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ABSTRACT

Ecotechnological treatment of eutrophic waters using
native freshwater mussels in Korea

Choi, Hwan—-Seok

Advisor: Prof. Shin, Hyun—-Jae, Ph.D.
Department of Chemical Engineering
Graduate School of Chosun University

A drastic increase of human population and urbanization with
demands of lots of waters have been produced a countless
industrial and domestic wastewater. They finally evoked the
eutrophication and its phenomenon like cyanobacterial and diatomal
bloom in lakes and streams in world-wide. Dense bloom and
organic material in water column also serially make a bad scene
and order, and then make lots of water problems. Many countries
have been tried to diminish the algal bloom and clean water quality
of eutrophicated waters. However, numerous mechanical (physical
and chemical) treatment methods are non-economic and rather
caused a new water pollution, called a secondary pollution. This
study is aimed to control the organic material or dense algal scum
with pan—ecological technology, to select the relevant biological

control agent, and harvest the preliminary data useful for water
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quality improvement of agricultural reservoirs, which heavily polluted
with organic materials. The use of domestic freshwater mussels,
Unio  douglasiae and  Cipangopaludina  chinensis have an
advantages such as the strong tolerance to extreme environments,
2) no outbreaks of animal population in one region or area like
Zebra mussel, 3) low disturbance to aquatic ecosystem of native
animal application, and 4) economic to man and application.
Feeding experiments largely comprised 1) the checking of filtration
activity on different experimental water (stream and lake), 2) alone
and combined effects of both animals Unio douglasiae and
Cipangopaludina chinensis on the same prey, 3) feeding activity on
both cold— and warm phytoplankton communities of the same lake,
and 4) In situ mesocosm at shore of eutrophic lake. Laboratory
results indicate that 1) the animal U. douglasiae clearly decreased
the diatom biomass (chl-a) more than cyanobacteria of field water,
2) combined treatment with C. chinensis synergistically showed the
high removal activity on algal bloom water, 3) grazing effects were
more effective on the phytoplankton community of cold—-lake water
than that of warm lake water. In addition, /n situ mesocosm results
indicate that 1) the grazing effect of mussels was obvious only for
the initial 3—days, but gradually decreased, 2) low density treatment
rather increased the nutrient concentration, decreased the dissolved
oxygen, and death of mussels, suggesting effects of high
temperature above 30 °C, ammonia production, and sediments.

Therefore, the field application of domestic freshwater filter—feeder

- Xiv -



bivalve, U. douglasiae to control the nuisance algal bloom or
organic material in eutrophic lake, firstly might be considered a
sediment and high temperature of the target reservoir, and can be
enhanced by the combined treatment of co—inherent mollusks like

C. chinensis, being shared the habit in ecosystem.
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Fig 2. Top-down effect and Bottom-up effect by mussels in water bodies
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Table 1. Applicable techniques of water treatment in freshwater lakes.

7] | A7
=2 Zt Zr | vE z 7
gy | a3
= G P H Falo] il YRt & 54 _
(Dredging) TAE gt $3g] weto] FRFojof &
il s ~
: _ _ R & 54
Sediment | GEIPIE L H L wgo) o B 4 ugrt olen Aol ool
. HI A gt R o] Fdefatal o) -abrt AL g A4
AESE F Ip-F| H T =] Af-ole Fhol vAls A a7
(Harvest) AQl el thet HE Fol F3A7] T& At A&
gy AE AHWHo] FHE ok &
JEEAI 3}
_(Phosphoru)s G-E|P-F| L WRat & FdF el A87ks
inactivation
FEHA SIS o Lo = 9.9 L
(Diversion) G-E| E H IF-FIIT A3, FEARF FE Shel HAE80bs
(Dél A ) G-E| E H S| R AT s o] Ao YA Aol A8t
ilution 5
o] A gtrzE AL S H3Ibe
£ HNEEZ7v ASTFALRS AT YRFart & 34
(Ae?ation) PJF-G| H o 487ke
AS F7) & RFsRts gRFa7F 31 40 7
S50 AE7s
( aay Fdstel 5xdY A A 46 487
Dissolved air| E P H (A B S e R R e
flotation) @713k T ks ERSE e
}‘\j‘;‘lu@lﬁo]—%" B B F =2 5 A A9 = 2oy A% Q0
(Selective |F-G | F-G| H 8?1‘1‘;]]‘7;57}1;_01] A8 7ot =d A7 gl
discharge) T 2l GeTe
ez o FM e AAAEA ' A .
(Biomanipul— | F-G| E L AEM2AH 2 gr el FAlo T Fofof &
ation) Aol war A A
e 429 HHE 3] W 2F{AAgN A L7
o) ALAE 9 AR e A Yol st Eojof ¢
gy AAGol Ea AeAA

(s7) E=Excellent, G=Good, F=Fair, P=Poor, H=High, L=Low

# g7 2L B
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S S
st s

* FA FQEATAY mxAo W AT (2005), sHF
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AFAE E¢ste ToAEHAY ArbAQ F=xgyY #rle (59, ¥
&2 Aol dg AAZA FES ol ZIfdstdAE Sojiva Hrhd
o} (Cooke et al.,, 2005). Hw| <}

A2TYE f3 dFe VEs0] ofn
5ol A FFEIE sy riEde HAEAA, Fx
27, 354, allelochemical 5¢] 2 A& Qo). FHOZ AR =50 A
TR W& FHAE AEd =85 JlEola Avh W= B¢ EPA
(2001) ¥ #ATL3| Y 71F (EV|E5HEsS]: NALMS, A S+874 93]
ILEC)oll A s awele] #gh 7tol=giels At doH, dvlsoAs
WS TR} RLES] DY Uk

FAHoR A= FEAA == - 35t AV ES AT ' HE

e

)

o
AN
2
X
2
e
M
e
o,
)
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e
[
s
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i)
N
i
=2
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il
o

183t Frl=S £, AAs= Wetold, 2 ofd #mEds &&
= 7le ol &3t

AEZ4 (biomanipulation) ©]&-2 1960dW = fFHolA T4e Hold
Al 3ol top-down ZHolgt= 7ido] BlEd ©]F (Hrbacek et al, 1961),
MEs FAHSE 197089W o] Fo &g A7 JYHAT (Shapiro, 1990).
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3. W - 9] AYAT R

7h =W - 9 AYATER

BEe olgsty 298 =< A3 AY F4s MAdst=s BHS AH
3 %14 (ecological engineering) 22 &34 (bioengineerting) 5ol &3}

H of7lde FAREHE, VIBE, 27 (agae), Y TEZTAE, o7
A7 5ol el At == ol&ste] F2= JAdse Tie2 BE

HolXd 2vd 29" =25H =S50 dF=E2S FFo] 4&st= Aol
=

A, ol gAte] BHANA Hohd ol 4B HH 4FEAL AL BY
gozm L9BAS AAT & dong, T3 s st nrh FA

olm g7)Helw ABAH ARE AT & Ak

BEs ol&ste FAMNA ZokdlM FaSR, 2d, Aok, €, %%

X, 75, vy T34 2L g FAREAEEC] Yol B v ofg
HZ FHAAME GFsiA A7He] ko, A A4 H HEY TR wet
o HAro FANA s9o] Asol RuHJY (W 5, 1985 & 5 199; A
S 1991 <t F 1995). AT ANEE AEEL AFFAY AFAEAA =Y
He AEEE Z8HAY 78 stHely AFA FRiFoxe] Edd F=
g&=o] goy, dA e FAAEY AR b AEY GAFUHE 9
& 9gs AN A7E Atele ok £F A E9 BHEE (allelopathy)
= Z&ste 2RAC WHEC] IHAA A7E vt dov (FHEEATY,



o Z2FAE A PAESE dAFe FE HAE HoldHAE FEsie A
&3le A7E°] FIHO gt g5 =
Stephanodiscus hantzschii®] =384 Ao #s AT (H &5, 2004), HEZF
2 gle|gotE  ©]83 Microcystis aeruginosa Aol TAI AF (A 5,
2003), Alvtol o3t FxF Ealo #HS A+ (A 5
=9 A8 (@FALA) A= oA HFol HA &2 dH ot

sETHIAES 7Y AFAL AAA|nE HoldMoN EAAEA
1 a5 B33 ARg44 Y S48 7H eI daE (59,
H g 9 8§, A4 #doste & 2 Hol = Tl g
T Holiks FEHiHE AFolA dUAEEZH SHAAN B2 ox AFA
#lEo] Qo (Carpenter et al, 2001, Hwang 1995), oA=& ©] Hofo]
A7 ob2 mXZE AE ol

ARH A ojvfslF= oJIsHo] Hds2Z (Gosling 2003, Hwang et
al, 2004) °l5< FE/MNH &&staA she= k¥ E0] FHS THLE AT
Hol Fth. AJgHer Folstal vgd AESH AFAAEA  o|vjulF
(bivalves)o] A& +F 9o 7= AA FFe FALdS 7HAL Ak F9
B 5o (53], 2ul&)dA T4 olujail dELXI (zebra mussel)d] A3
g] - AEstA AT (Nalepa and Schloesser, 1993)7} “4%33] Xd=glom, 1
ABE o] &gt FHEMNdol| A EHAT (Neumann and Jenner 1992; Reeders
and Vaate 1990). =ujellA AHH L=/ Tol s & A3 (F 5,
1997; 3 &, 2002; Hwang et al., 2004)7} @GHASZ AU} mesocosm T
oA FFE vk A Ty FWol M st= o] "HAt o]l gk
712 A - AHSH dA4e olFE HE FAHA Xsta doen, o g
ol AR greol tid 7Y G553 55 3 dFH L I A+

o
2
o
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2)
A, #gEd) o2 F8E 4 At} (Drabkova, 2007). o] F 714 WHELS
A adrp w2 FREAIRE v]go] Fo] Fal IA|Fo]7] wEo] wHEA<I
A7} 871335t (Jeffries and Mills, 1990; Welch, 1984; Reyssac and
Pletikisic, 1990), ©|& <& W& FFH=o] st =/(Lee, 1980, 1989;
Mitchell, 1974), 18]31 A2 2L FHLSZ 28 (Reyssac and Pletikosic, 1990)
st 59 @S 7HAA ATk ol9d dHS Hesta AEA wds HAast
g e AR A PO RN e 78 A=s B A e 3t
HHo =z ALt AEZXE (biomanipulation)d] gt A7} wf$ sttt
(Hrbacek et al., 1961; Shapiro, 1978; Carpenters et al., 1985; Pillinger et al.,

{0

O

1994; Hosper 1997; Sigee et al, 1999). EZXZ (biomanipulation)s 53+ F
2700 WS FHAN Sl Hold ol top-down E-olgt= JidHo] =
Y¥ °]F (Hrbacek et al, 1961), Pl5< TACE &3 A57F IPHJo
(Shapiro, 1990). AE| X1 8}2 A/ dFoZ o] F (Carpenters et al. 1985;
Fukushima et al. 1999), 5 =& 33 E (Lampert et al., 1986), A=A (Sigee
et al.,, 1999; Manage et al., 2000; Choi et al, 2005), 35 (Heath et al., 1995;
Lavrentyev et al.,, 1995; Jack and Thorp, 2000), =4 41& (Hill, 1986; Zhenbin
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et al, 2007)59 FEATL ol &7 Aol ATk T} AFEPL ol
§ ge) Agol Qo AR JFHQ Abdl (Hosper, 1997)7h 9901t AENA

of e B @ A4 A

—

el AAgds B AFE F2E AFY FFY 2% (Welker and
Walz, 1998)& EZ 33 A 218739 efst 34327 - 2 (Reeders and Vaate,
1990; Fanslow et al, 1995), % (Leversee, 1976, Mcfadden, 1986; Wildish
and Saulnier, 1992; Cole et al, 1992, Wildish and Saulnier, 1992; Grizzle et
al., 1992), Ul Holo Fx9 A (Dorgelo and Smeenk, 1988; Sprung and
Rose, 1988)°l wz} A4 HEh ] 7154 AEY A 7/ (bivalves)
o FAMNTE (F71E AL B FEE S7hH tig A7 FHA vl= (o,
LHE) S FAHOE dFLXI) (zebra mussel)o] st A -AefEgd AF7}F
AP =HA i3] F ot (Neumann and Jenner, 1992; Reeders and Vaate, 1990;
Nalepa and Schloesser, 1993; Gosling, 2003). 3 F& AH& AEZZFIAEY
% =4 (Hwang, 1996)°|4 3|57 Ex (Welker and Walz, 1998), < (Walz,
1978; Reeders and Vaate, 1990; Fanslow et al., 1995), Ho]&% (Winter, 1973;
Dorgelo and Smeenk, 1988; Sprung and Rose, 1988), 4277 Fof wZ4¥
Faol o3 H=ZZFA=Y A (Hwang et al., 2001)
ZQl g o) 2AHT. F59 Aede SUHEFE FREE A
<7Vl (Leversee, 1976; Mcfadden, 1986), €A 4 o] do = wE f

Me 23y FiE4d Aoass 7FAA7]a (Wildish et al., 1988, 1992;

B e fr of
o ot

2



Wildish and Miyares, 1990; Cole et al., 1992), 3&EE& 74A1Z1t}h (Cahalan
et al., 1989; Eckman et al.,, 1989, Wildish and Saulnier, 1992; Grizzle et al.,
1992).
S HEHQ G5 AFRE AW, DR, B, T2, 99l 2
2o, ERA, Folwrjol, 727 ol XHA %o (2, 1976 AF 3,
KN =

B #7lE 29l Wk WA RSvE wa, &

A oA FEo] Eol (Hwang et al, 2004), L £FAE 3 FEA4==E
&5 3 o} (o] &, 2008, A 5, 2008). 53] o] 2¥o] 4T F}Ho|y
S Aol MAstH, dETXAAE HXFAE Thedo]l Har, A wd
Tt Yol F=AAs e anAoltt (o] T, 2008 B T, 2008; # T, 2008). =
Wik ojmia (227, BxNE ol &5t A4 2 4 mesocosm ATE F3
FANA 7hsAlel ¥rEAHY (Hwang et al, 2004; Choi et al, 2005 3 5,

2008; 7 5, 2003; ©] %, 2008a, 2008b). Z# Y} o]EL FE AFAz
mesocosm FEO| A o] Fo]H 7] W] B AFoHE AF AR LA
@i dF AE B AYYE Hold FAd->AHAY>RF B AAY £ FA4Y
(wastewater treatment; WWT) W21S HE3sE 7|9 7y @4 H&o] 7153t

=2 &1 a9k
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A2 A9 Az 2 Y

A1 A AF Fo dE #71& Aols FIt

1 AR #718 AdF B

or
He

7h AFFEY I R BE
Ao AHEE dFe A olwisid BEI (Anodonta woodiana Lea)<}
D270 (Unio douglasiae Griffith et Pidgeon)ZA] =u] tjF-2] Ao 425}
o o]F9 AFFALZ AT (Z, 1976; A H, 1982; ¥} 5, 2008). o] &S
A F

N FLE sHHAA A SAHATN A= FrIEe] FHEka Egy Hol
daE WHE FRAM FA= Y AFolA Wlud A EESHH, 9ol
2 ZFIECIY vt f71ES FE AHASH (H T, 2009). 7Y AHH
= w4 B ©A3de AFelA AAwE Ao AP dHre =HE
Ice boxoll Yol d@H=Z W3 v B9 FE=2 2-33 A dgxqd ¥
of 3704 o] &SAIHH

v A3

7o o g wjdE ANFS S8 fste] AAdolrt qFd
H2 MAE AEste] olg #UIEEe AR SAHSL AdFA 9 AR 2

=
o, &, FA T /1F & FBAHE ZE EAL AP AHET HF7Y F1E
Tttt (Hwang et al. 2004; #5, 2009a). 3843, + A7

=
Nege 38 2 AR Azdeld tstel H we ABAS deid (B
2_
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o2 o] A

FR (L g"d")=V/MxIn(T/C)/t

9 (Coughlan, 1969). o =}
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7 A8T9 chlorophyll-a (Chl-a)s% %}o]
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F71E (),
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. Ab

o] FI(L), M
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H
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2041 T2 AF 25 AgAN APsgon, PEF APF HRE
%

Hls23k 2712 wAS AT frlE Aolsd $4edl ®MstE AKsr] 9 st
g 2 AZF (AM 10:00)0 X% 25 ZASHATH
718 AP IA F3 (interspecific) E FUW A3 (intraspecific)

o2 o] AAstgon 3 AL djzbdolrt ME FAME Bxler @
NS F71E Afse ¥asda, T 48 IS gde=z 1) 5
3 Ao HF A7 A2 g2 Z2hoA (34 20]), 2) TL3I w7 A
A AFL=7t A= g2 A (

St (Table 1).

=

= = 0
AA (1 indiv./L) M Zel] ¥ 4% 24 L h'2 99 E<F F9dU%s ¥=42
T AT Az (64 L) PVCAES ASHA (55%35%15 cm)EA] A g
F& % 50 Lotk wlF9 #71& Aol 2 FAWsE moslr] 95t md
2 AZF (AM 10:00)0] EAx2HE AFstgdnt SF7 AAE waEe 3
A AR FASY xR My dx Jol2 wEo] wjAaE Al

HJztdolol] mE F7E Aofss Hlusty] Hsty, BxNE LT 2=
indiv./L)¢] 1~213 3 (YA)S} 213 o4 A5 (AA)Z uro] zhzt xezo)
AstAeh. Az (540 L) PVCARS ZASwA (59x42x38 cm)2A 224
< % 500 Lojth. Agxe] yHde F3iE¥ 10 cm ol AAE 7 A
A (1.5x1.5 cm)E A3t 1 9ol {220 indiv.)E 22 o (Fig. 1B),
ANATE §4 2 L h'E 29 e EF3A7

Az shi= AMAAE FHE JFe wjdEo] AALHA B F

=3
=
K

(|
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7)
indiv./L, 54 indiv

v./DE 2424 FYsidtt. Aglxzs PVCAEY FHASHA
(55%35x15cm)Z A A 2] §#F& F 24 LY oH =

o ¢,

3. A5 84

Continuous removal of organic matters =9 7|3t &< 2 2 A g
79 F2, pH, ANAEE, &F42 (DO), HE (NTU) 5& Portable
multi—parameter (YSI 600 QS-O-M, YSI inc., USA)E o] &3t mjd 22 Azt
of £743%t3aL, Chla, &2 (SS) B FYE £4S fsted 22 At df
Z277 AYwolA 2A2=HA AIEE A5t
BHE4dL  GF/CAilterg ©]&3l92™, NOx-N, NH:;-NT phenate,

@
Aui
0
=
|
S
o
x
i
rE
o
f

Colorimetric ¥, NO>-N# TN cadmium reduction®], POs;-P-& ascorbic acid
H, TP persulfate #3] & §EF 7] SHHOE 712 SASIAT (APHA,
1995). #HFA Lo wWE FAN Fr7lE 2L FEHAS}E ofetr]  9leto]
ANOVAS®} Tukey’'s THD testE AAISFY AL (a=0.05), SPSS package (ver.

R
12.0.1, SPSS inc., 2004 release)E ©]-&3 ATt

%
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Table 2. The experimental

designs and operation

Continuous removal of organic matters study.

conditions of the

Experiments

Inter—specific

Intra—specific

Shell length

Animal density

Kind of mussels

Mussel density
(ind./L)

Total weight (kg)
Shell length (cm)
Shell width (cm)
Total AFDW (g)
Tank volume (L)
Flow rate (L/h)
Total capacity (m>/d)
Filtration area (m®)

Exp. periods (date)

Temperature (°C)
Exp. time (day)
Sampling time (AM)

YAW AUD
1.0

1.64 1.78
6.87+0.50  6.75+0.60
3.82+0.33  3.56£0.41
0.90+0.10  0.50+0.20
50

24.0

0.58

0.25

17 to 25 February,
2009

2.87125 (°55)
9
10:00

YAW AAW
0.5

10.5 30.1
8.09+0.91  11.35%1.82
474067  6.71£1.02
1.33£0.37  3.42+1.60
500

22.0

0.52

0.64

4 March to 15 May,
2009

11.9721.8 (715.8)
42
11:00

YAW YAW

22 54

5.0

8.51+1.00  6.17£0.85
5.04+0.61  3.64+0.47
1.53£0.54  0.81+0.12
24

10.2

0.25

0.19

22 March to 9 May,
2009

1357204 (16.5)
18
11:00

YAW; young mussels of Anodonta woodiana Lea, AAW; adult mussels of A. woodiana.

AUD; adult mussels of Unio douglasiae Griffith et Pidgeon, AFDW; ash-free dry-weight

of mussels
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Table 3. Summary of ANOVA on environmental quality by the stocking

of mussels in the continuous removal of organic matters study.

Study Parameters Unit Control T1 T2 F P
Temperature ~ C 5.20+3.02 5.58+3.44 551+3.25 0.035 P=0.966
Conductivity ~ s/ecm  277.842548 2819 281+27.3 0.055 P=0.946
DO mg/L 13.25+1.33 11.95+151 12.2+0.87 2589 P=0.096
Turbidity NTU 772+1.42° 4.43+1 3" 4.62+1.04° 19.228 P<0.0001
pH - 8.02+0.09 7.998+0.095  8.01+0.07 0.127 P=0.831
SS mg/L 9.37+2.0° 5.77+3.28° 5.68+2.88" 5.197 P=0.013

%ﬁgsel Chl-a 1g/L 6.88+2.18" 4.88+1.99*" 4.40+2.09* 3.566 P=0.044
NO,-N g/L 6.48+0.32 7.15+0.71 7.09+0.89 2679 P=0.089
NOs-N mg/L 1.69+0.09 1.72+0.12 1.69+0.08 0.16 P=0.853
NH,N g/L 9.07+5.54° 109.22+34.75°  137.84+44.10" 38773 P<0.0001
TN mg/L 2.3240.01 2.39+0.12 2.44+0.14 1.006 P=0.381
SRP ug/L 5.12+2.94 6.22+4.44 6.67+4.71 0.339 P=0.716
TP ug/L 51.93+4.37 4968+1553  52.27+11.80  0.327 P=0.724
Temperature ~ C 16.09+3.41 15.75+3.22 15.79+3.19 0.03 P=0.971
Conductivity ~ gs/cm  66.12+8383  67.66+90.12  67.71+89.36  0.001 P=0.999
DO mg/L 11.83+2.53 8.36+1.88" 6.92+1.54% 13.871 P<0.0001
Turbidity NTU 26.37+10.14°  8.85+453° 6.84+3.35" 23.132 P<0.0001
pH - 8.77+0.24 8.54+0.19 853+0.33 2.239 P=0.128
SS mg/L 22.58+3.17° 5.96+1.20% 3.93+2.40° 163.27 P<0.0001

lsefr‘gih Chl-a ug/L 2UTTERIP  TUA2AET 3.98+2.68" 30.499 P<0.0001
NO,-N ug/L 4.10+2.05 8.68+6.85 8.27+2.43 3.027 P=0.067
NOs-N mg/L 0.12+0.04 0.17+0.03 0.17+0.04 3.67 P=0.041
NH,-N ug/L 22.20+2398"  261.88+94.86" 472.20+92.3%° 75554 P<0.0001
TN mg/L 1.49+0.23 1.30+0.12° 1.67+0.14° 9,608 P<0.001
SRP g/L 7.45+2.09° 8.57+4.39° 49.05+2257° 28438 P<0.0001
TP ug/L 08.83+16.40°  58.83+858" 115.41+24.37°  24.376 P<0.0001
Temperature  C 16.54+2.31 16.56+2.37 16.53+2.27 0.001 P=0.999
Conductivity ~ gs/cm  36.60+1.42 37.33+1.36 37.65+1.39 2549 P=0.089
DO mg/L 10.17+0.70° 7.61+0.92° 7.97+0.93" 43.677 P<0.0001
Turbidity NTU 17.00+5.94% 6.09+2.20" 5.99+2.86% 42.242 P<0.0001
pH - 8.56+0.28 8.44+0.26 854+0.15 1.285 P=0.286
SS mg/L 1898+4.14" 4414156 5.00+3.37" 39.495 P<0.0001

Mussel  Chl-a ug/L 22.37+10.81"  3.23+1.64° 4.94+3.98° 14.871 P<0.0001

density NO.-N ug/L 6.42+1.94° 35.39+25.70°  28.48+3.69" 10.921 P<0.002
NOs-N mg/L 0.10+0.01° 0.15+0.02° 0.210.07 14.125 P<0.001
NH,-N g/l 19.86:1236°  SOS8I9S 50478499647 30.001 P<0.0001
TN mg/L 1.19+0.11 1.32+0.16 1.21+0.07 3.193 P=0.077
SRP g/L 5.35+0.92° 24.3247.15° 30.45+17.01 1462 P<0.001
TP ug/L 722241123  76.72+12.08  69.32+8.74 0.366 P=0.445

Control; only lake water without mussels, T1; AUD in Mussel kind, YAW in Shell length,
L-YAW in Mussel density. T2; YAW in Mussel kind, AAW in Shell length, H-YAW in Mussel
density. DO; dissolved oxygen, SS; suspended solids, Chl-a; chlorophyll-a, TN; Total nitrogen;
SRP; soluble reactive phosphorus, TP; total phosphorus, Alphabets (a, b and c) are significant
differences by ANOVA and Tukey’s THD test
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harvest mussel’s faeces
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Fig. 3. Schematic diagram of continuous removal of organic matters
system established at in-door and out-door (A) and core unit of

Continuous removal of organic matters system (B)
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Fig. 4. Relationship between ash-free dry-weight (g) and shell length

(cm) of Anodonta woodiana (n=59) and of Unio douglasiae (n=142)
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Fig. 5. Relationship between ash-free dry-weight (g) and mussel length
(cm) of Anodonta woodiana (n=59) collected from a tributary to the Geum

river
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BQgre] FAMN GFS Rets] el ARE ol§F A% £

2 X3t 1 9o HFE Be o, FAd AS5A xS A

24 L/h, 48 L/hE FHAHG. AP0 AHES A¥dges 725 18:2 C

A, 7l 12D2LE FAAAY. A9 = ARS d{ies Ak
o]

3. A A

gHF Ao e AFxY FHF 8N wstE #Ast7] 98] Portable
multi-parameter (HORIBA U-22XD, HORIBA Ltd., JAPAN)E o] &3l tjx
T3 AT 2, pH, A7 |AEE, §ELHA(DO), B X (Turbidity) 5 "Y
22 AIZHAM 1100)o FAIATE E3 F71E 2 LD HIE Qs

el MY FLE Azt BAxN AEE AFHNAT FRATHANIYEA

d
I
.
o.

S|
5, 1995)9] we} Chl-ax= A5 E GF/F filter(Whatman Inc.,, England)Z o2}

S & 90% oMl ES o835t 24413t ¢t WAL FE2T F 20837 LA

¢
a
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b

712 g3t ATd9 FFEE S43te oplE FERES ol&doH,
+ A8E vg FAE M GF/C filter(Whatman Inc., England)Z

filtering g+ ¥ dry ovenol A 24A17F :AZ3 % filter paper®] FAxlolE 3
Fodo] A$ NO»-NL Colorimetric ¥, NO-N&

cadmium reduction, NH;-N+ phenated], TN cadmium reduction®,
PO4-P2 ascorbic acid®, TP persulfate i3l ¥ ascorbic acidHo2 &&F
7191 sEE =SAHIAUGAPHA, 1995). E3IF  HOBO  Pendant
Temperature/Light Data Logger(UA-002-08)E ©]-&3led A7 & 234
L5 308 AR SAAY olF Vre FTF H9EAH #UIEEY W
£ ¥Este HHARE &Y A7 A EH & nE FESE RS
S Tetstr] 918 SPSS package(ver. 12.0.1, SPSS inc., 2004 release)E

o ANOVAS®} Tukey's THD test® AAISA I, fo5F2 P<0.05°2
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organic matters®] AHZT HFY R[FUIEFES FAHSA(HS, 200%).
Continuous removal of organic matters®] H 7]% A ©]5(CR; Clearance
rates)> A7 < HF AT HIAGT Y EHE W Chlas®E zolE
AA Fe] F715#HF (AFDW; ash-free dry-weight) o2 UFo] &3t
(Coughlan, 1969).

CR (L/g/h)=2%(V/MxIn(T/C))/t

V : Continuous removal of organic matters®] A& (L),
M : 379 77]EFH(AFDW, g)
Co} T : siFATH AT Chl-as=(ug/L),

t : Continuous removal of organic matters -3 A|Zk(h)
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2247 ind./m?) o2 AAHAG. o
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)

(F%; 143 L/h),3F U=+& ¢F 152% (14815 ind./m?) Z

(Fig. 1).

H 428 CROM (box- CROM, B-CROM)¥} H]ul3}H

Continuous removal of organic matters® =7]



1300 mm

Fig. 6. Canal-type continuous removal of organic matters using a
combined freshwater bivalve (C-Continuous removal of organic matters)
system. A; the upper-view, B; a mussel stocking lattice with 1.5x1.5 cm
stainless grid, C; whole diagram. IN; the input part of eutrophic lake
water, OUT; the discharge part of treatment water. H1, H2, and HS3;

three harvest mouths of pseudo- and feces bio-deposited by mussels
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Fig. 7. Body sizes (a) and size distribution (b) of two kinds of
freshwater bivalves (Unio douglasiae + Anodonta woodiana) used in this
study. Arrow and 4.2cm in figure 2 a mean that the border of two

bivalves, which the height of Unio douglasiae is below 4.2cm
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3. A5 ¥4

S e AFE olFF AEH A/F AA WP AP B 24

o] 7]1%3%7% K812l Portable multi-parameter (HORIBA U-22XD, HORIBA

FN

Ltd.,, Japan)E ©|&3l +L&, pH, M7 EE, &E44(DO), B = (Turbidity)
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H, TN cadmium reduction’, PO4P2 ascorbic acid®¥, TP persulfate
3] & ascorbic acid oz {8FX7|Q 52 747 =A% A 79 F71E
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Temperature/Light Data Logger(UA-002-08, Onset computer Corporation,
USA)E AXsta 23 JTE 307 tFo =z X3t 8rA 529 5%
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(response surface methodology, RSM)&] ¥®ol we}
Minitab(MINITAB Release 14.12.1, Korea) 218 Alg-3te] 434 &
ZE O W FAF/3EA M (central composite design, CCD) ZZ 189S o]
&3t 7o A7), 5, AAES FHHTE 37F 29049 EF

Atk F{Fe Z7]= high level 2 cm, low level 20 cm, <2 high level 48
L/h, low level 24 L/he & AA3¢t}.

Table 4°] 2 23olM 243 dALAE HetiAH-
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Table 4. Factors and their levels for central composite design

RunOrder PtType Block Length Current FR
1 1 1 4 48 0.035
2 -1 1 -0.0908 36 0.045
3 0 1 10 36 0.15
4 1 1 16 48 0.155
5 1 1 4 24 0.11
6 1 1 4 24 0.094
7 -1 1 20.0908 36 0.159
8 0 1 10 36 0.111
9 -1 1 10 56.1815 0.302

10 1 1 16 24 0.083
11 -1 1 10 36 0.392
12 1 1 16 48 0.075
13 1 1 16 24 017

14 -1 1 10 36 0.401
15 0 1 10 36 0.317
16 1 1 4 48 0.785
17 0 1 10 36 0.241
18 0 1 10 36 0.434
19 0 1 10 36 0.009
20 -1 1 10 15.8185 0.855
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A3 Ay R 2F

ofr
o
N

A1 A A7 Fo 4E #F71€ A

o] x] T}(F=25.544, P<0.0001). 3|z} Z2 o] Aol
Chl-a9} SSell tisted &3] 70% ©]49 &2 A& Her, gzhdo)rt 21
234 g7 o ¥ Alols (H 809%)S UEFWTH (F=25.544, P<0.0001).
o]# 3t AT SSo WIHE FAIA Y dAFF20] 20 Coldoz ZF7ls)

| A A5, F3) 80% 14 &L A& RYon, ndT At
A FHa 847%2 Aoj&S HAT (F=25.544, P<0.0001). 2= I 7F9 F71&
Aolee 7o TRETE 4o AT Aejdzd Ay &y
ol AFS Ak FUTt (Fig. 3).
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Fig. 8. Removal activities (%) of freshwater bivalve Anodonta woodiana
and Unio douglasine on chlorophyll-a and suspended solids in the
operation of continuous removal of organic matters system. YAW=
young mussels of A. woodiana, AUD= adult mussels of Unio douglasiae,
AAW= adult mussels of A.woodiana, H-YAW and L-YAW= young

mussels of A. woodiana at high and low density, respectively.
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2. q3& R e AN

T7F A2 o8 FAYTFY d&53 frlE AALHAA, 2717}
B 523 B2/Re 380330 L/g/h)o]l Bx7) (02611 L/g/h)Rtt o #A
Uetgton, vjAaE gk A Bx27) 2367 mg/g/d, BZ/ 1.247 mg/g/d

2 o Ar 52 FXE B B SHdAN FaAHES
Zol7} e AT (0.099 L/g/hyel 71 HAT (0.056 L/g/h)Rth, vjAdE o
Al gL RAIT (2.031 mg/g/d)ol 7 AT (1125 mg/g/d)R T}t Z+zh oF 2u)
e =4 Uetut &3 dFEert geas g7 frls AF3E 4 A
S O =4 vess ddese A AT (0240 L/g/h)o
A7 (0151 L/g/h)Bo), i &S AUE A7 (0.889 mg/g/d)°
AT (0.648 mg/g/d)ETt 22t 158 AE ¥ FXE HYth o9
ol A HFe] g E ujdE A TRV BRARG 24 JEge
W, x| A, dAde|rt Aa dER B AT A7 =4 vE

ot (Fig. 4).
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Fig. 9. Filtering rate (FR) and production of feces- and pseudo-feces (PF)
of Anodonta woodiana and Unio douglasine. YAW=young mussels of A.
woodiana, AUD=adult mussels of U. douglasine, AAW=adult mussels of A.
woodiana, L-YAW and H-YAW=young mussels of A. woodiana at low and

high density, respectively
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3. #4849

A717F Hld 2xoiek BxAE A7 A3 e &F89 WIE
Aord 5 oxEld BF SS(F=5.197, P<0.0001), ¥X(F=19.228, P<0.0001), &
Zjo} (F=38.773, P<0.0001)5 oM <3 Wals moy sjFitel Aol

s

e

fr

Holz] &kt} (Fig. 5). W47t A2 & Hx/| MATLS 543 9=
A& 7§, SS(F=163.274, P<0.0001), E}E(F=23.132, P<0.0001), ¢=Yo
(F=75.554, P<0.0001) TolA< F3 ¥stE Boy, szt Zolo et #o
3+ zpol= HolA| FTh (Fig. 6). WHE, B3 27]9) BXAE M2 gE 2
T2 g A9, SS(F=39.495, P<0.002
(F=39.091, P<0.0001) o]¢jol= o} &2HF=10.921, P<0.002), <14+ (F=14.620,
P<0.001) oA FY& #stE Hon, 53] frYote} ofdt 52 1Y E
Aol Bok A wiEstAh (Fig. 7).
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Fig. 10. Effects of freshwater bivalve Anodonta woodiana and Unio
douglasize on the environmental parameters. YAW= young mussels of A.

woodiana, AUD= adult mussels of U. douglasiae
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Fig. 11. Effects of freshwater bivalve Anodonta woodiana with different
shell length on the environmental parameters. YAW= young mussels of

A.woodiana, AAW= adult mussels of A. woodiana
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Fig. 12. Effects of freshwater bivalve Anodonta woodiana with different
animal density on the environmental parameters. L-YAW and H-YAW=

young mussels of A. woodiana at low and high density, respectively.
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e 7] FEde MEAgem deA UAd(ames, 1987; Quigley et al.
1993; Yamamura and Koike, 1993; Gardner et al. 1995, Arnott et al. 1992;
Dame, 1996; Davis et al. 2000). ©]&1 gt IR Yo}l 1AHES] F7te O E A&
S o83 HEZHAME &3 BASEE dJ OS2 (Fukushima et al. 1999; 7
s , A%, 2005) 2A WFE AHEsH7] AhM e BAHE e AA
SAY 28D ¢ e Rl JiEEolor & Ao=w Algdn. Iy 4EY

& S7tebs AANtEA 2ol AdelM TN, TPe a7t EAF T
W7o 5 #dE Ao R AsHed, diies FToENEH AHE
225 A AZLE = d= o] dem, A A A3 sfFrt
1,790~2,849d A== d#HA U+ (Lewandowski and Stanczykowska, 1975;
Avolizi, 1976; McMahon, 1991). Z2i4 o]2j3 ZAyE =7} Bd A3
Me YEhgA fsten, 22 7 F WolX= iz dojrt g2 sfFolMd
ettt olgd 545 <l&s7] fAdiMe 7o =0 mE A4FH,
Holol & Aol wet wiEsH e e 2ol Eut oy wiEgE Jdd=
ol F A= AEo W SAA HEHO|F & ALo=w AlgEHH.

F9F AxAd wrl=AAE A A7l AT A5H 77l= A
AN 7ol FFe WAdo], HEEEE YN dFs 3 2% =
MY ool Bx/MEY wkon, &2 FUW o= dAdort #F2 AR
7FH w2 qaES UEEY dFE 94 did2ert &2 ARrt o w2

A7/t B g Aoletn AaH A
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Table 5. Summary of ANOVA on environmental quality, clearance rate,

production of feces and pseudo-feces and mortality of mussels stocked in

the continuous removal of organic matters study.

Variables  Unit Control FL-1 FL-2 F P
Tmp. °C 20.27+0.34 20.13+0.23 20.33+0.35 0.106 0.900
Cond. ps/cm 28.54+0.32 29.21+0.31 28.87+0.27 1.229 0.301
DO mg/L 9.84+0.39" 8.10+0.42" 8.43+0.41" 5.116 0.009
Turbidity ~NTU 32.17+0.83" 15.53+0.26° 18.79+0.51" 230.734  <0.0001
pH 8.44+0.06 8.39+0.05 8.38+0.06 0.355 0.703
Chl-a ng/L 34.32+4.12° 9.52+1.19" 14.37+1.89 23541 <0.0001
SS mg /L 11.35+0.58" 1.99+0.25° 3.84+0.36" 138226 <0.0001
NO2 ng/L 0.030.01° 0.11+0.01° 0.07+0.01" 18325  <0.0001
NO3 mg/L 0.06=0.01 0.11+0.02 0.08+0.01 2.393 0.102
NH3 ng/L 36.77+6.87" 306.09+16.31°¢ 2149941457  107.127  <0.0001
TN mg/L 1.9240.25 2.17+0.22 2.09+0.20 0.313 0.733
SRP ng/L 10.38+4.20 17.94+3.07 19.26+4.20 1543 0.224
TP ng/L 91.63+5.11 69.80+5.63 79.91+7.63 3.084 0.054
CR L mussel 'h! 3.30+1.03" 2.30+0.97" 76,782 <0.0001
PF g gld! 350.004216.97  1955.56+1238.79  216.67+125.05 1.759 0.183
Mortality - 1.22+0.56 3.22+1.28 4102 0.022

Control; lake water without mussels, FL-1 and FL-2; lake water with low

and high flow current. Tmp; temperature, Cond.; electric conductivity,

DO; dissolved oxygen, SS; suspended solids, Chl-a; chlorophyll-a, TN;

Total nitrogen; SRP, soluble reactive phosphorus, TP; total phosphorus.

CR; Clearance rates,

PF; production of feces -

and pseudo-feces.

Alphabets (a, b and c) are significant differences by ANOVA and
Tukey’s THD test.
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Fig. 13. Water temperatures (a) and light intensity (b) for 12 days in the
continuous removal of organic matters system. Control= the eutrophic
lake water tank without mussels, FL-1= low water current mussel tank,
FL-2= high water current mussel tank and 200 individuals of Anodonta

woodiana were added to each tank, respectively.
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Fig. 14. Daily variations of physicochemical parameters following the
mussel introduction with different velocity in the continuous removal of

organic matters system. FL-1= low water current mussel tank, FL-2= high

water current mussel tank
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Fig. 15. Daily variations of concentrations of nutrients following the
mussel introduction with different velocity in the continuous removal of

organic matters system. FL-1= low water current mussel tank, FL-2= high

water current mussel tank.
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H-2

Fig. 16. Chlorophyll-a and clearance rate (CR) of freshwater bivalve
Anodonta woodiana in the operation of Continuous removal of organic

matters system with different velocity. FL-1= low water current mussel

tank, FL-2= high water current mussel tank.
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Table 6. Clearance rates of freshwater bivalves according to the different
current and retention time.

Mussels Currint RT Shell length CR L
(Lh") (h) (cm) (L mussel h)
Anodonta woodiana 12 15 8.5£1.0 0.87+0.17
Anodonta woodiana 24 22.7 11.4+1.8 447+1.82
Anodonta woodiana 24 39 11.4+1.3 1.23+0.20
Unio douglasiae 24 3.9 6.8+0.6 0.55+0.18
Anodonta woodiana 24 20.8 10.6+1.9 3.30+1.03
Anodonta woodiana 48 104 10.6+1.9 2.30+0.97

RT; Retention time, CR; Clearance rates
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Table 7. Summary of ANOVA on water quality and clearance rates (CR)
(PFP) during the

using

and pseudo-feces and feces production of mussels

operation Continuous removal of organic matters a combined

freshwater bivalve

St : d :
1*Continuous removal of 2"Continuous removal of

Ermmeiers  Unt organic matters organic matters Jo P
No mussel Mussel No mussel Mussel
Temperature  C 5574021 a 590021 a 775£0.24 b 7824029 b 24266 0.0000
Conductivity  gscm™ AT5E174 a 240834261 a  256.08+153 b 260.00:214 b 34791  0.0000
DO mg L 895+0.11 a 869+0.12 a 9.94+0.31 b 976£024 b 8412 0.0002
pH 8.46+0.04 b 8.44+0.04 a 8.78+0.065 ¢ 879+006 a 16202  0.0000
Turbidity NTU 5.66£0.34 b 3.23£0.25 a 9.79+0.39 ¢ 3504040 a 75925  0-0000
Chl-a pg L 71974567 ¢ 35384450 b 7655:242 ¢ 17.73+286 a 54771 00000
SS mg L 14.64£075 ¢ 7.36£0.71 b 1800£077 d  396:026 a 96775 00000
NOs x pg L 31364125 a 29424130 a  3549:060 b 36.06:062 b 10381 00000
NOs x g 1L 229+0.03 a 2.300.03 a 2.60+0.12 b 249003 b 5364  0.0031
NH; x pg L 31944252 a  7163:626 b 5621:387 ab  15570+1628 ¢ 35496 00000
TN mg L 3.08£0.06 b 2.89+0.04 a 3.35£0.03 ¢ 3042003 b 23167  0-0000
SRP g L 3.860.33 b 415:0.38 b 1.7440.32 a 2254026 a 13321  0:0000
TP pg L 56413442 ¢ 38124294 b 3525:256 b 1839+185a 25464 00000
CRss L g'h? ) 0.06:0.01 a ) 011« 001 b 109548  0.0000
PFP mg ) 2540.00 a ) 340+ 0.05 b 193083  0.0000
7

1st Continuous removal of organic matters; The Continuous removal of

organic matters operation with combined bivalves (Unio douglasiae +

Anodonta  woodiana)

for

12 days

during 2/1 and 2/12,

and 2nd

Continuous removal of organic matters; The Continuous removal of

organic matters operation with mussels (added 30 individuals of mussels

into 1"Continuous removal of organic matters) for 14 days during 3/4
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and 3/17, respectively. Conductivity; electric conductivity, DO; dissolved
oxygen, Chl-a; chlorophyll-a, SS; suspended solids, TN;Total nitrogen,
SRP; soluble reactive phosphorus, TP; total phosphorus, CRss;clearance
rates based on SS concentrations, PFP; pseudo-and fecesproduction of
combined bivalves, Alphabets (a, b, ¢ and d) are significant differences

by ANOVA and Tukey’s THD test.
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Fig. 17. Continuous water temperatures (a) and light intensities at the 30
minute interval (b) during the 1st and 2nd operation of continuous
removal of organic matters using a combined freshwater bivalve (Unio

douglasiae + Anodonta woodiana)
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Fig. 18. Daily variations of physicochemical parameters during the 1st
and 2nd operation of continuous removal of organic matters using a

combined freshwater bivalve (Unio douglasiae + Anodonta woodiana)
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Fig. 19. Daily variations of concentrations of nutrients during the 1st and
2nd operation of Continuous removal of organic matters using a

combined freshwater bivalve (Unio douglasiae + Anodonta woodiana)

collected from the North Han-River, South Korea
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fo] 271 £9loz Qg WAE Zrl7} =28k THTable 2, Fig. 60).

{

o

_76_



Fig. 20. Daily variations of the concentrations of suspended solids (SS, a)
and chlorophyll-a (Chl-a, b) during the 1st and 2nd operation of
Continuous removal of organic matters, and clearance rates (CR) based
on the suspended solids (CRss) and chlorophyll-a(CRcna) and pseudo-
and feces production (PFP) of a combined freshwater bivalve (Unio

douglasiae + Anodonta woodiana)
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Fig 21. Response surface plot representing the effect of mussel’s length

and water current on removal of organic matter by freshwater mussels.
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Fig 22. Contour plots representing the effect of mussel's length and

water current on removal of organic matter by freshwater mussels.
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1993; Yamamura and Koike, 1993; Gardner et al. 1995, Arnott et al. 1992;
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Ao (Mclvor, 2004), 2) <4 HFo] AYAFHT 28] o F w2
C-Continuous removal of organic matters ¢ &l &3t s 42r8o] 7N & A
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