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Cyanobacterial Bioassay (AGP test) on the Water Fertility of Treated Wastewater Effluents Discharged
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Republic of Korea; 'Han River Environment Research Center, National Institute of Environmental Research,
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Abstract Euiam and Paldang Reservoirs have often been facing water quality problems, such as eutrophi-
cation, algal blooms and off-flavors by treated wastewater effluent (TWE) in the North-Han and the Han River
basins, but little is examined on the direct biological effect of TWE. This study tested algal growth potential
(AGP) of four TWEs discharged into Euiam and Paldang Reservoirs to evaluate water fertility in September
2014 and March and September 2015. Test alga was used Anabaena circinalis isolated from Paldang Reservoir.
Mean concentration of T-N and T-P in TWEs was 3,956.7 ugNL™" and 50.8 uyg PL™", and the proportion of
NOs-N and PO4-P to the total fraction was 72.1% and 40.8%, respectively. Both N and P were high in TWEs,
but much higher N than P concentration indicates strong P-limitation. As a consequence, the maximum AGP
was determined by PO4-P concentration (r=0.998, p<<0.01). Mean AGP value was 15.4 mgdw L™ among
four effluents indicating its eutrophic condition. Due to the establishment of tertiary (advanced T-P) treatment
method in the studied plants recently, P concentration was significantly decreased in TWEs compared to
the years prior to 2012. However, P concentration seems to be still high enough to cause eutrophication and
algal blooms. Therefore, wastewater treatment to P-free level needs to be considered if effluents are directly
discharged into the drinking water resources.
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2016,2017). ©ehA fF2 ST F71E AQdstal AF
o] ol o3 E7FusHA AL gloH, FHof vl
Ag =7 2 Bk ofyet A - HeHgE =
oAl thE | ApA ST D AFAITe] vl 2 A3
2Rl s F A=Al sfFEteh (Kim, 1995; Hwang et al.,
2016, 2017). o] 23k A|AHoA Fa F 10H0] &= Al
7158 SR RPLet 52 @A FA7HA] T A<
SABRA R o]ojA Il (Hwang et al., 2016), L2 <13k
S A Ardozn F2 AE] - AAE ¥ +F
g JETH oz ufstgh(Kim ef al., 2015). E3H
olF A & dadty] flste] ARE UEHE Bx
AL 7HAAL ThoFet =8 (o), @724 g, 2 /7B E
A, LEFTFA L FHAEA TS AEHCE HA g
S} (MOE, 2016), A|7to] Z 2t A 7FAIF Q1 7] o) & 3}
= A%, SEAE o] XY A df-g B YA 5
et AHgs sk Aot £ AAR oldd &
A (o], 257 HA - o]FHm LA - FEE FE)o F3
wotct &7] o2 HARR (pulsed-flows)2F A=Al E
D=3t 9h FF8AY A58 (MOE, 2016), A=A
ot 79 A9 S48ty 2 A3 ek 42l HES
At AL 29X F E HE S DAY

stHo] HE Fxste] FAE AT AxAY 42 F
o] ZAIBe} Q1T F T A A EA] o] &= WBIE ¢l
ek o FaFol Ford Wt opet A - 3 e A
o|A A9 BExEANS Bo|A Hr}(Shin et al., 2003b, 2016;
Jeong et al.,2014). T3, LA A= 99 23S b
T2 Haedof| 72t i, oF = YR Fit 5
o9& A=A 40| AAE| B = (Schindler, 1974;
Shin et al.,2003d), o]o]] et XRAYEHAL +A419] 24
FHE TAHCE 7t 5 e S =N F45)
A &85 4 UTH(USEPA, 1971; Shin et al., 2000). 2|
of f99 =AM 9 e oA 231 ZH2 sh=A
2ol A+t A4, T4 B A 1=3 g FXEG
o, A2 ARYE WRe $E7IE0] wobA ASA
o] AL A MR &t rhJeong er al.,2014). &
3], A S #47|E 35 BODE ¢ o} T4
o] glov, FEsd F71E8 #7] P-N9 L=+
7tgElo] mx@AdT ol FHu| WA o digt &7 - A H
EA+= 9L FZ5Qth(Shin et al., 2003a, 2016; Hwang
et al., 2016, 2017). A5=A]&] HPFst= A2 5183
e 202 Q8 Yehs A¥Ad e EN T}
e FLE Yl 9Tt =& A4S Fidshe Helol |
T} (OECD, 1982; Paerl, 1988; Thornton et al., 1990; Wetzel,
2001; Kalff, 2002). ¢-gvhetoll A =3 RJgs= FAR
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o, o] & 2HsH wof Fol= ALX (F+EH)= 7]
A RS 2 wet 350 g4t 27 2 AR
9] AH A (river-reservoir hybrid zone)ol| Al 272 A&
Fol| A F7kste @4 E AZAEIL Ut (Shin er al.,
2016). 3, % IY¥E s A5 E= 499 F

A s WS BEAAS 7HAAL §lo] o
I AZ 2 AEH 4L Yl
of g = a1, AP S ot Mgl
93| o|4 - A A=} uf$- w2k (Hwang ef al., 2016,
2017). £3], EAsHS 15 AAZQ Tt vEst
of £AE FFo] AR AHolglaL, ol & st
A AR AARADY F= stofl b A= A 35 2
Aol A=A frE FXEHIL ok (MOE, 2016).
a8y sk El49F CSOs (combined sewer overflows)2)
F oo gt Bebd) u2 &3 0) 2] Eaart.

7 FACNA T AR AR FHEAY 5=
o], & - otF e A E YA dEEe] ql,
53] AR Y 7|94 Agstee £718 A9 (o, 7
4] CSOs)taL A st 2 o At & &5
I ok aEa 8 sHH Y SHF Ueko] AfoA T
Aotz o - HeE BEE ol At At &4
7|ZAAdo] A8 glem (MOE, 2015), sk=A 247}
FEe AFY stRRE 2 A= 93] R
H eHeder ALk ot steA e B2 AYA
T AAE B A LAY 9 F SHHEA g A
o]n (Edmondson and Lehman, 1981), ZA R ¥ <3
O 2 theFet FokollA BA 9 tiAtol H e Bt ofyzt
=)

REEe B 1 S SoluA B2 =8 A6 s
t}(Edmondson and Lehman, 1981; Shin et al., 2000). 718
U 2o A9, 71EFE (e, BoD)e HPAE A
S HFS AT RS Fof gtom A% o
3] A% Fofl k. whebA] ke FelmEA e Al
A FEFGY AS 24 Yl A RES B
o Waks] ok & AHole o AN, B3] 2@ 2
A ge Aasel) A T4 2ol &S] 8

L o] we

Yo 2Ae 2 - shoty APEA] 9 b= ¢ 9
¥ AT AT vE W AEAE AT HBAH F
WS F3) Bl P71 4 AUTHUSEPA, 1971). ] F
A ZFAARAE S0 a7HE dFdd 44 5
=2 By5y A% EX 39 dHS GEe guos
W 4 ]S (water fertility) S B7HSHs 4% AE
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7 (bioassay) =7-°]T}(Sudo, 1980). 2F+= NI P& 4
Qo] ot ulgol o5 Foizl AN TR A
2 gelsp) el 23 Pl f88 HEst
th(Wetzel, 2001). B, 229} GFd o] BA A 2574
A BETE 2T HaFoz EXsh= Aol 93 2
JE = Liebig's H4& W&ol LAt Ut (USEPA,
1971). 283 $59 TS =277 A 7+
£ FHEN E2A5ts AR oflH, £3] A (P) Ha
(N)oll 213+ (affinity)o] wob Aol et T g3 et
2 24 2oz gst7] o2 AlFrmolA dojd 4 3l
T} (Wetzel, 2001). mr2bA =50 mokiles AE9 5=
AW ARMdE B7Hhe AL tha BE3 Hol glA gt
FAEA Tt 2/A =F2]
2RATAAY SAT e BEAFHE FPst= Aol
2ot a9 Y 4= QI Miller et al., 1974).

A 2RE o83 3 BEFL 192790 Schreiber
7},193300] Stormo] 22 )42} Hae] 2o A g3
Aol z7] @A7-0] 1 (Lhotsky and Marvan, 1988), A+
259 NPERO 5 W EL WMol Yuolglct
(Shin et al.,2001; APHA, 2012). o] Fo A 2FAAAZLAH
(algal growth potential, AGP) 42 A|PZxHE o|&3l+=
AL 2R 1966 9] Skulberg, W.E.£} Oswald and Golueke
7b 29918 S Ao FAYEHE Fofshs b A A
45213 (Lehmusluoto, 1978), 1970t Z\HEE n]=
BHEEY (EPA)S THELE +EL Yy} FYUdS} &4
2 2517 918l = WA AEEC0 (USEPA, 1971
Maloney et al., 1973; Miller et al., 1974, 1978; Lehmusluoto,
1978), 2 A2 A 1971 9] Algal Assay Procedure: Bot-
tle Test (AAP-BT)&} 19784 ¢f| Algal Assay Bottle Test2]
protocol©] THEo]F th(USEPA, 1971; Miller et al., 1978).

A7 -2 U2 (Appendix 2)E E @8t v]= (Miller
and Maloney, 1971; Wang et al., 1973; Maqgsood, 1974;
Miller et al., 1974; Greene et al., 1975; Shoaf, 1978; Smith
et al., 1979; Raschke and Schultz, 1987; Schultz et al., 1994;
Cassidy, 2011; Obispo, 2014), 7§}t (Couillard and Li,
1993), Wl A] & (Lopez and Davalos-Lind, 1998; Abeja-Pineda
et al.,2015), £ (Sudo, 1980), 299l (Forsberg et al., 1975;
Wilander and Persson, 2001), =2 9| 0] (Faafeng et al., 1994),
Yd 2= (Bolier, 1985; Klapwijk et al., 1989), A ZZ3
= (Lukavsky et al., 1979; Lukavsky, 1992; Kviderova and
Elster, 2013) @ @ ~EH U 2|o}(Stauber, 1995) 5 A4l z
Fol 4 Pe) o3k Glek. oS 24 R AL Rt
EUHP, FLE o8 A3, 4F 2o gt
A 2 A2EA &8 5 952 HeS 9 )tk
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dutzi o2 AGP AEAAL  (Miller and Maloney,
1971; Gakstatter et al., 1978) T+ v 2 %9 (Couillard
and Li, 1993)9] g8 H|E3lo] £A¢] H|LX (Miller et
al., 1974; Kotai et al., 1978), A3+ %< (Goldman, 1978),
2 - H AHPas 9 $55 54 B7hH(Forsberg et al.,
1978; Wang, 1982; Obispo, 2014) & T3t Ao &
450 O g 847 7Y AFAPE &t} (Raschke and
Schultz, 1987; Lhotsky and Marvan, 1988). &3], 3} 1}
A =20l ot sk Ela=9] Y8k (USEPA, 1971; Miller er
al., 1975; Greene et al., 1975, 1977)3} 3l-A 8] 3 (Mil-
ler and Maloney, 1971)& #&stal 245t o #-82 &
g ohujzh Qubael SAR A us) 2] S B
7}(Raschke and Schultz, 1987)0] 21329l a9} 1 7|4
E7b 3 @ 4 Qi

U= 19909 28HEE AT A4AE ez
AGP H|2E7} A &2 02 o|F0%] 241 (Appendix 2),
A7 d5H7tet dFE AT Jung, 1991; Wui ez al.,
1991; Park et al., 1992, 2007, 2015; Joo et al., 1994, 2000;
Chung et al., 1996; Oh et al., 1998; Shin and Cho, 1999,
2000b; Kim, 2002; Shin er al., 2003b, 2003c, 2003e; Shin
and Hwang, 2003; Kwon, 2004; Hwang et al., 2006; Kwon
et al., 2006; K-water, 2007; Kim et al., 2007; Jeong et al.,
2008; KRC, 2009; Long, 2010), E]Z% P A1 (Shin and
Cho, 2001) 2 3}~ 93 (Shin and Cho, 2000a; Shin et al.,
2001; Seo et al., 2003; Chang et al., 2011; Joo et al., 2016)
< Bl F2 Z8Hth a2a Ak el &
F(5Hd, 7 2 AeADet AR BH oz ARgstar Qlot
(Kwon et al.,2002; Lee, 2003).
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A AR Folet Aol Z
E(13x14.5m)o] X = it &
7+7} 7,709 km* (B3742] 31.7%), 15.5km® 0] 31, Zo|9} =

7P (Fig. 1). A

Mt - 0148 - 28| - BAHE - 222 - Mol - FaE - Ay
24'~E129°02)° AT =7kt =M wete] sH F A 2/ AFE (e AT WRaeeli, 1 9f 7]
oM FRA] 7P AL (4944km), FEAT 3ol S ALl R AR vl o] FA] ¢F2 FA
YDA RO o FOATHMOLIT, 2012). o] Fofl At FAAAM TSk shes A & viEshe &4
A B2 AR A ERe ARl A&H  skeA A ¥RV 2RE T (Fig. D).
= 709 e (B, S, SAE, 28, o Toe= - 5 A9 st fAAE len,
o AT % FEH)o] A F2(E7AE 803kmE HEH(AZE 378Gw) HH LR 19739 12¢f & A4 (7
A Featdel weh fFo] AfHoR 2HHE V= dd - EEFFH) F o —‘é SFE Eest] 244 dF
£79& 283 vk (Hwang er al., 2016, 2017). Fo|th(Fig. 1). WS 37 S AZLEFR)o|A oF 345
Az = 5 AL ARl AR der, 19679 km AFAH, ‘a‘f‘z%ﬂr% ol gste FEmE (371
LA (& 45000kw, A7F 161 Gwh)e] B 54 = o FAH FehRFE 3T oF Tkm 2ol 9
2 9s A4 3dE 24) 35t 2A4dE d3Tol A7 ZAE FHA FA 502N, A wole Aol
Oh(Fig. . ¥ 5373 279 24T 2977 E7-l 22 29m, 575mo] L, 15709] & (20.0 (W) X 16.75 (H)
A oF 10km 3hfof PRt Z23HE FHA FA Fo2 m)o] HAHO AUtk 79 A AR WAL ZH2 23.800

ZkzF 23 m, 273 mo| 1L, 147]¢] &=
A3} ApA WL
27+ km (B8] 35%), 5SkmEH E-Ly mokof
2 8.0x 10" m’o|aL, B AFA

2 OF 479 (247 69~7TY)EN AFAQ 1T A
x| o]t} (Hwang et al.,2017). F8& §ULL 245 (B3
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Fig. 1. Map showing the sampling stations of major wastewater treatment plant (WWTP) located in the North-Han River, the Gyeongan
Stream and Paldang Reservoir basin. CHC: Chuncheon, HWD:

Hwado, BUW: Bunwon, GYA: Gyeongan wastewater treatment

plant, EAD: Euiam Reservoir dam, PDD: Paldang Reservoir dam.
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Table 1. Comparison of facility capacity and major features of wastewater treatment plant (WWTP) located in the North-Han River, the
Gyeongan Stream and Paldang Reservoir. Data were collected from Annual Report of National Wastewater Statistics 2014 (MOE,

2015).

Items/WWTP Chuncheon (CHC)

Hwado (HWD) Bunwon (BUW) Gyeongan (GYA)

Discharging area Euiam Reservoir

Treatment capacity (10°m*d™") 150.0
- Advanced treatment 150.0
- Biological treatment -
- T-P treatment (operation date) 150.0
(May, 2012)

BSTS-II (Media)
Chemicals + COA + SED

Treatment method

P-treatment method

(Sedimentation)
- Coagulation chemicals PAC 17%
- Chemical concentration (mg L™ 264
Population within unit treatment area 240.3
(103 person)
Construction (Year) January, 1990

Facility upgrade (Year) -

Mukhyeon Stream Gyeongan Stream

(North-Han River)

Paldang Reservoir

43.0 19 40.0
43.0 1.7 40.0
- 0.2 -

430 1.9 40.0

(September, 2011) (March, 2012) (November, 2011)
DNR (A20) ICEAS-Aeration (SBR) PID
MSEF (Filtration) SME (Filtration) FPF (Filtration)

Alum PAC 10% +NaOH PAC 17%
52.7(47.0~58.3) 56.9 60.1

101.5 3.7 118.2

August, 1993
2005

November, 1992
2002

February, 2002
2007

BSTS: biomecca sewage and wastewater treatment system, DNR: Daewoo nutrient removal, A20: anaerobic/anoxic/aerobic, ICEAS: intermittent cycle
extended aeration system, SBR: sequencing batch reactor, PID: phased isolation ditch, COA: coagulation, SED: sedimentation, MSF: miracle sand filter, SMF:

superior membrane system, FPF: fiber phased filter.

T 78 ARt ‘ilt‘r(MOLIT 2012) ki
TF3o| 7IHAUA ZA S AP} 2t 7
oz F AR Bls et eHYol 1Y
] dHAsh= ot E
F7F £7 Ee ARl 24
2007; MOE, 2015).

A dFel EHste
0w BRE e
A (A7 e GFF, EAA st A AF 3km, 43.0 %
10°m*d™"), BEQeEA YA (A7 = B3, 19%10°m’d™)
4 AestrA g (7= FF, A sholA AR
km,400x10°m*d )] HFsE TG HF Fddct
(Table 1) (Fig. 1). ©]& AL n=A2E 7|Ro= 3
R, 20119 9¥~2012 59 Apololl FAAE F71s5t
o &9 S dom, AR U (XA, sshekE 9 HE
FE 5)2 tha Zol7t LT (Table 1).

Sbook rlo dm M

of

A F WEahe Ao

& o} Y25k QlTh(HREO,

oA

A (FEE &4, 150.0 x
N4 457, s

=

NEES

2014 99,2015 3¢ 2 20159 99 Qa5 o} o+
FEE FYEE AR Wil g 2FAZFEA

g5 HAES] 8 33 A 9 Aotk 2ARAE
< -8t A % (CHO), 3H=st4A 2% (HWD), £
S22 (BUW) 2 A etst=A 217 (GYA) Y] 470 A3
(Table 1)¥}, 9|¢Fd (EAD)T T (PDD) A9 24E
AAste] & 67) A Ho|tt (Fig. 1). 2AEAL 3t A
=& 7 A9 WRTolH A4t CHC, HWD @
GYA+= =R 2 FI3193, BUW, EAD ¥ PDD+= A& Al
oS o] galgitt. A4t ARE ofo]subao] Top
& 3 A olgstel 1247 olfe] APAZ SAT
= AA e T BA59THAPHA, 2012).

T-N (total mtrogen)J—]- T-P (total phosphorus)= H4+E
O 2 ARSI A, Ammonium (NHy), Nitrate (NO3) 2
Soluble reactive phosphorus (SRP, PO4)&] 7] | ¥zt
DTN (dissolved total nitrogen), DTP (dissolved total phos-
phorus)®] £4& $J3%F A|ZF+= Whatman GF/F filter (What-
man, UK)Z o #}3t & A2-5} 3 oF (Rump and Krist, 1988;
APHA, 2012). Chl-a 5=+ A]ZE Whatman GF/FZ &
I3t & 90% Aceton S E FHY MaE FE5H 4
3 U= groa AAstAtHAPHA, 2012).

3. Algal growth potential &

ZFAAZAE (algal growth potential, AGP) 32 9]
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‘ H‘ TW and RW samples ‘
a l
if ¢

| Algal cells (residuals) |

- Filtration by dual filter (GF/F+membrane(0.45 um))

‘ Filtered water

Wi - Obtain single cell of A. circinalis and multiply
V)V EVEY - Pre-cultivate in the BG-11 media

: - Phosphorus starvation during 2-3 days
= :L

o/ 77 [ ) |P-starved algae
(°l ] 4 A =

L‘L - Inoculation of 1,000 cells mL™ to triple culture media
Manipulator for single cell isolation £

‘ Culture media from filtered water ‘

“TTITT" - Continuous illumination, 60-80 umol m?s™
1 - Keeping 25°C controlled temperature
é - Auto-shaking by 100-110 rpm
- Cultivation during 7 days

| Cultivation

- Gravimetrical measurement
- Analytical method by the counts of viable cells or
absorbance by spectrophotometer, etc

Algal growth potential (mg dw L'1)

A: arragement of microscope, injection pipette and instrument tube,
B: micromanipulator, C: joystick, and D: carrier gas tank

Fig. 2. Schematic diagram illustrated the procedure of algal growth
potential (AGP) test. Anabaena circinalis was collected in
Paldang Reservoir and used as the test alga. TW: treated
wastewater, RW: reservoir water.

Aot IS A EA~FAF H2EAFY HIF
o7 & AHA FRF Anabaena circinaliss NIZRFZE
Q.

ARSI TE A. circinalis= 2012 899 BE S A B2
Ay Al7]o 2AE AHAste] FeFE R (Axiostarplus,
ZEISS, Germany) X 2004 ¥i-& 3}o| A SA|EZE manipu-
lator2 2|54 32, BG-11 media (Watanabe, 1996)0] 4 &
Hlj ¥} T (Fig. 2). Membrane filter (0.45 um, Millipore)
2 o3t A YA AIFAIE 50 mLof| P-starvationA] 7] A.
circinaliss 2% mL% 1,000 cells®] H=E HE3}ct
(APHA, 2012). v} == 25T 9] e SR8t
2 60~80 umol m s 2K A& 2AIEFCH, 100~110
rpmO 2 WHEAF o} (Fig. 2) (Claesson and Forsberg, 1978).
WS 3R o R Sla, FHFT AEe 78 S S
& Az FF(mgdw L) 2H AGPELE AHstglth
(Shin, 1998). =3 A7 9] A|F7HA QL o] £A4L 9|3
ANOVAY] AL B (post-hoc Tukey’s HSD analysis)=
o]-gstglom, QI A #EA2 Spearman’s Rank &4
Hog +shyet. A7 9] SA A2l SYSTAT® 8.0 574
ZZ I (SPSS, 1998)% o]&3tg e, 4242 p<0.05
2 gelstgnt.

A7 Y o
1. 8leR2lE YR2 N-P SLEH 22

st o] gk T-NO ®9¢ B4 5=+ 47
940.0~7,170.0 ug N L™, 3,956.7 ug N L™' 0] gl t} (Fig. 3,
Table 2). T-N ¥ =7} A Z27HE 02 2000 ugNL 'S %3}
gt A& 20149~20159 9¥ol| FY3HA CHC, HWD ¥
GYAQ] 3 3o]%laL, 20159 3¥2 & Aol FFsta e
o, ojuj EAD2} PDDXE 2H2} 2,140.0 ugNL™, 2,190.0 ug
NL'24 ZF=ch(p<0.01) (Fig. 3). 281 CHCE 3
o] =2 & BEou HWDS GYA+= 9499l &34t
CHC7} 3¥0] =39 A2 NH.9 F=7F £817] wiio]
Ao (p<0.05), o] Al71= ZAF7|EN FESHE /5
o] BIeFslgth(Hwang ef al., 2016, 2017). 12|12 HWD2}
GYA7} 9€0f &9kd A2 NOs #4t ofyet 824572
2~ (DON, dissolved organic nitrogen)&] H]E&o] 7] W&
O] (p<0.01), E&7] Zutel gt FaFo] HH AR
= 4 Y Jth(Hwang et al., 2016). NH42] H et B3k
2}z 274~1941.5ug N L™, 383.6 ug N L' 0] 91t} (Fig. 3,
Table 2). ©] % 3 2 2015¢ 3¥€o) CHCOlA B2 E
23, 2015 3¥ol CHC, HWD®} 9ol CHCE A 95}
31 500 pgNL™ ©]3He Yetdich NHae kA3 7t
I3t ol 7t 1Tk (p>0.05).

NOs9| ¥ 99} B H== 22} 400.0~5.6300 ugNL™,
2.850.8 ug N L™'0] %1tk (Fig. 3, Table 2). NOs= T-N9| o
ik QAL (r=0.934, p<0.01), 2000 g NL'E 4
of A Al71e A - F 83 WAESGIT 201349 9o
HWD, GYA, 20159 3¥9] CHC, HWD, BUW,GYA ¥ 9
ol CHC, HWD, GYA”7} 22+ allg-8} 9tk (Fig. 3). NO»<)
W olo} Bz 2+ 0.0~2000 ugNL™, 892 ugNL™'0] ¢l
31 (Fig. 3, Table 2), Al Z7A o2 AA 7} 200 ug N L™ 0]
st2 Bxshgla, Al 378 Q Aol Fo5kA] &
XTH(p>0.05). T-N % DIN, NH4, NO3 ¥ NO»7} 2HA|81=
H) &2 7}7} 84.0%,9.7%, 72.1% 2 2.3%°] Q3L (Table 2),
o] & AT F714d N &2 16.0%5 XA

T-Po] H)¢} Hit =L 22 31.8~709 ugPL™,50.8
ug PL™'0]§1t} (Fig. 4, Table 2). CHC:= 3¥€0] H|2 ] =2
e Bl Widof 9ol Wk, & X (HWD, BUW,
GYA)EZ 9490l &7 H &oF 29 AitH= B¢ o
EPTh T-P= T-N (r=0.516, p<0.05), DIN (r=0.471,p<
0.05)7} o] A#/d-e Bt SRPO MYt g Z+
7+ 1.7~50.8 ugPL™", 20.7 ug PL™' 0] Q1 T} (Fig. 4, Table 2).
A2 SRPO| A7t F3 s T-pet B do] #
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Fig. 3. Spatial and temporal distribution of total nitrogen, Ammonium, nitrate and nitrite concentration contained in treated wastewater
effluents inflow into the North-Han River, the Gyeongan Stream and Paldang Reservoir. See Fig. 1 for abbreviations.

I(r=0.953,p<0.01), T-P2 40.8%= A5}t 182
stpA ol Aart 25 0 A FE7F FAO %L
U, BUWE 332 2este ¢ w=1t =34tk (Fig. 4).

2. 5l&x2|e2 AGP &4

Y2F A circinalisE ©]43%t steA gl AEHAA 2
o A, AGP 7t HHet Hgh2 22t 10.3~22.0 mg
dwL™, 154 mgdw L™'0] ¢t} (Fig. 5, Table 2). 3}4=4] 2
FE AFTHHORE A PN EFF £ 10 mgdw
L' (Sudo, 1980y Z#3tg 1, 7ok Ae >20 mg dw
L™ (Miller ez al., 1974)2 2<l AL 20159 9o HWD
oA §U3FT(Fig. 5). AGP= T-N (r=0.651, p<0.01),
DIN (r=0.604, p<0.01), NOs (r=0.546, p<0.05), T-P (r=
0.947, p<0.01) 2 SRP (r=0.998, p<0.01)&} ¥ Azt
AL UEPATE Wui ef al. (1991} A4A] §99] 319
A AGP= 24 F¥AT =2 Aol %L, 53] PY
F=ol| o3f o FAe] 2RFHT AT Chl-a
SEE AL <05mgmTolgl oy 9z Ho|
A Hdgo] 133 mgm 7 24 268 Eol tuH|Egen, 4
Aoz 398t 90Yo]| 134mgm 22X © E=9kth(Fig.

5). Bt o, sl el AGPE 9 US (EAD)SF 2%
(PDD)°l| B3| zHzk 8.9u), 7.84H = £OkA] (Table 2), &
Z A0 gt 2 FFAe] TFHeEN 71T 5 3l
L ZAA ol et Chl-a= N-P AL 94 (p<
0.05)3 AGP (p<0.01)°] Hi3l &< A4S Bge,
o|AL A oA FFE FFo] wl E2 v
Chl-a7} W9k7] wjEo|i, s Eo J¥ho] oY
of o] B FatE A 2FH7F FY o8 M ¥
o] FRAHLZ A3 AEF F7IE ool 5 e 7Hs
Aol 7] g&o] .

Eul

N

3.N-P U HISZ2 AGP2| && 2|

st 2ot WA FA| g0 A AGPLE N A E (T-N, NHa,
NO;) & P A E (T-P, SRP) S A1 HAE vetd A
2 Fig. 63} Zth AGPY] #to] <5mgdwl™ = >10
mgdw L7'olA gid= et @ 959} sleA4e] 2
Z P2 A v n 9t E3H N AELS AGP7F 245
FEE w27t QA BAE ] S (Fig. 69 (b)),
1 ghol AE4E AR a4 BX () EUd
(r=0.546~0.650, p<0.05). ¥tH |, P A€ AGP7} &
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Fig. 4. Spatial and temporal distribution of total phosphorus and
soluble reactive phosphorus (SRP) concentration contained
in treated wastewater effluents inflow into the North-Han
River, the Gyeongan Stream and Paldang Reservoir. See
Fig. 1 for abbreviations.

5 TP #3271 Wil (o), I gtol 25 F2 "ol
A AL AXAA (r=0.947~0.980, p<0 01)2§ z7}slgch
(d). N AgoA FEA FHE B A2 NAE 5 =257
7 AR o8& £ A= Fol thFshaL (Wetzel, 2001), T-N
o Al NHs&} NOs7F A A 8h= H| &S A3 - o &2 Jejst
7] wj2of ol gt FgFol E}i A Agsh= Aol
™ (Shin et al., 2003b), P A|¥& SRPY| W F5ol8 ¢

Ao o5 B e EAo] ulgE o B &
9131ch(Shin e al., 2000). £3] 2 @Yo 2HE §51A ¢

7b oha de] "ol | REoA= NET P7F 5% 4
B o] 132 (Shin et al., 2016), 2FF2 9| 2|3t Chl-a =7}
AA T-P 5 771 &9 ol F7H =4 (Hwang
et al.,2016,2017) 1 Z}to]of &) BAF A=7} HE AC
2 AR E ot 223 kA et @A g R| o) A
TN/TP = DIN/SRP H]= Z}2} 17 (Forsberg and Ryding,
1980)Z} 20 (Porcella and Bishop, 1975)& Ar3]sle] NEC}
P AZHdo] H& e AlASE S (p<0.05), N ZF2
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Fig. 5. Spatial and temporal distribution of algal growth potential
(AGP) on the treated wastewater effluents inflow into the
North-Han River, the Gyeongan Stream and Paldang Reser-
voir. See Fig. 1 for abbreviations.
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BREA ol mebd SxExa dud o
shal7] PaNE Polel 28 TF a3l
Aok 570 olo] tjgt Azt elo] B WasiA

4. 318 RAXO| SOkt W X SANY Ci3t
sharial 4ol o

ojgtzet BBl Yabuel We AYse] T A

AYAQ FAY A4 o] I} (Hwang ef al., 2016,
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2017). webA & ngkso] AtiA oz wens RYggst
oF ZxEAL AL A EAEA &g Aol I
27|39 d&sta o, sHe 71 A+ AelA Vs
H o]zt 7Hd A W8S Qs FF3 oA YulE =2
A = #7F A8l 1 o= 2/ g 4 o3} E=
1 FFo] G AlZber #ul op et WA HQlS wddt=
H = PestA| Fek7] wiZoltk(Byun er al., 2015).
19919~20161 F2toll 2juvtet A=& o2 AGP
APATE Hgt Aat & 6570 (23HA 1971, 7 207, A
FA 2370 (FDE 170) B st 370) A HolA =ik
(Appendix 2). &28F3, 7, A4=A] 9 3120 AGP B3k
(AL 2+7F 97 7mgdw L™ (0.3~462.5), 118 8 mgdw L™
(2.0~849.0), 189 mg dw L™ (0.6~138.4) (5 Y& 2.8 mg
dwL™) @ 369.1 mgdwL™" (57.0~977.9)°%it}. 1 Ax}
E A2HEE vud o, sk > 7> 250 > A4
A o2 Aok o] FHstglen, oF d &4
o 2Ry FFFd nX= REF3 A2 27A4%
Feardes AAT & st 283 8= AGP 72
o] FHH B AHEH o3t Zo] g9rd 4= 93l
t}. 3k mA PR Aot HeoA Zpol7h A=)
(Appendix 2), O| AL £ FHA T A - FoA BHRE=
Aol ¢l e (Shin ef al., 2001), A& 404 PY H=7}
o ol AGP7} ZIith A} 45t S CHYUCZHE F
7H& A7} HolA4E AGP7} A4St 8| Chl-a:
2 2oz Zylsle ATE Yehy ok (Shin, 1998; Shin
and Cho, 1999, 2000b; Seo et al., 2003; Shin et al., 2003c;
Shin and Hwang, 2003). |9} 2] A¢X|= AFFELY )
FHFAH A 7PHESE AGPEE Chl-a7t SAlo &01A]
= oFAlo] gl 2w (Shin et al., 2003b; Hwang et al., 2016,

S
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Fig. 8. Comparison of mean total nitrogen and total phosphorus
concentration for each water system including 65 treated
wastewater effluents in Han River basin from 2011 to 2014.
Error bars are standard deviation. SHR, South-Han River
(n=27); NHR, North-Han River (n=5); EUA, Euiam
Reservoir (n=4); CHP, Cheongpyeong Reservoir (n=7);
GYA, Gyeongan Stream (n=11); PAD, Paldang Reservoir
(n=11). Data are collected from ‘Annual Report of Nation-
al Wastewater Statistics 2012~2015’ published by Ministry
of Environment (MOE), Republic of Korea.

2017), o] AL FA Y] 23 (4, FAFH) E= HFE2E
(o, =282 EA4 OE 9 f540] ATE7 W&
o]tk (Hwang et al., 2016, 2017; Shin et al., 2016).

2011 8~2014d0] 2 At 4 steA 2 FRe
A T-NZ T-P 529 & W5 Uehd 22 Fig. 72 Zth.
T-N9| 9= 5982.0~12,3550 ugNL™'o| 1, BAghe
90649 ugNL'2X 0|2 7|&F0 82 £Z Z7HS vHESIg
o A= Aoz ZA] Ykt tE ol Hlal 20134
151% A= %o & Zol= oty lon, 2012 9l=
St Hdt FE7F WS By opye HxE &
Qkch. vl TP W= 40.0~8000 pgP L™, B
2129 ugPL7'2X4 A= WHE Zo] uj$ Fich(Fig. 7). %
FHoE B uf, 20118~2012'd Ato]o] & Z o7 HoH
I, o] % 2014 7HA] $akshA| hAaskglct. o]eh o] T-P
7} 533 AL skeA oA @A) A85ka gl F<
a=Ao gt ATEH 70.7% AL, 2011d T
201498 v|we o) 87.5%7F AZE AT wEkA 20129
ojdell= T-NI} T-P7} S UsHA Le=E2 =& @s A
stg o 1 o] F o= T-PYt F5ke FH 2 HetE i

7 $A(FFE, Jdd-2dd 775 90.6%x10° m’d ™)
oA £ Qg3 (159%x10*'m’d™"), ¥EZ (2.8x10* m’
dh, Ba73(58x10'm’d™"), $eb44.5%x10*m*d™"), &
FH (182x10'm’d™H) ¥ FFF(35x10°m’d")HS L&
sto] 6570 steA 2] WREF TN 2 T-P A & Hlw
gt 212 Fig. 87+ Zth. T-N2 3% 3 (CHP)¢} 293 (EUA)
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oA FFgkol 10,000 ugNL™' o]ARS Yebar, I 9=
8000 ugNL™'E Z¥}ste] ofo FReHS o

Al g2 SE0I9I, AU (GYA) #9 WiE=E
AL <S0ugPL'2H @2 r& BT o4k 2
ol A A BlEf P AXE AHZE & 4 YRS UN
2 A3 =L £F2S §A5L 9o Jeong et al., 2014)
S48H4 SH|A o] Hlashs F3F B7H7F Qlojof &
Ao AtgHT
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ALA (@, gz 9 IF3T) 99 8 29 F 5
FAT e 4 T JFHS A5 T = e
AP F83] Y ¢l o2 F (Wang and Wang, 2009;
Hwang et al., 2016, 2017), ©]of tjst ET-9] tjo] T g
T Aoz HoR|w, 53] FUA Y Ao & 5 9l
%ol P7} 278 2747 ddlo] HEotd Aol &
A WREE skeA e WEL P-free TE7HA] EEA]Y)

£ 3 Aore sa vt

q 2

T ol oJtEet THTE A4 (90.6% 10° m’
dHE B3 F9Fst 523 € o9 SARAS
S Z 1 Qe EHQ] oo ofof gt A
=58 AR ARSHAT £ A= 20149 99, 2015
9 39 9 9¥e] Azol IIFe FAEE 471 A
g9 4 v &g uopsly] 9 2RAAGIAES
HAES T A AR FE A4 A 2 viket
Z3F Anabaena circinalisE ©|83}th. stA gl 5ol A
T-NZ T-P9] B 5Tt 747} 39567 ugNL™, 50.8 ug
PL'0|9l3L, o] FollA NOs2t PO.9] ¥&-2 Z+7F 72.1%,
40.8%5 At steA LA NI} P 527 &
Ao E%eu, No| oS F535te P AlgHdo] ZFstsitt.

‘

AGP9| B2 154 mgdw L' 24 A st 2|50
A RIF e BFE =E019aL, 53] PO Foll 93]

o] AR EUcHr=0.998,p<0.01). 7}
A 012¢ o]F)e] & P F=7F Wi AZENE 1
olf= T 59 g FAAF S| YRt 1
U o A3] steA oA Pe Tt 2obA A4de 749
G}t m2@ALS oF7IskE H JAT X7} itk o
kA P7F 2FEAY O] 234 dlolztar i d, Aol
AN WREE steAZeE P-free E7HA] AYdt= A

Azpgo] Wat Ao B}

Al Al

B AT B4R dAsAne oY 847|224
A @AE: A 5287 9 AEzhel o8
A H9e.
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Appendix 1. Correlation coefficient between water quality factors tested by Spearman’s Rank Correlation. Statistical values were computed
among mean of six stations (CHC, HWD, BUW, GYA, EAD and PDD).

Variables T-N DIN NH,4 NOs NO2 T-P SRP CHL AGP TNP DNP
T-N 1.000
DIN 961%+* 1.00 :
NH4 467 S519* 1.000 :
NO; 9345 977%* A47 1.000
NO» —.161 —.172 318 —.324 1.000 :
T-P S516% ATT* 050 426 066 1.000 :
SRP 653 600%* .195 S44% 054 953%% 1.000
CHL — .545% — .581* — 422 — 543% 236 —.559% — .675%* 1.000
AGP 651%* 6047%* 197 546% 054 O47H* 998**  — 67T** 1.000
TNP 426 449 092 S01%  —.442  — 348 — 226 069 - 216 1.000
DNP - 018 046 —.067 .108 —.229 —.569% —.558% S18%* —.556%* J742%% 1,000

*p<0.05, **p<0.01. T-N, total nitrogen; NH4, ammonium; NOs, nitrate; NO2, nitrite; T-P, total phosphorus; SRP, soluble reactive phosphorus; CHL,
chlorophyll-a; AGP, algal growth potential; TNP, total nitrogen/total phosphorus ratio; DNP, dissolved inorganic nitrogen/phosphorus ratio.
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Appendix 2. Comparison of water fertility by algal growth potential (AGP) test on various samples of streams, rivers, reservoirs and waste-
water distributed in the four large rivers basin, Korea from 1991 to 2016.

AGP Limiting Pre-treatment

Sample localities (mgdwL™) nutrient Test algae method References or remarks
Streams and Rivers (n =39) (19 streams, 20 rivers)
Gyeongan Stream 379 P SEC A Park et al.(1992)
Gwangju Stream 0.3~317.9 P SEC F Joo et al.(1994)
0.4~339.5 P SEC A Joo et al.(1994)
Gap Stream 262.3 P MIA F Shin and Cho (2000b)
Seokseong Stream 2754 P MIA F Shin and Cho (2000b)
Miho Stream 50.3 P MIA F Shin and Cho (2000b)
Nonsan Stream 239 P MIA F Shin and Cho (2000b)
Seohwa Stream 0.0~16.7 P MIA F Shin et al.(2003b)
Geumchon Stream 00~74 P MIA F Shin et al.(2003b)
23 P COR, OSA F Kim et al.(2005)
Geumgu Stream 0.0~25.6 P MIA F Shin et al. (2003b)
Okcheon Stream 0.0~195.7 P MIA F Shin et al. (2003b)
91.3 P COR, OSA F Kim et al.(2005)
Hwangguji Stream 143.9~462.5 P MIA F Shin and Hwang (2003)
Osan-Jinwi Streams 2.4~74.1 P MIA F Shin and Hwang (2003)
Seojeong Stream 1354~188.4 P MIA F Shin and Hwang (2003)
Anseong Stream 18.6~27.1 P MIA F Shin and Hwang (2003)
Seonghwan Stream 16.0~108.1 P MIA F Shin and Hwang (2003)
Shihwa Reservoir basin 0.0~145.0 P MIA F Shin et al.(2003¢)
North-Han River 13.7 P SEC A Park et al.(1992)
South-Han River 12.0 P SEC A Park et al.(1992)
11.6~56.7 P SEC A Kim (2002)
Seomjin River 4.0~8.0 P SEC A Chung et al.(1996)
Nakdong River 6.3~271.3 P SEC F Shin and Cho (1999)
0.0~640.6 P MIA F Shin and Cho (1999)
20.5~72.6 P ANF F Seo et al.(2003)
4.0~24.6 P STE F Kwon (2004); Kwon et al.(2006)
34~23.1 P MIA F Hwang et al.(2006)
Geumbho River 148.4~302.9 P SEC F Shin and Cho (1999)
275.3~849.0 P MIA F Shin and Cho (1999)
66.5~103.7 P ANF F Seo et al.(2003)
57.0~1794 P STE F Kwon (2004); Kwon et al.(2006)
Seonakdong River 6.3~1924 P SEC F Shin and Cho (1999)
5.6~434.3 P MIA F Shin and Cho (1999)
129.1 P ANF F Seo et al.(2003)
Geum River <2.0~752 P MIA F Shin and Cho (2000b)
Nam River 0.0~252.0 P MIA F Shin et al.(2003c)
3.8~122 P ANF F Seo et al.(2003)
Miryang River 249 P ANF F Seo et al.(2003)
Reservoirs (n=23)
Juam Reservoir <10 P SEC F Waui et al. (1991)
Sangsa Reservoir <10 P SEC F Waui et al. (1991)
Chungju Reservoir 3.7 P SEC A Park et al.(1992)
Daecheong Reservoir 320 P SEC A Park et al.(1992)
- Por EDTA MIA F K-water (1997)
11.25 P(N or TE) MIA F Oh et al.(1998)
Daecheong Reservoir (sediment porewater) 2.6~824 P MIA F Shin and Cho (2001)
Soyang Reservoir 14.7 P SEC A Park et al.(1992)
Okjeong Reservoir - N SEC F Kim et al.(1997)
Buan Reservoir 8.1~243 P ANF A Park (2000)
Daeam Reservoir 153~414 P ANF A Ok (2007)
Daegok Reservoir 11.8~31.6 P ANF A Ok (2007)
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Appendix 2. Continued.

AGP Limiting Pre-treatment

Sample localities (mgdwL™) nutrient Test algae method References or remarks

Hoiya Reservoir 169~419 P ANF A Ok (2007)

Sayeon Reservoir 23.1~254 P ANF A Ok (2007)

Jinyang Reservoir 0.0~10.0 P SEC F Joo et al.(2000)
0.0~28.8 P SEC A Joo et al.(2000)
0.6~2.0 P MIA F Shin et al.(2003c¢)

Pyeongtaek Reservoir 0.0~1384 P MIA F Shin and Hwang (2003)

Andong, Hapcheon, Jinyang Reservoirs 0.0~2.3 P MIA F Hwang et al.(2006)

Nakdong Estuarine Reservoir 1.9~18.1 P MIA F Hwang et al.(2006)

Sangseong Reservoir (agricultural water) 2.7~29 P SEC F KRC (2009)

Wastewater (n=23)

Untreated wastewater 4539 Por N MIA F Shin et al.(2001)

Treated wastewater 214.7~9779 PorN MIA F Shin et al.(2001)

Treated wastewater (reclaimed water, pilot) 57.0 P MIA F Joo et al.(2016)

P, phosphorus; N, nitrogen; TE, trace element; ANF, Anabaena flos-aquae; CHV, Chlorella vulgaris; COR, Coelastrum reticulatum; MIA, Microcystis
aeruginosa; OSA, Oscillatoria agardhii; SEC, Selenastrum capricornutum and STE, Stephnodiscus sp.; A, autoclaving; F, filtration.



