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Recruitment Potential of Cyanobacterial Harmful Algae (Genus Aphanizomenon) in the Winter Season
in Boryeong Reservoir, Korea: Link to Water-level Drawdown. Shin, Jae-Ki* (0000-0002-5380-5078),
Gyeonghye Jeon' (0000-0003-4230-366x), Youngsung Kim? (0000-0001-5422-1915), Mi-Kyung Kim? (0000-0003-
3370-0591), Nan-Young Kim' (0000-0001-5949-2095) and Soon-Jin Hwang'* (0000-0001-7083-5036) (Office for
Southern Region Management of the Nakdong River, Korea Water Resources Corporation (K-water), Busan
49300, Republic of Korea; 'Department of Environmental Health Science, Konkuk University, Seoul 05029,
Republic of Korea; K-water Convergence Institute, Korea Water Resources Corporation (K-water), Daejeon
34045, Republic of Korea; 3Department of Ecology and Environment, Gyeonggi Research Institute, Suwon 16207,
Republic of Korea)

Abstract  Cyanobacteria Aphanizomenon population is widely distributed in the world, and well known as
harmful algae by producing toxins and off-flavor materials, thus belonging to one of the taxa that became more
interested in the field of limnoecology. In this study, the frequency, intensity, and duration of Aphanizomenon
occurrence were increased with the abnormal drawdown of water level in the winter in Boryeong Reservoir,
and the spatial and temporal characteristics of them are compared with each other in the perspective of hydro-
meteorology (1998 to 2017) and limnology (2010 to 2017). In Korea, Aphanizomenon flourished mainly
in high temperature, and the appearance in the low temperature was rare in total five times. The harmful
cyanobacteria Aphanizomenon was observed in the low temperature (December to February) in Boryeong
Reservoir from 2014, and then reached a maximum value of 2,160 cells mL ! in January 2017. In addition, the
period exceeding 1,000 cells mL™" at this time was more than 3 months. This was simultaneously associated
with abnormal water level fluctuation in the low temperature (< 10°C). The large drawdown of water level in
the winter season has the potential to promote or amplify the germination and development of harmful algae.
Also, subsequent water quality and ecological impacts (e.g., algal toxins and off-flavor substances) need to be
considered carefully.
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shuto]l £3kH(MOLIT, 2012). 28 g3 27](1~3
ol A He= of3tE| gl o] thEz] U 2A A
et 42 sigieh 2y 22 oldIFY A - IHA
A A ¥R A HA(19989~2014') Bt
F1245mm)ETH FR W= AN (A, A A
ot AowA AFFor AP 7|50 EHESI] AL
719 2+ & wd 971 7 vtz s S4T 7t
84S WHEste A4 ATH(KMA, 2016). 1 2T, 2
A 2715l AAE doke AeAe 2 B4 1
%] (normal high water level, NHWL; 9|, 28 % EL. 74 m)
£ Ao st FAl A¢H (low water level, LWL;
EL. 50 m) < o|st2 ZstE|o] 7|&E 22 H|ZF 9 5
24 F2E RIHsHA A9Hska ok (K-water, 2015,
2016; Shin et al., 2016).

AzAe) 2EHY 2L % - BY FITY 2942 F
Ao 2 ZAHE T (Thornton et al., 1990; Ashby, 2009; Shin
et al.,2016). o] FollA FUFE A HHRlE E=
FE)l YEHY, FEFE TR -oeE, W YR E
= H4E 56 d9Fez 2F8HY 1 F4 B
A2 A 4A &2A& 4= Atk (Thornton et al., 1990; Wetzel,
2001; Ashby, 2009). =9 5 (water-level fluctuation, WLF)
23715 9 §% 53 el thokat YA A
41 74 - sjelo] 9ee FA) =)ol (Bunn e al., 2006;
DESNH, 2010), 25 =59 A3k A A o) A
2 gEe 3R HA Ex 23 (HHd WS AAgoz
UeR A Eth(Lin and Evans, 1981; Wantzen et al., 2008).
WLFo| #3t A= F5(3HA - ZhollAl Hehdol oish
BT HARA Wo| £=39%] 9] 21} (Kondolf and Wilcock,
1996; Watts et al., 2009), 8= (A=) oA o]o] thgt
IS AR = BA oobd WAE £4 9= €717 F
Y 4R &t (Ashby, 2009; Shin and Hwang, 2017).

19979 o]%, Lejuets Wl oqEHE SHEE 52
Ao A - HA 3 S Haskst] A 2
A 2R Bt HEARIE, +E LGB EA)
Astol U] T8 A4 AeA (BFE 9 2170)¢}
25 9 FHed A @R GH, 957 (F - sH)elA
25 (Y1) B A (algal alert system, AAS)E I3 Q)
O (MOE, 1999), 285+ 20109 7€ H (FH+d) £
I RS g2z sha ok 48 ~11¢Y Fekol 2 &
T BYEH Yoz whofshs Aol thar 9]
2 9 o|Hu|E A4ibsts 4% ERTES R79
(bloom-forming harmful cyanobacteria, CyanoHABs)
24 243 FaL loen, 2Fol| Aphanizomenons; 7)A|
o] EZ3HEITH(MOE, 2011).

>rlowe F

0z

it o2, Z2 A (green-tide)?] H2F= HALA
Geeslo] MAST, 2ot WolAwA o] i 4
= EA-& Helth(Rashash et al., 1996; Pearl, 2014; Paerl
et al., 2016; Shin et al., 2016; Watson et al., 2016). 121}
2011 11€~20129 1Y FA B3 (I~LF2D)
Sl A o]HEH Tt ‘ALER T g FH2 = 3l
o], A7)0 F32F Aphanizomenon®] AE7} Z7}4sk
= ool ojel AdeY 54 waela e Yad
o] A|&H o2 A7) = o] Yt} Aphanizomenona ‘FZ277F
(Class Cyanophyceae) 2 A= (Order Nostocales) G52
T} (Family Nostocaceae)ol] £31= @25 (blue-green algae,
cyanobacteria)] 8t EF 10| th(Komarek and Komarkova,
2006; NIBR, 2015). °| 52 F2 I19]%& (o}t A] & of| A
v w2 Ze wr 2 gjdrAYst =1l (Yamamoto, 2009a),
Mz Sol 2 FHRARANN FRskE WES 71
3}3l Qlth(Pollingher et al., 1998; Tsujimura et al., 2001;
Yamamoto and Nakahara, 2005, 2006). = <] s}d 3} #
FANAE FYHoZ Bxsla 1O (Fig. 1, Table 3
), 95N A5E~7HEE 270 = ==
Ao 72 YAF F SR ABH AT Uk Park er
al.,2015). T3, 53 =2 (anatoxin-a, cylindrospermopsins
3 saxitoxins) 2t ©] 5= (geosmin) S Y4t} 2ol
SE|E oare B 018 4 9k Ao ¥ U
Z] Q121 (Mahmood et al., 1986; Falconer, 1993; Rapala et
al., 1993; Ferreira et al., 2001; Graham er al., 2008, 2012),
Aol HE A F oF 50% (F AFFY 5~9%)7F &
Z3} At e g S E o] Qlo] AEAYELRA T =
=7 B7}=l 1 9tk (Kushak et al., 2000).
Aphanizomenon©l| Bt A3 Ao= T4 EF, A
gAH 2 ZABESH #obE o o ARH FHY
SHA R E F Ee VAT 2o AEF FE7} )
S SESHA AAEIL 1o (Appendix 1), 5ol A&
ARERE ofY et A=) wf A Y (recruitment) H=Fo]l #EH
Ax thg B EQIth(Hansson ef al., 1994; Yamamoto,
2009a; Yamamoto and Nakahara, 2009; Cires et al., 2013).
Aphanizomenon®2 A AANA AFHA 7IE F(A.
flos-aquae), A. gracile, A. volzii 2 Cuspidothrix®; A8 &
Hog F 22F0°] BRI (Appendix 1), o] FollAf 2
2o AEFH Anabaena (2%F)2} Cuspidothrix (55)%
= AlYstd 15% A=E 23dsta ok (Komarek, 1984;
Gugger et al., 2002; Laamamen et al., 2002; Li et al., 2003;
Rajaniemi et al., 2005a, b; Komarek and Komarkova, 2006)
(Appendix 1).
FHTH S YF ol & =ubRo] AMA (tric-

N
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Fig. 1. Map showing the monitoring station of algal alert system
in Boryeong Rerservoir and the sampling stations of genus
Aphanizomenon population occurred in various inland
waters of the four large rivers basin, Korea from 1971 to
2017. Numerics indicate as follows: 1, Euiam Reservoir; 2,
Paldang Reservoir; 3, Gyeongan Stream; 4, Seokchon Res-
ervoir; 5, Woncheon-Suwon-Hwangguji Streams; 6, Singu
Reservoir; 7, Boryeong Reservoir; 8, Yongdam Reservoir;
9, Daecheong Reservoir; 10, Songchon Water Treatment
Plant; 11, Geum River Estuary; 12, Andong Reservoir; 13,
Nakdong River; 14, Hoidong Reservoir (Mulgeum); 15,
Deokdong Reservoir; 16, Hoiya Reservoir and 17, Yeong-
san River.

home, A~ pm)9] FEL2 =Ho| i, tfHE 4§
OFM| X (vegetative cell)Z2 T E o] 312™ (Komarek and
Komarkova, 2006), A|3E 7to]] 7 & 02 o] & A| E (hetero-
cystH)@} FH (F-4))E A} (akinete, resting-spore) S WHEo] &
ofgt e 2= AEHE A (& > 189 &
Ae S5 AEAE I8k itk (Yamamoto, 2009b;
Yamamoto and Nakahara, 2009) (Appendix 1). & (&%)
< 787 89 F £ pHell &J3F g3Fol AA >15°C
(BFet <11°C) B pH >9.0 (313t <7.1)oA mj$& =0
o, F(EAbFol @ WSt ¢ (dark) 4B ol A o= A]
o= A A EAL 7HA 2 94t} (Yamamoto and Nakahara,
2005, 2009).

Aphanizomenong EF3 27 ERE SAFL=E
AVFA O F Al2A7], 7E - EFH, M D 7] (gas
vesicle) -5 5 FEIeT ¥ FFAHA 5 71ES F2L
QT+ (Komarek and Anagnostidis, 1986, 1989). Hr o, Al
W gz del o 24 Hat= Qs 54 ditoA 2o
(>50%)7}F QA= 4 AtH(Komarek and Anagnostidis, 1989;
Zapomelova et al., 2008). 9| & 91, 7|¥2 A% =24 &
= Aolgt ol wet b S THAIH, v T 24 ET]
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T 3t} (Rudi et al., 1997). 2 E°], 0|3 Fejsts &
FAA L FAE SESFuA A G7] FuEH A
g 274 5ol o3t EAEETE HZo] EsHA Ny E
3 QJth(Laamamen et al., 2002; Li et al., 2003; Rajaniemi
et al.,2005a, b; Komarek and Komarkova, 2006; Ryu et al.,
2017).

SWollA Aphanizomenon©l| ¥ A= S5 - AH S
4 Zuolq ABEYIE 2ATE} H2AA AUANE
AR dgtoz ot Ao tft W&ol tirkE At
A8+ Th (Cho and Ra, 1971; Kim et al., 1998; Lee, 2001,
2003,2005, 2014a; Han et al., 2002; Kim and Hwang, 2004;
Kim et al., 2004, 2005b; Yih et al., 2005a, b; Park et al.,
2005, 2006b, 2015; Choi et al., 2007; Jung, 2007; GRBMC,
2012; Son et al., 2013; Noh et al., 2014; Yu et al., 2014;
Jeong, 2016; Ryu et al., 2016). 71 €] =24~ (Jung et al., 2003;
Park et al., 2006a; Park et al., 2011), ©]FE2 (Bae et al.,
2001; Kim, 2014; Lee, 2014b; Kim et al., 2015), £ &8t
Z BA (Ko et al., 2004, 2011; Kim et al., 2006; Oh, 2007;
Park et al., 2013; Ryu et al., 2017), & ¥ (Park, 2006) ¥
PEF A THE (You er al., 2014)0] AR om, EZZF
(bottom sediment)®] FHEZA E3x U wro} . HJZ EA
(Kim et al., 2005a, 2016)°] &3t A 0| AT}, Aphanizomenon
of tisl S3}E AL ol B (Kim et al., 2005a;
Ryu et al., 2016, 2017), & - A I} A427]
o EYeta AT A gt

2 79 BHL Fo|A AHFT Y CyanoHABs

0] 1S AFTSE B W AE4T} 75
ok ofygt A7 (AL = o= S8 5o
o] BZE 1 Q= Aphanizomenond; 7WA|T2
Aefeta E4 (o, A= vl aEsh= Aol9l
th. 1 A, ALk 3HH (B pool)oll Al AZREIL Sl
Aphanizomenon®| AFHA FHo| gt $& - F45H4
ol E F= Hl F&3 7I2AREA AlFstaLAt shgiet.

Dol yo bu
o flo r

HL M Kooy
W

i)

Mz

i

1. ZALX| 7HE

AER Ao 9]
(36°17"29.17"N, 126°40'12.46"E)3} 9)oH, 19924 6L%
B 19984 10€7H4] 9 A" FAEA whEo7l 1F A
Aotk (Fig. 1). AR FAHAL 1593 km0]H, 0]
Zof Aol 128.3 km® (80.1%), 54 A= 16.1 km* (10.1

B3 (Boryeong Reservoir)+= S
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Table 1. General geographic and limnological features of Boryeo-
ng Reservoir. Average records from 1998 to 2016.

Attribute Boryeong Reservoir
River system Seongju Stream
(Woongcheon Stream)

Elevation (EL.m) 79.0
Watershed area (km?) 163.6
Reservoir area (km2) 5.8

Dam hight (m) 50.0

Dam length (m) 291.0

Dam type Central core earth-

rockfill dam

Yearly average rainfall (mm) 1,245.0

Flood water level (EL.m, FWL) 75.0
Normal high water level (EL.m, NHWL) 74.0
Restricted water level (EL.m, RWL) 64.0

Low water level (EL.m, LWL) 50.0

Total impoundment (106 m3) 1169
Available impoundment (10° m?) 108.7
Flood control quantity (10°m®) 100
Hydropower generation (GWh yr_l) 5.8

Year of construction October 1998

%), FAANE 43km> (27%)0)1, E25 ZF3 7)et |
AL 10.6km* (5.5%)F AA3FL Ltk (Table 1) (K-water,
2015). ASFHAL 64 km’EA FHHZF/ASHA LY 1|
£ 9F 2490t} (Table 1). & Ay FAAFZFS 42t
116.9%10°m*, 108.7x 10° m’ 2 A 424, Sedd 2
ZE §5-RE. 5 3Y 2 HHA) IF 5
2 o] 851 gt} (K-water, 2015). EFH, 2 A
(B, A4 FRAL M-, ZE, 3, 4L Hik: E gt
YA FUT e FHo2A =AY SR
g HolA A - AAH AR 7)5S AYskaL 9l

BYP3E FYE= T2 s (afY ") AF3H
L HH (58.0km?), W3- AFH (44.1 km?), EH (143
km?), =2 (12.5km%), @A (5.0km’) @ HEH (3.6km’)
o] g3t (Fig. 1), EH (6¥~9¥) 19 717+, Z&+
7hell ol 18 FHe W2 ofaL, A7) whet A
off 7I7te FEE Kol X= RIHsH HEE 5 99
o AeA 9 P b FUR W B2 IR E
ALt BHE FAHoZ A4 Zojof nlF] Zo] Fi1,

A otRe | BN 7MY A2 F2E 2 Qo
I HT 2~39 B SA~EA fEge oY 2
F(E D) 97 43S FE AR Foto A9 A
Bi7} SHEEEA o] F tiA] Adstr] flal 2016
[e]

+
o
i

e
[\*]
[\®)

= i

o] L
T EFR(L=219kmE Fo] AL oH, d F-F
115X 10° mM*2A] AR e] 9] A3 12ste] v|4}

0z

N
T
02
olot

A
1Al

2.29 - 42 U ZRALH X2 24

19989 1957 E 20179 2974 B 28 (FUFH,
W52, e 9 SDARE 71 (http://www.kma.go.
kr)T 27t AT S4B A| A (http:/www.wamis.
gokn)ol A, 181 20109 1€95E 20179 297HA] 257
BEA EFETE AR FHTASEA (+AHYS
dahez Ry 74zt AlFgith JFa g2, AASS AR I
71 F52 2015974 CyanoHABs9| A2 g}
Chlorophyll-a (Chl-a) ==& A}&3tg o, 2016 H ¢
o Z4315k0] CyanoHABs2| A Z4 (3Hat Ag-3ta
pon, @Y 2AE MY (RS Q-4 - 5 55 &
YL 2 3kl AT (MOE, 2015). =33 7| 2A2t2E ZF
80 A EE oA E AESL, ZelE ARE 7
A FFHor EASHY SEARE F F2 YT
I URFges FERIUL, YFFS & (watergate) - O
2 (spillway)t 4 (hydropower) HF 4 FHyFo=

hgiet.

E 2339 A7 - AP
3 2 I EAL gorstaat 201349 195 H 20164 2
712 w134 FFEAE A k)36
4 259~94 249Y) A - T HAFE L7 AS AFol=
T T = ST AR HE 277 H A (algae alert
system, AAS) =FAIH Y 17]o] Ut (Fig. 1). A4 9]
AVl TE A% # FEisHY MEe Ay wEskaL,
i AdRolA SRR o]EstHA Tefsiglen, 8 Y
&= AAsHA 7185kt £3], 20139 79 Zof H 5
T F A2 AR AV ATAY 2355 4 &
YE Pt A9 54 AH Sete g st
A2 0] Al F7HA 2po] BAS 98] ANOVAS] ARF74]
(host-hoc Tukey’s HSD test)2 ©]-83}R 1, 2214 A
4L Spearman’s Rank H4H o2 33}t 7
S SYSTAT® 8.0 ZT21% (SPSS, 1998)& o]&3}3om,
o4& p<0.05= sttt
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Table 2. Descriptive statistics of rainfall and hydrological factors associated with water quantity in the watershed of Boryeong Reservoir
from January 1998 to February 2017. The values indicate mean, standard deviation, minimum and maximum, respectively. Results
of the Tukey’s test is represented by a, b, c, when years with different letters are statistically different from each other (a>b>c)

and years that share letter are statistically similar.

Factors/Years 1998~2014 2015 2016~17 p
L 1244227 8.8+12.4" 10.0+17.4°
Daily rainfall (mm) (0.1/235.0) (0.3/70.4) (0.3/132.0) 000
Inflow (m’s™")
. 57+18.1° 21429 27+70%
- Total inflow (0.1/363.1) (0.1/30.2) (0.1/101.9) 000
Outflow (m3 sh
43%11.6° 27406 27405
- Total outflow 05/511.1) (15/3.9) (1.8/3.6) 000
L 0.6+02° 04+02° 03+02"
- Hydropower generation discharge (0.1/7.4) 0.1/1.7) 0.1/12) 000
. . 52.1+62.1
- Watergate spillway discharge 2.7/507.2)
2.1+0.7 22+03° 23+02°
- Water supply (0.1/4.9) (14/2.7) (1.7/2.8) 000
13+39° 0.2+0.1" 02+0.1°
- Others (0.1/35.4) (0.1/0.3) (0.1/0.3) 000
66.9+4.4° 62.1+2.7" 61.6+2.4°
Water level (EL.m) (54.8/74.9) (57.4/66.1) (57.9/66.8) 000
FF FUF ARF IR, WA, ) R 298 U £ 600 600
- |
W A2 Fig. 2 ¥ Table 29} 2o R34S Aot A8 5 1% \ 500 Fs0 |
TR Ui 0~ 1l BEYE 113l g %1« [
£ a 300 <=
(Table 2). BF Z5Auet A e 19989~200248, | s o B
2006‘,—i~2009‘,—i,2011d~2013131 9 2016W0.2 A 2013 £ | Lo S
+ 100 - 3
\A~2015'3 Atojof ok F71eHTh(Fig. 2). A=Y ¥ 7 e {“L HHA Hﬂ .|.2’ Lo B
2gFo] WO (BFZhHE 871.0~1,912.9 mm (1,371.0 mm) 600  SI5E
0] ¢ (Table 2), < 1,000 mmo|E = 20013} 2008 e | Tl
dol itk (Fig. 2). 28T A% 69~99o) 5] e 4 0 % o 7%
®c 3009 ¥ 5}
£ 3622~1,547.6 mmO| 3L, FEkE 9089 mmel ATk S L) £ Elxs
Ol AZH 4 (r=0927,p<001)9] 355~84.5% H 2 w0 § g Ow”
- ) = !
A (Badgk 64.7%)°l AFstAch >50 mm (R50)0= F % o4 2
22 (TRA) (r=0.834, p<0.01)T 62~9Y 73 (R6-9) PR A
(r=0.810, p<0.01)ol], >100 mm (R100)= oj<=2 upgak 88 S M 8 8 <
ear
(SPD) (r=0.837, p<0.01)ol Folgt o] 4TS UEPH
o TRAE TOI (% 449 (r=0.939, p<0.01)°] U Fig. 2. Daily fluctuations of rainfall, total inflow, total outflow,

gt TS AT (Appendix 2).

dAzd & Gk WY (FHEHE 589.5~2.872.6m’
s (1,561.6m’s™)EA] 1 Zpo|7} wj$ Fth(Fig. 2, Table
2). BEHE 233 F5EL2 19988 ~2000, 2003 ~
2006 2 2011d0o] Z3FEQ L, 2001 ~2008, 20144,
2015¢ 9@ 2016W2 <1000m’s™'& B Afhoz 4
o] Rleket Z4do] sttt T WREFS 974.7~
2,882.6m’ s WSROI, BAFFS 15117 m’ s o] ek

detailed outflow components (spillway, hydropower and
intake) and water level in Boryeong Reservoir basin from
January 1998 to February 2017. Horizontal bars on the wa-
ter level indicate the state in January every year.

(Fig. 2, Table 2). &% €2 4Y@¢=0.843,p<0.01) %

4
M
Q
4
fu
to
e
2

¥

0.799, p<0.01) A|7| & A <3t
Ao] AAFFFTHp>0.05).

HRge H3Y (E4ihe 44
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Table 3. Yearly comparison of water temperature, chlorophyll-a and cyanobacterial cell density in the lower part of Boryeong Reservoir
from 2010 to 2016. The values indicate mean, standard deviation, minimum and maximum, respectively. Results of the Tukey’s
test is represented by a, b, ¢, when years with different letters are statistically different from each other (a>b>c) and years that
share letter are statistically similar.

Years
Factors
2010 2011 2012 2013 2014 2015 2016 p
+ C + be + b.c + ab,c + ab + abc + a
Water temperature (°C) 200+5.7 1924148 19.0+5.7 154192 146172 154+83 12.7+79 000

(75273)  (88/260)  (6727.1)  (20/289)  (40/250)  (24/28.1)  (2.1/25.8)
. 149420.1"  94%+66"  68+53  61£33" 61226 69+57°  275+490
Chlorophyll-a (ug L) A21115)  (215336)  (17207)  (19/154)  (19/134)  (11244)  (3.653834) 0

6217+1931°  765+740°  233£291" 2424487 301£313" 348 £539° 995+1,130°

Cell density (cells mL™) (120/30458)  (26/2506)  (8/1034)  (12/2354)  (18/1468)  (8/3016)  (260/6.126) 00
55.6~1,569.6m’s™ (614.6 m’s™', & WFF 40.4%), 5 400 . ‘
1174~3301m’s™ (191.6m’s™!, 125%)°1 9L, A5+FS g 231 | 3501 A A ANOPN N
84.3~926.1m’s™' (714.9m>s™!, 47.1%)°] 21T} (Fig. 2, Table g 0] & 120 “ R N AV RV AR VIR
2). 442 PHE 19989~20009 (48~109), 2003~ 8 g | ﬁ | L JA‘ ﬁ\ N\N“w_—ma %
20049 (62~7€, 109), 2007 (99) L 20108~20139 | 3 o] I Wfﬁ | ‘% f, \M‘\ Il Feo =z
79~9)el YAL, 717+ 24~159 Welol ek (Fig. g 404 l | | A Ly S
2).2014d~2016d0l = o234 7197} wloFsle] o4z g 20- -
4571 9191t (Fig. 2, Table 2). WA HH= 1998 ~2011 O Frr ety 100 3

2010 2011 2012 2013 2014 2015 2016

W7tA] Bdgre] 1887 m’ s 2 A Aol A st o,
201249 (251.0m’ s )R E ok F7181% A, 20158 ~2017 _ _
wazon'she 92 At ge bk wasy TS e i e
o} (Fig. 2). 52 20060714 HE Zo| ufL- FH oL, Boryeong Reservoir from April 2010 to February 2017.
20079 FHHLE Hagto] 8450m’ s FFEIA 2 E F
Hote HEeSs At (Fig. 2). 2 stAll vz &
UL FA A2 AFAo] oA FAEH Y=, Fg
o] oY it (p>0.05).

4=9]9] W% EZ 2 E[ 548~73.5m(18.7m 2}o])o| YL, N
B EL. 67.0 mo| ¢tk (Fig. 2, Table 2). $=9)& o2 T
oA 7HEHEZ o|Y3tAHA F7FeI L, o] 53l 6Y F - BT 2FAEAE AP AL 201095
alao] A Aolgovt, 2 T2 Ao wet 2 20179 2971 L, Chl-a @ CyanoHABs A|ZU =S
o7}l At 69 & A9 £Zo vnA J7YE & UEA AL Fig. 3 ¥ Table 33 2t} 2.9 {9 (Fzh
+ 20074 (EL. 54.8 m), 2009 (EL. 55.2m) ¥ 20123 (EL. £ 2.1~28.9°C(16.1°C)°] it} (Fig. 3, Table 3). |1 - &
574 m)ol it vHd, 1€~290) 9 1998 (Fr = AL 247 8¥ T 29of] WEEH YL, A= 6€~99
7], EL. 60.6 m), 2016 (EL. 58.5m) ¥ 2017¢ (EL. 57.9 B3 21.6~25.1°C HYZA 201399 3k2m, 2016
m)= A Qs v =2 ¢95 FASHTH(Fig. 2). A dof Wt} (Fig. 3). Chl-a 3%+ 1.1~3834 pug L™ 9
FA 9 £ BEe(HF) 719 A FAdo] &Fo]l  2A B 14.6 ng L 01 3th(Table 3). 201093} 2016
101 (Shin er al., 2016), o] G-Fo] o4 vrog 2 Yo g2 27 111.5ugL ™", 3834 pg L' 24 o2 3
S A Y JERES)S EAY QA G2 AHE AY o v SEE 22 BT YHE 7S5 (Fig. 3).
SHAl HATh AR FAdFS H e #ddol 2 531,201699 Bt g 20109, 20119 H 20129~
31 (Hwang ef al., 2016, 2017; Shin et al., 2016), Hdf W5 201530 v|8) 1.84), 298] = 428 Eo} FA3tA thy]
F,0d URF 9 e Uil 2 AL FE-9eE HUth(Fig. 3, Table 3). ©]23F 42 CyanoHABsS| &
FRF § - F B F fo]lon (Hwang er al., 2016,  EFNAE FARE Aoz & 5= I (p<0.05). 2010

Year

2017; Shin et al., 2016), H 1L $=9E {25t o= I3
S F9it}h(Fig. 2, Table 3).

2. #2,Chl-a ¥ |I=F

ret

Ey s
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Table 4. Continued.

References

Standing crops or relative abundance -
(cellsmL ™" (cells g_') or %) Chl-a(ugL)

Q)

Temperature

Species Occurred month

Localities

Park et al.(2015)
Ryu et al.(2016)

Park et al.(2006)
Lee et al.(2005a)

(152)

26~36.9 % 10°

May~June, January

A. flos-aquae

20.6~22.5

May~November

Aphanizomenon

840, (1.0~42.0)

A. flos-aquae (NIER-10044)

A. flos-aquae

April~May

Geum River (Estuary)

Lee et al.(2005b)

Lee (2014a)

Son et al.(2013)

Aphanizomenon sp. Autumn

Yeongsan River
STREAMS

Lee et al.(2001)
Han et al.(2002)

Lee (2001)

27.3%10° (54.9)

September~October

A. flos-aquae

Gyeongan Stream

Alh7| - R -

August, October

A. flos-aquae (?7)

Woncheon Stream
Suwon Stream

Hwangguji Stream

OTHERS

Park (2006)

October
July~October

A. flos-aquae (NIER-10028)

Aphanizomenon

Unknown

262.8% 10°

T

Bae er al.(2001)

Songchon WTP

. Zlg

i

A
1Al

2017 - et -

olot

|, 20114, 20128~201549 @ 20169 9] Z+z 6,217 cells
mL™", 7654 cellsmL™", 281.1 cellsmL™" & 9954 cells mL ™
24 AxdE Zol7t Atk (Fig. 3). B3, A7) (119~2
ol fFaj2F7F BEE A2 20149 R o |, 1 &
2017902 Z4E AR =8N ol Al2de e oS
EolXE EA (r=-0.720, p<0.01)2 YEFHO] >1,000
cellsmL™'E Z3sH= 7|7to] oF >374¥S dr|7|= &
STk (Fig. 3).

3. X=27|(sH)oll AphanizomenonZ T{x|Z2| 2&

EAM
= O

=2 YT oA Cho and Ra(1971)9] &3l 2AHE o]
S A9 sFAI} AR A A. ovalisporum, A. issats-
chenkoi, A. flos-aquae X Aphanizomenon sp.2] 4%&0] &
Izt AoR B AEQTh(Table 4, Fig. 1 #11). 0] %9
A A. ovalisporum3}; A. issatschenkoi= 27y 245 2} tf
BT - GE8AA ZISHAL, I 9 A oA HEE &
Fo2 tFE A. flos-aquae®} Aphanizomenon sp.©] 1tk
(Table 4). Aphanizomenon2 % - 27| (853%)8 FHL
2 32 dA4stglen, A7 8% AL F 53 (3
220,000 x 10* cells mL™)&A] A. flos-aquae®} Aphanizo-
menon sp.Rt |Gt}

HP5 9 20| 2.1~22.3°C HYNA Aphanizomenon
AEF] W (BFEHE 108~2,160 cellsmL™ (1,164 cells
mL™)o|Q 3L, =2o0] WARHA FAo| A ELE @A)
A Z7Fste FA?=0.694, p<0.01)S 2 ch(Fig. 4).
o] 7]7te]l, Chl-a2 WY (BH#ahH+= 14.1~453 ugL™"' (28.8
pgLHEA 1 AL d&F} fARE oY =0518,
p<001), Y3 L2 HY HolA W3} Z2 5% ok
(Fig. 4). o|8g 275 B2l A2 5ol Aphanizomenon
olQo| HWRF Peridinium sp.& 3t 7|EF 27
7} gk B25197] W&o 9tk (data not shown). 18] 1L
A&7 (19)° Aphanizomenon2] ZHZH-2 2015 (480
cellsmL )&t} 2017¢ (2,160 cells mL )] 4.58) A= =
of WmEIGom (Fig. 5). 318 AFEA FA S7sHs
ol ek,

4. Al =9 Hstet HAE Aphanizomenon2| A
e

B39 =97} EL. 57~64 m X Aphanizomenon
o dEF £ E Ued A2 Fig. 63 2t} 59| EL.
605 mE 7|22 2 10°C o (724, 119) - ol
(A2, 128~29)2 FEHAT, AR W9 (B
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Fig. S. Comparison of maximum Aphanizomenon population den-

sity observed at January, 2015 and 2017 in Boryeong Res-
ervoir.

+ZHEe ZH2F 108~696 cells mL™' (379 cells mL™"), 570~
2,160 cells mL™" (1,556 cells mL™)o|Qth. =971 7435}
HA @EFL zelo] F7tete Pl ATFAL (=
0.551, p<0.01) (Yang et al., 2016), O] AL HA&dt 2 -

AlZD =0 BA (Fig. 4 )9t 1 7fF o] FAFSHAH.
AL A 7 S He 2242 3 B 324
TR AT R IS vAA Ho 259 22
EX EA HFE 74 "} (Thornton et al., 1990; Shin
and Hwang, 2017). ¢, A9 7H¢ & B4 % 3kl
WLFE fE3h= F£8 W4 A= 34248, +88d 9
4 Ut o] A2 AR FH|, A

e AFAT 2 74 3

HxFo| 1Y ExH 345
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= o° .
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Fig. 6. Relationships between water level and standing crops of
Aphanizomenon (@), chlorophyll-a concentration (O) in
Boryeong Reservoir from November 2016 to February
2017.

BN
i)
=2
=
z
EL
£
e

€ & At (Ryder, 1978). 53], T
A =, A OWL)Y W FAHE fFASoF st
2 Ado wet MEstA "ok 99 s B s A
79 2 AL ) e B ol8Ao] o) tha Fh
A 4 Qlok(Hwang et al., 2016, 2017; Shin et al., 2016).
FH7F S7HE W), AR Y] FA H dojeh A4S 2
A F7HA EH, olof H]F st} ApFE ARA Hrh
(Yang et al., 2016). o]t} & Z22 AFFol 2 Fo] uhgli
oA €% (back-flow)5HA 5|71, 3949k Joreel ek
L 597t e WA ABRRes AAEAY 24
A "k (Thornton er al., 1990; Ashby, 2009). Bt =, 4=
Wt AT W AL APeden olEaL B
I FFd= FutEo] o|FstA ok (Yang er al., 2016;
Hwang et al., 2017). et S5 A% - 283517 $s)
FEs 2A%ts ¢ Ev Py &4 ol &Y F
Foll @t WLEZF A71A 5w, A - 8hF 7t E80l%
712+9] 7127} o} (Kaster and Jacobi, 1978; Thornton et
al., 1990).

Y5 $£AE £ BE (20164 19~20174 28)E
A% 23 68~7E S A Yt AF5 A - skeel & £
AE= F2E U 283 ARolA stRE 2
54359 = Aol (FF 2~6°C, 7 8~11°C)7}t
ARXG I FA7170 o g2 A 271E)E 7S
B9k ol et thE ApAEof Hls) Al HE F AEAH S
2 turn-overZ} ¢ wWE EAHL 7Aoot ohebA
HHBo] ARed 54T 10T 2
HolrRold Ba4E Asdez
EQE A5 (epilimnion)o] 58S AlFdhe o] 43t

2 £ QU TH(Evans, 1994; Zhang et al., 2013).
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Fig. 7. Schematic diagram and flow chart illustrated (A) the proliferation of genus Aphanizomenon population in Boryeong Reservoir
during the winter season of 2016 and 2017. D, intensive intake; @), sediment disturbance and resuspension; 3, germination and en-
cystment of akinetes; @, accumulation of vegetative cells after continuous drawdown. (B) the life-cycle of Aphanizomenon (N-fixing
akinete forming cyanobacteria) from germination to formation of akinete. ~®), sediment surface; @~@®, water column, respec-
tively. Schematic view of the life cycle reillustrated from Yamamoto and Nakahara (2009). (C) a neat explanation suggested relation-

ship between water level and exposed littoral zone on the recruitment potential of Aphanizomenon population.

H ARl A WLF= 229 A8 ofyzt Be=
< ARFAZ = JE 8o 283 4 QL3 (Evans,
1994; Yang et al., 2016), AHEFH 242 59 - F
71249 41 3 REixo] 9% A €} (Thornton
et al., 1990). =97} 31748 w, 0|5 (advection) = v}
(wind)oll &3t 2] - 7P A Q1 247 (turbulence)= ALt
(littoral zone)e} 472 A4H oA #F HEES
A = = 7HsA ol SESH &3t (Karlson er
al.,2012; Zhou et al., 2015; Yang et al., 2016). E3}F, A4
A9 5135 wet o5 st A WEF (underflow)ol 9
3 FAEE vESY AL =5~EHES FA W

2~

T
A
T

A" 7 - 77 AYgAE ARFAE B oyt A
710 wet Wi & o2 o]FA|7]7|= gt (Thornton
et al., 1990; Ishikawa et al., 2002). FZZ 22 WLF2| A
A9 Fotag-2 AR HgAEE FRH R =2
ANA B2 W Al AT 935 HSA7IA Ha, S
4= (refilling) - ¥4 (emptying) ©A12] AEZA oo wet
7 Fo] HrEEE FHE HolA Hok(Yang erf al.,
2016).

A¢A 2] WLFE d437] B AZA HEdA 23 2}
2 zolg #AHA Holed, o]AL £ E - 4R, 5

R L H5 5 PR 7178 Fo agdnoz 25y



& AFA A e 55 ol & HIE Y & A
th(Hwang ez al.,2017). E3F, WLF= A 27802 oYy
o] GFL & 5 AT AFKY A4 - 347 LAY
(pelagic zone)~ At (littoral zone)?] EA WIS F7}A]
717 "ol 279 &S 5T & Ath(shikawa et al.,
2002). HY B oA oF LYY F NG T-P =7} 22
1267~2313 ugNL ™, 2~17 ugPL™ Yol 2, 1 v]&
2 = 4 PARC] wl¢ At E3], Ae27] 9 4
9l st A7lele A% 7P He FE(<3pgPLHE U
B} Hx AR 2L 7|8717F 47 FATHReynolds,
1999). wetA] WLEQ] &3] 7|2t o Aphanizomenon
< EAFoA Totd T JdMxzE 24 ol AFE P
£ o83t 2EolA AH - FAL oot Aoz B
4= 919131 (Barbiero and Welch, 1992; Barbiero and Kann,
1994; Sondergaard et al., 2001; Sanchez-Carrillo et al.,
2007; Carey et al.,2008; Ni et al., 2015; Lepori and Roberts,
2017), 4 &2 XolA AYE T 42 Y $35lA
&E FLE @, P FESHA S5 ol&ste He v
=23 A=A ZE AR HU T (Karlsson-Elfgren and
Brunberg, 2004; Uveges, 2012).

BYS oA FEEH T2 FARF Aphanizomenon
o WA, 4 4 olF 7|&e digt WE&S aokdt A
Fig. 73} Zrth 297} >EL. 74 mo|d $E7 o] 9|3t o
T2 UR7FOIFAR L, I & FE (4, &g, TS
Hees S8 FEL Avh(Fig. 7A-0). & F+t 31.1%
10°m’ d™ (A 03%)7F A&H o2 HaHa gk
wehd §U%E Tt TE Are 247 ASYw
2 4907 Fas =, SR vlok $54S AT
Al "t} (Shaw, 1983; Ishikawa et al., 2002). o]0 & (F+
W) B2e wnd P £4E A S ARE =
me))oh Aokt 400l Pobd HAZT AL AL
295}5]0] L ST} (Fig. TA-®). 5907F 43 1, 59
59 52 @Sl I3 HAES EYAAR FEsAL
(Yang et al., 2016), 410] &S ¢ 71AH=E] 2204,
Higholl o3 Ao £4 a5 AFste] veg3 (., &
A Ao A wAAAH (A, YA E B FHE
HE AEGA71A Eth(Evans, 1994; Faithful and Burns,
2006; Tan et al., 2008; Karlson et al., 2012; Zhou et al.,
2015). o]} FAZAL B ADHS Wopz AL 23 9
of AT WIS £508 At WY A
7 753 Bek(Fig. TA-®, B-D~®). |37 AU
FA2= BFRALEH FeES SHERE o3t 2o
Al E 3L (Ishikawa et al., 2002; Zhang et al., 2013), 71 I3

SEL LIRS 347

oA & T4 o] FA "t (Fig. 7B-O~©®). £, F
e I Aphanizomenon®] A A FEE o] Al
EUE7} Z48HA Ey(Welch et al., 1972; Bortleson and
Fretwell, 1993), &0 vleksta =97} A &H o0&
wobd wf FHEASY BEZA 9L HolAH (Fig. 7A, C)
(DESNH, 2010), E| 852} 717k 2| 7] wfjZof LoHExt of
Yt Az A2 AE " FA sto] g
Al &3 (Fig. TA-O0~@)2 7Fs4<& F83] 7F AN
T} (Tsujimura et al., 2001; Ishikawa et al., 2002). WekA] A
S SRl 297k FER WoE A 2ES
2T YA 7He S X B F3AF #uk ofyzt
a2 Q3 o]ojR= & A - AHEE FIg (), 54

2 olFEd) e "LsHA A HoloF s

¥ 2

G257 Aphanizomenon; AT Lol d7 B2
3, =528 o]HEAS AR EN FexRE & o
HA glo] S e EopollA W2 S ZAA | 7
T 5 st &3t £ A4t BRI OA FA =7t
F43] 73tEUA Aphanizomenon®] E@RIE, F= U
717ko] AXA Eof olof gt AFHE EAAS ;71
(19989 ~20174) - 2220108 ~20179)3}e] BHo=
A3 v watg et FWol A Aphanizomenond 1L7)0)| F
2 HAs g o, A7 82 F 53EA EEQT.
BHP S oA A27](12¥8~2¥9)9 F3=F Aphanizomenon
o] ¥aEHE A2 20149F oI, 11 F 2017 gk
2,160 cells mL™'E 7123}¢ich. 28] > 1,000 cells mL™
£ 238t 7172 oF 370ES |7171E Skt o] A&
oE ofd A427](<10°C)ol BAZ4AQ 9 Zstet
z ol ot FA #¢ Ast= FlxFY Lob H

El
e 54 EE FEAD 5 9k A 54 D
[o2]

A
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