis rotundicoudata | 147

Misgurnus anguillicaudatus (R Y

Liobagrus andersoni | |0
Microphysogobio yaluensis am
Hemibarbus fabea |07
Hemibarbus mylodon || 0.9

JG

Coreoleutiscus splendidus | | 0.39

000 500

Relative abundance (%)

3000 35,00

Zacco koreanus 2551 Zacco koreonus LEF]
p—_—a 09 saopos —
4 o Puntungio herzi 17.13
e pn achelognathus sgnfer | -
Puntungia herzi |1310 Odontobutis interrupto | 387
Pseudogoblo esociaus 818 by yaluensis 187
il
bt b R Acheilognathus yomatsutoe [N »
= Rhodeus uyeki 76
Coreolevelscus splendidus 245 Pseudogobio esocinus 221
Microphysogobio yaluensis e Ikspokimia koreensis i | 166
Con i it Tagy Misgurnus onguillicoudatus 166
. . Rhinogobius brunneus 110
Hemibarbus longirostris | Odontobutis platycephala = -.‘ o
Misgumus anguiticoudatus 133 Koreocobitis rotundicaudata 110
Microphysogobio fongidorsatis | 135 Hemibarbus longirostris | 110
Corassius auratus |10
HNesookimia koreensis a5 =
- H N Pseudobagrus fulvidraco | |oss H D
Koreocobitis rotundicoudata | | 063 Squalidus gracills majimae _ o5
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Figure 3. Fish community structure and relative abundance of collected fishes at four study sites (Naechoncheon; HN,
Deokchicheon; HD, Goljicheon; JG and Joyanggang; JJ) during May of a 2015-2018 year. Horizontal bars
highlighted in grey indicate Acheilognathinae fishes.
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T AL Q= sF2oe] a7 A1 A 2 FAH R
Go]aHA o7} LyehgtiOne-way ANOVA, P=0.002).
B3k AJet 7k pairwise comparisons 4= 913l AR
(post-hoc) 41 A3}, HAH(HD)Z 2, FA1:(6)
I 2FHA) T AR SAH R FORE Aol & e
™ (Scheffe tests, P=0.007, P=0.030), W] gt 7tol=
AR Fofgt Avks yEhtA] ot

3. & XtF0t

t & & EY

At Aol 2@ ol #+ 2AMEY A
(HN)ollA] 43} 14, SZH(HD)ol A 43 185, ZA]3(IG)
oA 43} 16, 27H(I)ollA 41} 165 0= Sl = qiTt.
ANE olF F £F2AE ol g3t BATol ofFL
WEHHN) T ZAHIG) oA FEAF 1E(HN; 18.62%,
JG; 9.77%), YA H(HD)ol| A ZFA]5-0(2.76%), FHA5
(12.71%) 9 SGAF(3.87%) 35, 2F7HI)NA FH2t
F(10.42%) 9 EHAFF(9.27%) 2F o2 SRl en, &
F2ME olgste tE &9 olFd Fi7]&(genus
Sarcocheilichthys)-& 2= 2] kQkcH(Figure 3).
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NE

A & 982719 2ewxrl 5 16371(16.6%) A o

A zo}u} ofFo] 1k U Hoj7} BelEl9L, & 6467)9)
Y 70}2 ko2 RALP BAjulAS olgalo] £ 544
ST ZF A o REAAT B 150] B9l
B YEAHN)E 2 13671719 2-enzA7h A= e
B, 7 % 1WAeIA gkt offel b 8 Aoj7} Bkl
=)5ick. Sl 1 9 Ao} 2074Ale] & EAAT W By
Az BAE glTh(Table 1). ZPAol, BAE 9 Zdx)
2 3%0] gelE YA AHD)L & 4137)7)0] 2-eutz)
7} Ao, 1 5 TARNA ARl olftel
9 xJoj7} sholEglch. BelE W @ o] 312449 &
SR AT} ZPABol7} 167)9] Sz fo] 149704, S}
27} 437)e) 252700 1230, AR} 167]9] 45
2ol 407IA|9) o AerE AL Sheld 4 9l
(Teble 1). EyAb5 10| Zelel ZAAJG)oIA % 300
Mol Aemzolzt AHEReH, 1 % 6LAAA HA
Sola} o}ze] 1t @ Hoj7} Belslgick. SRlel 9 Hof
26871710 & 5447 vE A Re BAEgl By
A2, AT 250] FelH ZPHNAE % 138714
o] Zeutzslrl AAHACH, T F 15AAANA Frizo}
3 olze] ¢ @ Hojrl BlEgch. BelE 2 Ao
37Nl & SHAT AR} 137he) L5220 )
A, 2RI} 209 52700 A &ow AberE
AL Belat 4 QorkTable 1).

Table 1. Number of collected mussels, observed number of eggs/fry, number of mussels with presence (PEF) or
absence (AEF) of eggs/fry, results of RFLP marker-based speciesidentification for Acheilognathinae
fishes and number of individuals belonging to respective species at four study sites [Naechoncheon (HN),
Deokchicheon (HD), Goljicheon (JG) and Joyanggang (JJ)].

Number of

. . Number of Number of eggs Species . Number of
Sampling site collected mussdls or fry identification  MUSls with individuals
eggs/fry
Total 136
Naechoncheon (HN) PEF 1 29 A. signifer 11 29
AEF” 125
Total 413 R. uyekii 16 149
Deokchicheon (HD) PEF 75 312 A. signifer 43 123
AEF” 337 A. yamatsutae 16 40
Total 300
Goljicheon (JG) PEF 61 268 A. signifer 61 268
AEF” 239
Total 133 A. signifer 13 34
Joyanggang (JJ) PEF 15 37
AEF** 118 A yarnats.]tae 2 3

PEF*: presence of eggdfry , AEF** : absence of eggs/fry
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£ Aok Akt

2AFsE7] §lel 320 ofrba] & i
shelel 2/H(PEF)2t 1|7 o2 X7H(AEF)
of i ZAA7|E HWENT A} fEZH(HN) A
29.85+2.49mm (PEF), 29.36+5.14mm (AEF), & 2] %I(HD)
o]l A] 37.01+3.68mm (PEF), 35.03+4.87mm (AEF), 224
(JG)©l| 4] 38.09+4.20mm (PEF), 35.84+6.66mm (AEF), %
7)o A 42.97+5.33mm (PEF), 42.09+6.46mm (AEF)
B WE AFA PEFS] Bt 2 27|17k AEFO|| Hlg]
0.49-2.25mm v A Yetith FARAS 53 F94
S AT A3 9AHHD)NA 7 FAH SR Fofgt
$29] z}olE B (Mann-Whitney U test, P=0.002), &
AZHIG) ] HAAT} SAH R A fofgh =52 2}

(margindly significant)E = I thP=0.077). Y™z y&&
(HN)T} 273Q)9] A9 EAHOR §oJat 5:20] Aol
L Ho]x] A9t(P=0.552, P=0.765) (Figure 4). %3=%7}
o] Zkaie} 2K o] H7) wat 2P|} GABHA| PEFOllA
AEFo|| 8]3} 0.03~0.88mm (Z+11), 0.45~0.84mm (Z-£)t]
=7 debyet,

7t A 4329 27)e gt gRiRolyt ofRo
AVRROFe] A wlmEA Az YEAMHN), G
(HD), ZAHIG) oA 2H¢e] A7|7F 245 At ¢ 2
Zjofe] 47h W Fe A (Pearson correlation,
r=0.235, r=0.158, r=0.241)E e} oL}, 2730l A
L 7o) av)o) Al o 9 Hol] 4o] ake] Algkol
PR 9okrHr=-0.108). EAEANE B3 GoAHS 7
ST A ZAHIG) B9 AR A ot =
of zpolE HA LK (P=0.061), HEZ(HN)Z} H2]%(HD)
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Figure 4. Box plot illustrating the difference in shell length between mussels with presence (PEF) or absence (AEF)
of eggs/fry a four study sites. The line within the box is the median; the box marks the 25" and 75" percentiles;
the whiskers mark the 10" and 90" percentiles; and the circles and asterisks represent outliers (HN-PEF:
mean 29.85+2.49mm, AEF: 29.3615.14mm, Mann- Whitney U test, P=0.552; HD-PEF: 37.01+3.68mm, AEF:
35.03+4.87mm, P=0.002; JG-PEF. 38.09+ 4.20mm, AEF: 35.84+6.66mm, P=0.077; J}PEF. 42.97+5.33mm,

AEF: 42.09+6.46mm, P=0.765).
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Figure 5. Relationship between shell length of the host mussels and number of eggd/fry at four study sites (Pearson
correlation, HN: r=0.235, P=0.488; HD: r=0.158, P=0.176; JG: r=0.241, P=0.061; JJ:. r=-0.105, P=0.708).
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(P=0.095, P=0.121). «<sFx79] Z+are} ZF£9] 77] Est
24719} sdsA BE FolA PEFZE AEFO] H|g]
0.63~0.78mm(z}+11), 0.59~0.87mm(Z+&) ¢f & A& =
AtH(Figure 6).
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Figure 6. Box plot illustrating the differences in shdl length
of the mussels with (PEF) and without (AEF)
eggdfry in the three hitterling fishes at
Deokchicheon (HD). The line within the box
is the median; the box marks the 25" and 75"
percentiles; the whiskers mark the 10" and 90"
percentiles; and the circles and asterisks represent
outliers (R. uyekii-PEF: mean 37.12+4.15mm,
N=16; A.signifer-PEF. 37.07£3.27, N=43; A.
yamatsutae-PEF. 37.20+4.23, N=16; AEF:
35.03+4.87mm, N=337; Mann-Whitney U tests:
P=0.095, P=0.009, P=0.121).

F FASSEERNR ASsks 9719 Aol 4iE AE
7] Slall %F27He) ol7ku] 4 W 0 X0} shelEl 2
(PEF)9] Bt Z4=1712 % 7b vlaL BAsdck. 1 At
1500 1 9l X|oj7} BelEl shearze] W Ak
71 2P 37.1244.15mm, SRR W Bl 207} SRelH
2redr x| o] Wt A7) = 27 37.0743.27mm, S
A2o) ¢ @ Hojr} BlE Aeuzsfe] Wt A=
ZVAF 37.2044.23mmz 3ol =9l o, 327t AT st 5
270 2719 SAA Aol AT 4= FSItH(Kruskal-
Wallis test, P=0.998) (Figure 7). E3t, Zrai(ZHA]Hof;
18.87mm=1.95mm, &AL 18.72mmt1.40mm, =g A}E
18.85mm=+2.08mm) ¢} 2} (ZFA)5-0]; 13.69mmz+1.48mm,
SRR 13.73mmt1.31mm, YA 13.45mmt1.53mm)
oAk FA AR AfolE HolA| AAqkth(Ztal P=0.950; 2t

= P=0.745).
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Figure 7. Box plot illustrating spawning preference on the
shel length of the host mussals among the three
bitterling fishes a Deokchicheon (HD). The line
within the box is the median; the box marks the
25" and 75" percentiles; the whiskers mark the
10" and 90" percentiles; and the circle represents
outlier (R. uyekii: mean 37.12+4.15mm, N=16;
A. dgnifer: 37.07£3.27mm, N=43; A. yamatsutae:
37.20£4.23mm, N=16; Kruskal-Wallis test:
P=0.998).
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% Szl o) o wAkRol} offe) Ak
AT IR A A Be], Base] Ao
o) 2717} B4 ARRE 9 Aole] b e
[ (r=0.255, r=0.324)5 Ul oL, FUARE
Yo} Z7]e} Abehel 1t 9 Hojo] 4:0] ofe] ol 9
7] 9rSkrhr=-0.105). BALNS Bo Go4S A5
3 BuARe) 49 BAMCR folgt £Eol Aol
H o1 (Pearson correlation, P=0.032), ZFA]E-019} &y
A BAKOR folet Avhs LrefA] ekolriP=0341,
P=0.931) (Figure 8).

% F 320N & HEAT O R Hoje] 2 ulmEs
3 A3 Zhalgol 1679] Aemasfel & 1o 45
2N G Ht 9.3145.947, EHATE = 43712] A2l
o] & 123782 327 o 2.86+£2.457), EHAFEE= 167
9] ZLowkz o) 4072 &2 | 2.50+1.327) 2 &l
Solek. BuiRel SRRl shie] 3zl & fAK
Abgreke molouth, ZA Bl ByuRiee} Syaerct
H527) & B 64568170 ©f Wo| AlgsHE A& BHel
o = QolT, BANCR GOt 529 ol Uehy
thH(Kruskal-Wallis test, P<0.001) (Figure 9).
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Figure 8. Relationship between shell length of the host mussels and number of eggs/fry in the three bitterling fishes
(Pearson correlation, R. uyekii [a]: r=0.255, P=0.341; A. signifer [b]; r=0.324, P=0.032; A. yamatsutae [c];

=-0.105, P=0.931).
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Figure 9. Box plot showing the difference in mean number
of eggs/fry per mussel (U. douglasiae sinuolatus)
among the three bitterling fishes in Deokchicheon
(HD). The line within the box is the median;
the box marks the 25" and 75" percentiles; the
whiskers mark the 10" and 90" percentiles; and
the circles represent outliers (R. uyekii: mean
9.31+5.94, A dgnifer: 2.86x 245, A, yamatsutael
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2.50+1.32; Kruskal-Wallis test, p < 0.001).
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Table 2. Two different Acheilognathinae fish species spawning on the same mussel individuals (U. douglasiae
sinuolatus) at two of four study sites where more than one bitterling fish species co-occurred.

Sampling site Host mussel ID Number of eggs/fry Species (N)
Mussel 1 2 A signifer (1) A yamatsutae (1)
Deokchicheon (HD) -
Mussel 2 6 A. signifer (2) A yamatsutae (4)
Mussel 3 2 A. signifer (1) A, yamatsutae (1)
Joyanggang (3J) -
Mussel 4 2 A. signifer (1) A, yamatsutae (1)
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