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Classification of Major Reservoirs Based on Water Quality and Changes in Their Trophic Status in South

Korea. Dae-Seong Lee (0000-0001-7288-0156), Da-Yeong Lee (0000-0002-2457-2041) and Young-Seuk Park* (0000-
0001-7025-8945) (Department of Biology, Kyung Hee University, Seoul 02447, Republic of Korea)

Abstract  Understanding the characteristics of reservoir water quality is fundamental in reservoir ecosystem
management. The water quality of reservoirs is affected by various factors including hydro-morphology of
reservoirs, land use/cover, and human activities in their catchments. In this study, we classified 83 major
reservoirs in South Korea based on nine physicochemical factors (pH, dissolved oxygen, chemical oxygen
demand, total suspended solid, total nitrogen, total phosphorus, total organic carbon, electric conductivity, and
chlorophyll-a) measured for five years (2015~2019). Study reservoirs were classified into five main clusters
through hierarchical cluster analysis. Each cluster reflected differences in the water quality of reservoirs as
well as hydromorphological variables such as elevation, catchment area, full water level, and full storage. In
particular, water quality condition was low at a low elevation with large reservoirs representing cluster I. In the
comparison of eutrophication status in major reservoirs in South Korea using the Korean trophic state index,
in some reservoirs including cluster IV composed of lagoons, the eutrophication was improved compared to
2004~2008. However, eutrophication status has been more impaired in most agricultural reservoirs in clusters I,
III, and V than past. Therefore, more attention is needed to improve the water quality of these reservoirs.

Key words: lotic ecosystem, lakes, cluster analysis, physicochemical factors, hydromorphological factors,
trophic state index

A = 27} ZA8kct(Hwang et al., 2003; Kwon et al., 2014).
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S22 B YA E BAFAHAY 722
Aol gt A ZEstE Heto] m_QLOI-E]-(Lee et al.,
2020; Kwak et al., 2021). tr&hx] a&F 0|1 X< 7153t
IANEA B E YA, SAE B ot RSt
I B4 g wejdeo] o W A ofof gttt (Kwon
et al., 2014; Jeong et al., 2022).

S0 HEA, o|gkehy EAL tRHoR T4 HYYF
3 A== Ykl 4 glon, oo theFdt T4 —‘?‘?‘S%V A
4= 7120] AAE T Carlson (1977) &4
SEE o] &3 F4%3s} A4+ (Trophic state index; TSI)E
A A5 2w, OECD (1982)01]/\‘]—‘2 Carlson®] TSIS 7|4t
O F 349 Hogok 7|&S ulHst T Kwon et al., 2014;
Park et al., 2014).

FUIME G Aol hE To BFE fAstol,
Carlson (1977)&] TSI?} OECD (1982) 7]&2 ARE-3H thoF
3t A17F = T (Kim et al., 2001; Kim et al., 2007;
Park et al., 2014). 3 o]Qo A, FaA¢FH} $HF
o ¥] § Sel4ESHE Qa8 olge RAUs ATE o
Fo]AtH(Kim and Hwang, 2004; MAF, 2005). 3, =3
oA 71E TSIE S S0 A 7fAste] gt
=% FILE A5 (TSIko)E 7HL8HE 21 (NIER, 2006),
201397 E =W =8 340 thef A8ste], T F
A E H7Fs| 23 Tk (Kong and Kim, 2019).

Kwon et al. (2014)2& Z7]|Z2|3}A] = (Self-Organizing
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Fig. 1. Classification and distribution of 83 major reservoirs based on physicochemical water quality in South Korea. (a) Dendrogram of
reservoir classification based on a hierarchical cluster analysis with Euclidean distance and Ward linkage method, (b) Location of reservoirs

in each group defined in the cluster analysis.
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233kl QJTtH(MOE, 2017).

F-o| wet 34 EFE Y37 A3l Y 549 F
2 5dzke] 9Y 43 A7 (2015~20199)2 S35t eH,
% 97) 4 891 (pH, §EAAF(DO), 3815 ks 07
(COD), & FF=4(TSS), T F&(TN), F A(T-P), T &
7|84 (TOC), A7| M=% (EC), @=4-a (Chl-a)E 083
ek E3 HAC @A +A vlLE 918, 200413 FF 2008
Grtx 9] A4 $3 A2 2 £ g Ars FHS
et oA Gk B3P EAIAH (hitp://water.nier.
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349 £ 9 7 229 AR ZE I % (elevation), T
M3 (catchment area), TH=9] (full water level), & A5
(full storage)= ARESIR o™, SHEAY T A} (http://www.
wamis.go.kr) ¥ 3t=50] ZF A} (http://www.ekr.or.kr) o] A]
AFste ARG 7|0 E20E E1A 9 FHAREE
3sto] o] &3 THMOE, 1994; Kwon et al., 2014; Park et
al., 2014).

2. 24w

goll wret 837 TAE ER/5H7] fstol, A
A ZA3} £ (Hierarchical cluster analysis, HCA)S 4=
Aotk BEHE 54 52 Aol e T4 2 4
L& Euclidean AZE 0|83t AAteldtt 27 1F
7+ dAYH o2 = Ward 92HE AHESHATE o] %, HE
<+ TR F ' (Non-metric Multi-dimensional Scaling,
NMDS)2 o|g8lel, HCAS $9) 258 153 84 A=
7t BAE A5 NMDSOAE HCASF TUS A=
2 A2 AL EE ALEFAT

IF A 9 34 3 AR Aol H|wLsty] 8|
A ARE st A AR YHoEE HES &
A AW Kruskal-Wallis H8& $33t93L, 15 7+
FAHCE el Ao|F Holk AL (r<0.05)91E AT
A2 2 Benjamini-Hochberg 24-& A3t Dunn AL
AR,

E3 AL thAF 349 T (2004~2008)2 (2015~
2019) s=2of| sl =3 F L3} A4 (TSIko)E AlAFSE
of, At H FW F8 349 Y AHE HlwsHoh
TSIkot A Carlson©] AHEgH W3t @] CODS}F Chl-a,
T-PE o|83}to] £33 o2 AAFETH(NIER, 2006) (Appen-
dix Table Al).

TSIko (COD)=5.8 +64.4 X log (COD mg L™
TSIko (Chl-a)=12.2+38.6 X log (Chl-a mg m ™)
TSIko (T-P)=114.6+43.3 x log (T-P mg L")

TSIko=0.5 X TSIko (COD)+ 0.25 X TSIko (Chl-a)
+0.25 X TSIko (T-P)

EZ TSIkoS 183 FFU3 52 TSIko 7kl w2t
1] % F (Oligotrophic: 0 < TSIko < 30), %% % (Mesotrophic:
30<TSIko< 50), ¥ 9 %¥ (Eutrophic: 50 < TSIko< 70),
T+ & (Hypertrophic: 70<TSIko)d] 4FAZ FEEHT}
(Appendix Table A2).

T2 43E FAYL A TSIkod Aole 54 24
(Kruskal-Wallis 7% 2 Benjamini-Hochberg 242 A&
3t Dunn H7%)& &3 FAsAT 722 34 Kwon
et al. (2014)00|4] FE3 T4 FPI & AFNA 9 T4
@S Hlasto] 1087 RYFS} #gh F EA5

B oA AME3 HCA 9 NMDS, 574 A3 R Z&
3 (R Core Team, 2021)°f| 4] 43 %] 3|21, ‘stats (R Core
Team, 2021)’2} ‘vegan (Oksanen et al., 2020)’, ‘dunn.test
(Dinno, 2017)'S AMg-3F4iTh.

23 ¥ i

At il 837 4F $F 4| Tt HCAR &7
3t Axh, AA 57 2EI~V)e2 FEE QI (Fig. 1, Table
D). 1% 12 2] 32, 28 & 2170 34, 28 1 22
N A AEIVE 3R 54, 08 VE 257 547 &34
ok IF IVl 43t 37 S4e BF FYE FElcte] 914
g A3 ok

NMDS £4 A= HCAE 38 79 570 158 &
2 53 9 27 a9 7 BAE yehdth(Fig. 2). NMDS
Aolld 2+ Tas 5 ¥ B 2 a4aEE F3o]
Beth 2§ 12 T-P, Chl-a, COD, TOCY| A FFS
Fron, IF I+ 1%, 15 ML 47 98 a4
2 YepTh

7z 25 7t 34 A 9 3 a91e BA HA A=
o|3t 7zt 3429 o]3}eHE, EE|F] 49 AlolE F Hof
Zt}(Figs. 3, 4). 2§ 2 pH, COD, T-N, T-P, TOC, Chl-a
7H o2 25T Fouldt 2tolE HolH (p<0.05), T 1
ol vla wi-¢ =2 &L 7Hch ¥, OF Ie 2& &
A g s, ot 5l sl FAXLE Fou|sHA
W& %2 7T HIE DO ghol AA OF F 7 B
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Table 1. Clusters and Korean trophic state index (TSIko) of study reservoirs compared with past data (Kwon et al., 2014). TSIko levels: 1
(oligotrophy: TSIko < 30), 2 (mesotrophy: 30 <TSIko <50), 3 (eutrophy: 50 <TSIko < 70), 4 (hypereutrophy: 70 <TSIko).

Past data (2004~2008) Recent data (2015~2019)
Reservoir name Korean name TSI TSI Chj;lsllztfk*
Cluster* TSIko leveli(s) Cluster TSIko leveli(s) &
Gachang s 5 34.0 2 11 390.1 2 5.1
Ganwol Hes 2 73.6 4 1 81.9 4 8.3
Gyoncheon (Gyeongbuk) AAS (AE) 2 - - 111 40.2 2 -
Gyoncheon (Jeonbuk) AHR) () 4 50.5 3 m 455 2 -50
Gyongpo BAES 3 64.1 3 v 55.0 3 -9.1
Gosam AFR] 5 49.1 2 \'% 57.0 3 7.9
Gwanggyo FuX 1 56.8 3 \Y% 60.9 3 4.1
Gwangdong I53 4 38.3 2 111 37.2 2 —-1.1
Gwangju I35 1 39.5 2 111 46.5 2 7.0
Goesan NALS 5 38.6 2 1 41.1 2 2.5
Gucheon THT 1 29.1 1 I 23.0 1 -6.1
Geumgang 277 4 69.7 3 I 68.6 3 —-1.1
Geumho 3% 3 53.2 3 \'% 57.1 3 39
Gidong 7154 3 51.0 3 \'% 64.2 3 13.2
Naju Uz 5 43.7 2 11 47.2 2 3.5
Nakdong A ey 4 62.4 3 v 58.5 3 -39
Namyang 9Fs 3 63.4 3 I 67.6 3 4.2
Dalbang 9s 2 39.1 2 m 35.8 2 -33
Damyang 9IS 5 35.8 2 I 34.0 2 -1.8
Daedong =53] 2 59.7 3 \Y 59.4 3 -0.3
Daea o] 2 34.6 2 111 35.6 2 1.0
Daeam s 4 53.3 3 \'% 48.4 2 —-49
Daechung A5 5 40.2 2 111 45.0 2 4.8
Dae =1 e 2 58.7 3 1 71.8 4 13.1
Dukdong 953 5 43.8 2 11 42.7 2 —-1.1
Dongbok 83 5 39.3 2 11 36.1 2 —-3.2
Mae 1 4 57.4 3 \'% 59.0 3 1.6
Boryong HY3 5 26.4 1 11 35.5 2 9.1
Bomun HES 1 51.2 3 \'% 55.3 3 4.1
Bosung HAS 4 48.0 2 \'% 55.0 3 7.0
Bongsan H AL 5 54.7 3 | 74.2 4 19.5
Bunam HA s 5 72.9 4 | 74.7 4 1.8
Buan Hotg 2 325 2 1I 29.9 1 -2.6
Sayeon A4S 4 42.6 2 I 43.7 2 1.1
Sabgyo At s 5 73.6 4 I 752 4 1.6
Seokmun KBRS 3 - - I 77.3 4 -
Seonam ALz 1 54.9 3 \'% 49.9 2 -5.0
Soyang 208 1 313 2 1 233 1 -8.0
Songak $91% 2 63.8 3 \" 61.4 3 —-24
Songji $A35 4 57.8 3 v 57.5 3 -0.3
Sueo $ol3 1 34.1 2 I 31.1 2 -3.0
Shingal A ZHA] 5 66.9 3 1 57.6 3 -93
Ahsan OIS /HEH T 4 70.1 4 1 68.4 3 -1.7
Angye AS 4 44 4 2 111 42.8 2 -1.6
Andong =3 3 314 2 11 30.7 2 -0.7




160 ofcHd - ot - BIEXM

Table 1. Continued.

Past data (2004~2008)

Recent data (2015~2019)

Reservoir name Korean name TSI TSI C};l; ih;(;*
Cluster*  TSko > Cluster  TSko >0 &
Yeoncho Azx3% 4 39.8 2 I 37.9 2 -1.9
Youngrang IYs 4 63.4 3 v 422 2 -26.2
Youngsan FALS 2 56.7 3 \Y 56.4 3 =03
Youngam gk 4 50.6 3 A% 499 2 -0.7
Youngchoen FHs 4 46.2 2 I 44.6 2 -1.6
Yedang g 3 59.6 3 I 66.5 3 6.9
Ohbong 2127 2 27.0 1 11 35.5 2 8.5
Ohtae Qe A 1 35.8 2 11 39.7 2 3.9
Okgye SAA 2 32.8 2 I 44.4 2 11.6
Okjeong 2% 1 38.8 2 11 334 2 -54
Yongdam 1493 - 31.5 2 111 28.9 1 —-2.6
Yongyeon 2937| 2 479 2 \% 55.5 3 7.6
Unmun *ES 2 33.6 2 11 30.6 2 -3.0
Woncheon LAX] 4 60.5 3 A% 54.4 3 -6.1
Uiam oAds 5 42.0 2 I 40.1 2 -19
Edong o] ] 5 539 3 \" 57.5 3 3.6
Imha A3t 5 39.8 2 11 40.4 2 0.6
Jangsung AX5 5 414 2 I 42.6 2 1.2
Jangcheok A A 3 51.3 3 \Y% 61.7 3 104
Junam F3A] 3 61.4 3 I 68.3 3 6.9
Sangsa AL E /A ZA A 4 32.5 2 I 31.0 2 -15
Juam FUS 2 30.9 2 11 36.1 2 5.2
Jinyang AFs 2 39.0 2 I 40.4 2 1.4
Chungcheon A A A 2 56.4 3 \Y% 51.9 3 —4.5
Chungcho Azx3S 3 55.5 3 v 442 2 -11.3
Chungpyong AEs 1 434 2 I 39.2 2 —-42
Chuncheon 43 2 33.9 2 1 38.5 2 4.6
Tangeum BE3/EFZ2AA 4 34.7 2 111 44 4 2 9.7
Chungju 33 2 31.6 2 111 32.5 2 0.9
Tapjung g4 7] 5 46.6 2 il 49.5 2 2.9
Paldang o935 4 52.1 3 \" 50.4 3 —-1.7
Pongrak =23 1 56.6 3 v 57.0 3 0.4
Hadong 31=A] 2 - - I 36.6 2 -
Hapcheon FAT 5 33.2 2 111 29.3 1 -39
Hyang 5 3 66.4 3 v 622 3 -42
Whajinpo RALE 4 63.5 3 A 59.1 3 —4.4
Whachon JAS /S 5 30.3 2 I 26.8 1 -3.5
Heoya 3ot 4 56.3 3 \Y 54.9 3 —-14

*: Clusters in Kwon et al. (2014); 1 (oligotrophy)~5 (hypereutrophy) **: Difference of TSIko between recent data and pest data
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Fig. 2. Ordination of 83 major reservoirs based on physicochemical factors and water quality in South Korea through a non-metric multidi-
mensional scaling. (a) Ordination reservoirs with clusters defined in a hierarchical cluster analysis, (b) Biplots with environmental factors
of reservoirs. Only significant environmental factors were shown in the plot (p <0.05). pH: potential of hydrogen, DO: dissolved oxygen,
COD: chemical oxygen demand, TSS: total suspended solid, T-N: total nitrogen, T-P: total phosphorus, TOC: total organic carbon, EC:
electric conductivity, Chl-a: chlorophyll-a, Ele.: elevation, FEW.L.: full water level.

1 A 4 BAE Holn, 2F ¢t 119f| H]3) COD,
TSS, T-P, TOC, EC, Chl-a7} =4 Vehgt}t 159 Hojok
3} A4 (TSIko) & AT AT (B HEL2D, 1F 12
71.0+1.8, 18 1= 35.5+3.4, 18 I 39.3+1.3, 18
IVE 47.1£4.0, 18 VE 56.6+0.82 UEsith TSIko 7|
2o 2Y IF I+ #JY 1 Ve F9¢ WA 1
o FYJ A2 FEED HCAE 53 E7d 34 1
F & 3% 12 =2 COD, TN, T-P, TOC, Chl-a @ TSlIko
e Hof, 549 o] ¢F 21 Byt PH 54
2 gaEdh 35 Ve Ve Atid e g TP 9 Chl-af| 5
T7b #A UEhaL, TSIko #k0] ot I F3te] A4 &
A 7M5A3E WESFATHCho et al., 2000; Kim ef al., 2008;
Withers ef al., 2014). 1% 119} [II T2 180 B]3) %3
g A AHE 2

s40] £ B4 540 Beld B SHS HS
o, QurE o2 nwet $A4F S Ad acle By

3} Z4=¢} vhalE BAE EAth(Liu er al., 2010; Kwon ez
al.,, 2014). ZF 34 59 34 37 EA vnoAx= o]
e BAZE ekt (Fig. 4). #9432 A% 15 12 &
JaFel vls) =7t R, gkt ol w@opon, 2o
Foe AoRE Yehd IF 19t I o|¢t g 1= gt
F97F 2 gl B8 foletA =9 (p<0.05), A
Sapo] Witk s g A 18 IVE dobrtel ¢x|st
of 1=7t Zon, fAHA 9 FAFFo] Atk 15§ V
£ AlY EAol 215 1 19 7 Ao s = Aok

o] dtolA] Kwon et al. (2014)2 A= 907 8 &

Feyaty

(hydrogeomorphometry) HE 9]
%L, 2004~2008 9] =4 A= 9

# AN 2ol SHY 47 (1F O 548
St 7 AA B 2L A9 S

12 =, TP
33 @ EFshs WolA H|
E AT g4 837 4= B

59F Wl 4= QlTh(Table 1). A1ZA], FAH,
T 52 B0 3 5011, HZol= I2F 1o &ef, 2
oA W3t QIS a3y S 9 g, EEE, A
T2, dgA, oMtE, FEA 52 BANE +3 2~40 &
StRS U, Aa I o] Z9Eo] £2 F3o] tha o4}
Hle 2o A%, 4ARE, 24F, 015 52 I
off 9% 7 A2 73 19 S3pen, HZoM=
o] g IF 1ol £FH, T4 o] Wil g2
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Fig. 3. Differences in physicochemical water quality factors at five different clusters defined in cluster analysis. (a) pH, (b) Dissolved oxy-
gen, (c) Chemical oxygen demand, (d) Total suspended solid, (e) Total nitrogen, (f) Total phosphorus, (g) Total organic carbon, (h) Electric
conductivity, (i) Chlorophyll-a. Box plot presents minimum, 25th percentile, median, 75th percentile, and maximum values. Circles indicate
outliers. Different alphabets show statistically significant differences (p <0.05) among clusters based on Dunn’s test with Benjamini-Hoch-

berg adjustment.

gk olyel 3490 FEF A ESE Y3t (Carlson,
1977; Brezonik, 1984; Kwon et al., 2014). 13 7] 43
% oA (Cunha et al., 2013; Kong and Kim, 2019) B3
3t vie} Zol, QoA JidE TSI= = 249 A
E4& Wtgste d A7 Qlof Ta G A B Al Z‘—-l‘
FEH AEE AT & ok wEhA & dFolAds A=
& 74 Aget =Y FIYS A4 (TSko)E °]‘Q5]'°‘]
SEuet 8 349 ¢ LHE EA8HL, LA A
& 20] YF A E vl

U F8 T4 4 FFE B4 (2004~2008)2F 2

=(2015~2019) 49 e¥s} 2)4=(TSlko)2) ol =

o
A YehtA gkskeu, #3 5 320 x] ZpAo| vl
L °“‘°k§]' A7F 2A H3lstgich(Fig. 5). & 10 43 &
= R FGUdS} A7t BA vls F7FsHAAL. 1FE
11011"1% AgtA o g HJFst 2|47t kA vls) ZHast
L AGS Bgol} ZrAaZo] 22| Aokt 12 1M} Vo
/‘i“ L3t A7t 2A AR Stk OF Ve A
of Hlah X FFU3} A7t SAR LR FYulsHA A
sHeitt.
AA 837 A&

[IR=]
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2 27T
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Fig. 4. Differences in hydromorphological factors at five different clusters defined in a cluster analysis. (a) Elevation, (b) Catchment area,
(c) Full water level, (d) Full storage. Box plot presents minimum, 25th percentile, median, 75th percentile, and maximum values. Circles
indicate outliers. Different alphabets show statistically significant differences (p <0.05) among clusters based on Dunn’s test with Benjami-
ni-Hochberg adjustment.
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Fig. 5. Comparison between past (2004~2008) and recent (2015~2019) trophic state of major reservoirs in South Korea. (a) Relation be-
tween past and recent Korean trophic state index (TSIko) of each reservoir. Trophic levels were classified by TSIko interval (oligotrophy:
TSIko <30, mesotrophy: 30 <TSIko <50, eutrophy: 50 <TSIko <70, hypereutrophy: 70 <TSIko). (b) Changes of TSIko at each cluster.
TSIko change was calculated by subtracting past mean TSIko from recent mean TSIko. Different alphabets show statistically significant dif-
ferences (p <0.05) among clusters based on Dunn’s test with Benjamini-Hochberg adjustment.
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Appendix Table A1. Comparison of trophic state index (TSI) between Carlson’s TSI (Carlson, 1977) and Korean TSI (NIER, 2006) (Chl-a:
Chlorophyll a, T-P: Total phosphorus, SD: Secchi depth, COD: Chemical oxygen demand).

Variable Carlson’s TSI TSIko*
Chl-a 9.81 X In(Chl-a ug L™") +30.6 12.2+38.6 X log(Chl-a mg m™?)
T-P 1442 X In(T-P ug L™ +4.15 114.6+43.3 x log(T-P mg L™")
SD 60—40.41 X In(SD m) -
COD - 5.8+ 64.4x1og(COD mg L™)
Total - 0.5 X TSIko(COD) + 0.25 X TSIko(Chl-a) +0.25 X TSIko(T-P)

*TSlko: Korean Trophic State Index

Appendix Table A2. Classification of water trophic levels between OECD (1982) and Korea (NIER, 2006) (T-P: Total phosphorus, Chl-a:
Chlorophyll a, SD: Secchi depth).

OECD Korea
Trophic status -1 -1 -1
T-P(ugL™) Chl-a(ug L) Chl-a(ugL™) SD (m) SD (m)
) TSIko*
(mean) (mean) (max) (mean) (min)
Ultra-oligotrophic <4 <1 <25 >12 >6.0
Oligotrophic <10 <25 <8.0 >6 >3.0 <30
Mesotrophic 10~35 2.5~8 8~25 6~3 3~1.5 30~50
Eutrophic 35~100 8~25 25~75 3~1.5 1.5~0.7 50~70
Hypertrophic >100 >25 >75 <15 <0.7 <70

*TSlko: Korean Trophic State Index



