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ABSTRACT: In order to study the water quality status and its causal environmental factors, the water quality variables of
chemical oxygen demand (COD), chlorophyll a (Chl a), Total phosphorus (TP), and total nitrogen (TN), the hydrogeomorphologic
variables of water level fluctuation, total water storage, dam elevation, watershed area, and shoreline development index,
and the land cover variables of forest, agricultural area, and urbanized area in the watershed were investigated in total 73
reservoirs with various operational purposes, water level fluctuation and geographical distribution in South Korea. The water
quality was more eutrophic in the reservoirs of the more urbanized and agricultural area in the watershed, the low altitude,
the narrow water level fluctuation, the narrowed watershed area, and the more circular shape. In terms of the purposes of
reservoir operation, the reservoirs for agricultural irrigation were more eutrophic than the reservoirs for flood control. The
results of the variable selection and path analysis showed that COD determined by Chl a and TP was directly affected by water
level fluctuation and the shoreline development of the reservoirs. TP was directly affected by the urbanized area of the
watershed which was related to the elevation of the reservoir. TP was also influenced by the water level fluctuation and the
shoreline development. In conclusion, the eutrophication of the reservoirs in Korea would be influenced by the land use of the
watershed, hydrological and geographical characteristics of the reservoir, water level fluctuation by the anthropogenic
management according to the reservoir operation purpose, and the location of the reservoirs.
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Fig. 1. Location of study reservoirs in South Korea. Circles
indicate the study reservoir and its size indicate COD
of the reservoir. The darkness of shadow indicates
elevation above sea level.
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Fig. 2. Conceptual model for the path analysis of the
effects of environmental factors on water quality in
Korean reservoirs.
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Table 1. Water quality and the related environmental variables of the study reservoirs in South Korea (n = 73)

Variable | Abbreviation Mean SD | Range

Water quality

Chemical oxygen demand (mg Oy/L) COD 5.7 2.8 1.7-141

Chlorophyll a (mg/m?) Chl a 15.1 15.3 2.2-76.2

Total nitrogen (mg NI/L) TN 1.4 0.6 0.6-4.6

Total phosphorus (mg P/L) TP 0.04 0.03 0.01-0.18
Land cover of watershed

Forest areas (%) CF 66.2 18.9 15.0-93.2

Agricultural areas (%) CA 21.2 13.0 3.8-65.8

Urbanized areas (%) CuU 45 5.7 0.0-27.6
Hydrogeomorphology

Water storage (x10° m®) GS 161 509 1-2,900

Annual water level fluctuation (m) GF 6.2 4.9 0.8-22.1

Altitude (m above sea level) GA 67 53 2-227

Shoreline development index' (-) GD 27 22 1.0-14.4

Watershed area (km?) GW 340 880 3-5,291

"Index value of 1 means the reservoir shape is the circle
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Table 2. Comparisons of water quality according to their main operational purposes in South Korea. The different
superscripts in the same column indicate the significant difference by Tukey’s honestly significant different test

Main purpose (o O g (g Ny (mg P1) )
Irrigation 6.9° 19 © 142 0.06 ° 49
Hydropower generation 342 g 182 0.03 ®
Water supply 3472 g 102 0.02 @

Flood control 26° 42 15° 0.01 ¢ 11

Table 3. Comparisons of water quality according to their regional locations in South Korea. The different superscripts

in the same column indicate the significant difference by Tukey's honestly significant different test

Province COD Chl a3 TN TP n
(mg O2/L) (mg/m°) (mg N/L) (mg PI/L)

Gyeonggi-do 77° 33° 20° 0.08 ° 11

Chungcheongnam-do 6.6 ® 23 ® 14 % 0.06 ® 9

Chungcheongbuk-do 38 % 6 2 16 0.03 @ 6

Jellanam-do 5.1 @ 112 112 0.04 ® 1

Jellabuk-do 6.6 ® 15 @ 14 0.04 ® 12

Gyeongsangnam-do 39°2 8?2 1.0 @ 0.03 @ 8

Gyeongsangbuk-do 6.3 ® 10 @ 13 % 0.04 2 11

Gangwon-do 247 4° 19 % 0.02 ® 5
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Table 4. Spearman rank correlation among water quality and the related environmental variables of the reservoirs in
South Korea (n = 73). Values above the diagonal indicate correlation coefficients and below the diagonal indicate
their significant level. The bold numerals mean significant value and the red numerals mean negative correlation.

The abbreviations are provided in Table 1

COD | Chl a TN TP CF CA Cu GS GF GA GD GwW
COD 0.81 0.19 0.83 -0.60 0.54 0.44 -0.82 -0.63 -0.58 -0.67 -0.70
Chl a b 0.03 0.71 -0.55 0.52 0.42 -0.71 -0.62 -0.71 -0.59 -0.60
TN ns ns 0.14 -0.13 0.08 0.31 0.14 -0.03 0.02 0.04 0.30
TP i i ns -0.62 0.51 053 | -068 | -0.62 | -0.51 -0.61 -0.56
CF e e ns e -0.90 | -0.77 0.50 0.52 0.55 0.42 0.48
CA o b ns o b 0.62 -0.52 -0.47 -0.56 -0.43 -0.46
CuU o b * o b b -0.25 -0.46 -0.44 -0.21 -0.17
GS e e ns e i o * 0.60 0.53 0.82 0.88
GF *kk Kk nS *kk *kk *kk *kk *kk 0.63 0'50 0.47
GA *kk kK nS *kk *kk dkk *kk *kk *kk 0-43 0.49
GD *kk kK nS *kk *k *kk ns *kk *kk *k 0.76
GW *dkk kK * *kk kK dkk ns *kk *dkk kK dkk
ns, p > 0.05; *, p < 0.05; ™, p < 0.01; ™, p< 0.001
2 24
|
i F ,
11 Flood  F 14 Gw BTN
control A ocCu
h GSA
2 F Ff g Gba Aol P
g 0 ofe g 0 bHiA"FA B Chla
N Irrigation N ECOD
& . cFo
-1 EE
F Flood control n
H Hydropower W Water quality
I Irrigation O Land cover
294w water supply | ' i -2 A Hydrogeomorphology
-2 -1 0 1 2 -2 -1 0 1 2
PC1 (55.1%) PC1 (55.1%)

(a) Reservoirs

(b) Water quality and environmental variables

Fig. 3. Biplots of reservoirs and water quality with the related environmental variables by principal components analysis
(PCA). (a) Arrangement of reservoirs based on the main operational purposes: solid line, irrigation; dashed and dotted
line, hydropower generation; dashed line, water supply; dotted line, flood control. (b) Arrangement of water quality
and the related environmental variables. Abbreviations are provided in Table 1. All ellipses illustrate 95% confidence ranges.
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Table 5. Variables identified by stepwise regression analysis to predict water quality with the environmental variables

in the study reservoirs

i Dependent variable
Independent variable
COD Chl a TN TP

Intercept 6.371*** 11.540* 0.399™ 0.055***
Urbanized area (CU) 0.013** 1.215** 0.086*** 0.003**
Shoreline development (GD) -0.529*** -1.158™ -0.005**
Agricultural areas (CA) 0.052** 0.231*

Annual water level fluctuation (GF) -0.184** -0.002**
Water storage (GS) 0.001™ 0.001™
Altitude (GA) -0.054"™

Forest areas (CF) 0.009*

Watershed area (GW) 0.001™

Fvalue 21.94 19.98 15.01 25.36
=4 0.5926 0.5132 0.3685 0.5751
p-value <0.001 <0.001 <0.001 <0.001

Hydro- -
geomorphology —— Water quality |-

Altltude
[ N

Annual water
level fluctuation

-0.32

SCz0.6
0.4=SC< 0.6

_>OZSSC<04
SCs02| |

Fig. 4. Results of path analysis of effects of environmental
factors on water quality. Numerals near arrow indicate
significant standardized coefficients (SC) at p < 0.05.
The thickness of arrow indicates the SC class (solid
black line, positive SC; dashed red line, negative SC).
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Z+o] o} 3=t} (Cadenasso and Pickett 2000, Hwang et
al. 2007, Gu et al. 2016).
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folo] EX|mRE opje A4xe] 4BAF 5
o] 420 GRS P B3] Q491 AEE, 44§
k5 oI 7} COD, Chl a @ TP}F-2-0] Alto] 19
o}, AukA 0.2 5 bRl SIXGH E4 e H g U g4
a8 ARl oA 9 Eo] ASkal i) 51 g
AgA] ok, Hitd o] & -8AAl= o] &AL ¥F
o 7P7hE st AR 7F Bk U8 ARl oA
£.COD7H HE B 0]l 4417482 Aol 91gich
(Choi and Park 2011). H<=Ale o] o]slo] KLojofs)
AEE Ui CODE EAISH| 3t 3574717}
O BRI} AL ARA oA Wk
o ml 2| = 27 8 919 A3, H A A=A A
TAY A B TSRy sokdd st
COD9 - Aoz ke njz]= 7o 7 Lelth
olelgh o] s 2 BORIEEHEL S A4
oA AF ST Aol A o] wgheo] #7]
5] 7] 0 2 AYZHE TH(KSiv et al. 2011). COD:= 4]
EEFAE Y F o3 AR TP ofste] 7t
02 G VL RO AU A0 s
okt ol AgA|2 9l Ele 7110 ot 2 g A
& HaluEol i/\ﬂﬂ-gh:]- 3l Hojolslo)
VBYS TP §99] EA|ol o oJ5to] FFL 1
ERJ0] 8- A4 9] T} o] Y. fs_r
TP= CODE} 0} 317]:7) 2 49 W5 £3} 5 ohubet
RS U
oVe| A3hE FUSH eLfete] 54 1o
She 199 BEAoE, w4, A8 4 54l 2fsto
5] A4 o] nhE 219122]
o Sfgt 93 H2x]2] 4310 oJafo] -
#o] AA K A7) weta, A4A] &
epA] 4B 2AL ol Hogaret
A3t = x4-& 1 835}aL (Molina-Navarro et al.
2014), A1) 9170 weh o Exo) 8BS T
Q_'l—i—,]-_l‘ Ouﬂ 1_,] o Ol o J_]-ﬂo]-:ﬂ XJ:LX{_EL o Ol
£20] 9 JEZIS 2} 7|47 ]|< (nature-based solution)
& A gfsto] A7she Weko]l B s Al o= AekE
(Nesshover et al. 2017).
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Appendix 1. Regional location and main operation purpose of the study reservoirs in South Korea

No. Reservoir Latitude Longitude Regional location Operation purpose
1 Baegun 34° 59' 451" N 127° 35' 11.8" E Jellanam-do Irrigation

2 Baekgok 36° 52' 13.9" N 127° 24' 29.0" E Chungcheongbuk-do Irrigation

3 Beongae 35° 26' 29.1" N 128° 28' 442" E Gyeongsangnam-do Irrigation

4 Boksim 36° 11' 05.6" N 126° 51' 35.3" E Chungchengnam-do Irrigation

5 Boryeong 36° 14' 58.1" N 126° 38' 38.5" E Chungchengnam-do Flood control
6 Boseong 34° 48' 24.0" N 127° 08' 35.7" E Jellanam-do Hydropower
7 Buan 35° 39" 56.7" N 126° 34' 142" E Jellabuk-do Flood control
8 Bulgap 35° 13' 34.9" N 126° 30' 58.1" E Jellanam-do Irrigation

9 Cheongcheon 36° 22' 57.5" N 126° 38' 13.9" E Chungchengnam-do Irrigation

10 Cheongpyung 37° 43' 24.0" N 127° 30" 45.7" E Gyeonggi-do Hydropower
1M Chopyung 36° 49' 03.8" N 127° 30' 51.9" E Chungcheongbuk-do Irrigation

12 Chuncheon 37° 58' 42.0" N 127° 40' 12.8" E Gangwon-do Hydropower
13 Chungju 37° 00" 22.9" N 127° 59' 32.9" E Chungcheongbuk-do Flood control
14 Daecheong 36° 28' 41.3" N 127° 28' 475" E Chungcheongbuk-do Flood control
15 Daegok 35° 37' 10.5" N 129° 10' 271" E Gyeongsangnam-do Water supply
16 Daehwa 35° 47' 32.9" N 127° 01' 534" E Jellabuk-do Irrigation

17 Daejeong 35° 24' 456" N 126° 30' 16.2" E Jellabuk-do Irrigation

18 Daeseong 36° 08' 09.6" N 128° 17" 50.8" E Gyeongsnagbuk-do Irrigation

19 Deogu 37° 09' 57.0" N 126° 55' 34.1" E Gyeonggi-do Irrigation

20 Dogo 36° 44' 33.1" N 126° 54' 47.3" E Chungchengnam-do Irrigation

21 Dongbang 37° 08" 54.7" N 126° 51' 43.8" E Gyeonggi-do Irrigation

22 Dongbok 35° 06' 27.7" N 127° 06' 28.1" E Jellanam-do Water supply
23 Dongbu 36° 07' 05.0" N 126° 47' 17.7" E Chungchengnam-do Irrigation

24 Geumpung 35° 23' 024" N 127° 17" 06.9" E Jellanam-do Irrigation

25 Gidong 36° 05' 29.8" N 129° 13" 09.1" E Gyeongsnagbuk-do Irrigation

26 Giljeong 37° 39' 448" N 126" 28' 00.2" E Gyeonggi-do Irrigation

27 Goesan 36° 45' 32.2" N 127° 50" 36.1" E Chungcheongbuk-do Hydropower
28 Gucheon 34° 49' 204" N 128° 38' 03.1" E Gyeongsangnam-do Water supply
29 Gui 35° 44' 21.5" N 127° 07" 321" E Jellabuk-do Irrigation

30 Gumgwang 36° 59' 53.1" N 127° 19' 448" E Gyeonggi-do Irrigation

31 Gwangju 35° 12' 02.6" N 126° 59' 12.5" E Jellanam-do Irrigation

32 Gyeongcheon 36° 41' 37.9" N 128° 18' 41.2" E Gyeongsnagbuk-do Irrigation

33 Hagok 35° 59' 06.2" N 129° 09' 29.2" E Gyeongsnagbuk-do Irrigation

34 Hakpa 34° 45' 19.5" N 126° 35' 56.9" E Jellanam-do Irrigation

35 Hapcheon 35° 32' 04.8" N 128° 01' 329" E Gyeongsangnam-do Flood control
36 Heungdeok 35° 32' 33.6" N 126° 43' 18.0" E Jellabuk-do Irrigation

37 Hoengsung 37° 32' 394" N 128° 01' 53.8" E Gangwon-do Flood control
38 Ibam 35° 29' 32.8" N 126° 47' 28.9" E Jellabuk-do Irrigation

39 Idong 37° 07' 05.2" N 127° 12' 03.6" E Gyeonggi-do Irrigation

40 Imha 36° 32' 16.1" N 128° 52' 58.9" E Gyeongsnagbuk-do Flood control
41 Jangseong 35° 21' 224" N 126° 49' 13.3" E Jellanam-do Irrigation

42 Jijeong 34° 33' 445" N 126° 58' 16.2" E Jellanam-do Irrigation

43 Jinyang 35° 10' 49.7" N 127° 59' 58.6" E Gyeongsangnam-do Flood control
44 Masan 36° 46' 09.6" N 126° 58' 284" E Chungchengnam-do Irrigation

45 Milyang 35° 28' 55.8" N 128° 55' 50.8" E Gyeongsangnam-do Flood control
46 Muncheon 35° 53' 50.7" N 128° 50' 22.9" E Gyeongsnagbuk-do Irrigation

47 Myeogu 37° 05' 47.5" N 126° 48' 21.5" E Gyeonggi-do Irrigation

48 Myogok 36° 31' 30.1" N 129° 21' 238" E Gyeongsnagbuk-do Irrigation

49 Neung 35° 51' 06.2" N 126° 49' 26.1" E Jellabuk-do Irrigation

50 Odong 35° 12' 41.0" N 126° 23' 23.9" E Jellanam-do Irrigation

51 Okgu 35° 55' 44.5" N 126° 39" 121" E Jellabuk-do Irrigation

52 Oksan 36° 11' 44.2" N 126° 43' 424" E Chungchengnam-do Irrigation

53 Paldang 37° 33' 03.0" N 127° 19' 03.7" E Gyeonggi-do Hydropower
54 Paro 38° 07' 03.1" N 127° 46' 451" E Gangwon-do Flood control
55 Pungrak 35° 56' 43.8" N 128° 51' 43.0" E Gyeongsnagbuk-do Irrigation

56 Sasan 35° 40' 00.3" N 126° 41" 11.7" E Jellabuk-do Irrigation

57 Sayeon 35° 34' 53.0" N 129° 11' 38.7" E Gyeongsangnam-do Water supply
58 Seoknam 35° 25' 40.2" N 126° 28' 40.1" E Jellabuk-do Irrigation

59 Simgok 35° 54' 36.1" N 129° 03' 20.6" E Gyeongsnagbuk-do Irrigation

60 Singal 37° 13 29.1" N 127° 05' 415" E Gyeonggi-do Irrigation

61 Sinrim 35° 28' 10.9" N 126° 42' 35.1" E Jellabuk-do Irrigation

62 Sinsong 36° 39" 15.7" N 126° 32' 421" E Chungchengnam-do Irrigation

63 Soyang 37° 56' 14.9" N 127° 53 28.7" E Gangwon-do Flood control
64 Tapjeong 36° 10' 44.7" N 127° 08' 56.7" E Chungchengnam-do Irrigation

65 Uiam 37° 51' 03.0" N 127° 39' 45.7" E Gangwon-do Hydropower
66 Unmun 35° 43' 25.0" N 128° 55' 03.9" E Gyeongsnagbuk-do Water supply
67 Wanggoong 35° 59' 48.9" N 127° 06' 06.9" E Jellabuk-do Irrigation

68 Wangsong 37° 18' 23.8" N 126° 56' 51.1" E Gyeonggi-do Irrigation

69 Wonnam 36° 51' 22.6" N 127° 34' 255" E Chungcheongbuk-do Irrigation

70 Yangchon 34° 30" 06.3" N 126° 37" 571" E Jellanam-do Irrigation

71 Yeoncho 34° 56' 25.2" N 128° 39' 55.1" E Gyeongsangnam-do Water supply
72 ‘Yeongcheon 36° 03' 53.4" N 129° 00" 48.8" E Gyeongsnagbuk-do Water supply
73 Yongseol 37° 03' 344" N 127° 26' 446" E Gyeonggi-do Irrigation






