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Abstract — This study compares long-term variability and spatial patterns of water quality and sediments in two
contrasting Korean estuaries an open estuary (Seomjin River) and a closed estuary (Yeongsan River) using data
from the National Marine Environmental Monitoring for 2015-2024. Water quality variables included salinity,
COD, DIN, DIP, chlorophyll-a, and SPM. Sediment variables included mean grain size, sediment COD, and acid
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volatile sulfide(AVS). Long-term trends were estimated with generalized additive models(GAMs), and spatial
change was mapped by classifying station wise trend significance as significant (p < 0.05), possible (0.05 <p < 0.25),
or non-significant (p > 0.25) to highlight early signals of change. Results show declining salinity in both estuaries and
overall increases in COD and DIN, with the COD rise being more pronounced in the Seomjin. DIP exhibited no
clear long-term trend in the Seomjin, but increased significantly in the Yeongsan. Chl-a tended to decrease slightly
overall; however, in the Seomjin a post typhoon (August 2020) phytoplankton redistribution and bloom coincided
with DIP drawdown. SPM displayed higher concentrations and greater variability in the Yeongsan, whereas the
Seomjin maintained lower and more stable levels. In both estuaries, sediments were mud dominated (silt + clay)
and mean grain size showed no distinct trend. In the Seomjin, sediment COD increased significantly and AVS rose
modestly, while in the Yeongsan neither metric changed significantly. Spatially, the Seomjin exhibited increasing
DIN and SPM near Taein-do and Gwangyang Bay, whereas the Yeongsan showed rising DIP at outer stations and
declining Chl-a near the barrage. Overall, external forcing(rainfall, river discharge, typhoons) appears to govern changes
in the open Seomyjin system, while barrage operations dominate variability in the closed Yeongsan system. Accord-
ingly, the findings suggest that differentiated management strategies based on weather conditions and hydrological
operations are needed depending on the estuary type, and they can serve as fundamental data for future waterbody
management and predictive model design.
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Fig. 1. Locations of the sampling stations in the Seomjin River Estuary (A) and the Yeongsan River Estuary (B).
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Table 1. Annual variability of water quality parameters in the seomjin river estuary (2015-2024)
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Year Temp. (°C) Sal. COD (mg/L) DIN (ug/L) DIP (u1g/L) Chl-a (pg/L) SPM (mg/L)
2015 3.8~28.2 3.3~33.4 0.36~4.80 5.4~1780.3 1.6~50.7 0.6~34.3 2.4~39.2
(17.4£7.2) (28.5+6.1) (1.75+0.86) (250.6+329.9) (12.8+11.7) (6.2+7.0) (10.4+6.2)
2016 5.7~29.1 8.2~32.9 0.34~3.63 8.9~1,288.7 1.1~42.4 0.2~13.1 0.2~33.3
(17.7£7.4) (28.7£5.5) (1.53+£0.62) (267.2+£301.2) (16.5£11.0) (3.0+2.8) (10.1£6.5)
2017 5.9~28.5 0.1~33.6 0.91~3.66 4.4~1,326.5 0.5~51.6 0.4~8.6 1.7~26.4
(17.4+£7.4) (28.4+6.9) (1.75+0.57) (178.3+£245.0) (16.9£14.9) (3.0+1.9) (9.0£5.6)
2018 1.4~29.1 9.3~33.6 0.73~4.69 44.6~1,151.4 2.5~53.6 0.1~14.0 3.1~28.9
(17.2+8.8) (29.245.3) (2.00+0.84) (289.4+274.5) (20.8+9.8) (3.3£2.8) (10.2+£5.0)
2019 7.0~28.8 9.5~33.7 0.74~3.89 2.5~1,139.3 0.6~39.2 0.5~7.6 2.2~19.3
(17.3£6.6) (28.5+5.6) (1.88+0.55) (214.3+£274.1) (12.8+9.5) (2.6£1.6) (7.3£3.5)
2020 6.8~28.1 2.0~33.3 0.86~5.28 55.3~1,225.7 0.0~37.5 0.5~41.4 3.0~35.2
(17.0£5.8) (25.8+8.2) (2.20+0.89) (343.6+£302.2) (16.1+8.4) (8.3x11.0) (11.1£6.3)
2001 7.7~30.4 12.4~33.6 0.68~3.76 3.1~ 1,1433 0.0~47.0 0.0~15.2 0.5~24.7
(18.3+7.3) (28.8+5.3) (2.15+0.78) (253.0+272.2) (18.0£13.6) (3.9£3.2) (10.4£5.0)
2022 4.4~28.1 9.6~33.9 1.04~7.79 3.9~921.7 0.0~60.2 0.4~11.3 2.3~32.9
(16.8+7.2) (28.945.3) (2.57£1.19) (131.3£195.0) (12.5£14.1) (3.8+2.1) (11.1£5.8)
2023 7.1~28.7 4.3~33.5 0.64~3.63 3.2~1,129.6 0.5~47.3 0.6~17.3 2.1~52.9
(18.0£6.9) (27.5+6.2) (1.85+0.64) (302.3+£296.8) (16.8+£12.7) (4.0+4.1) (11.9£8.4)
2024 7.7~29.5 0.1~32.7 0.95~3.46 7.2~1,637.5 0.0~41.9 0.7~11.0 2.3~45.0
(18.0+6.4) (25.0+8.4) (1.9440.48) (355.5+350.9) (15.5+9.5) (3.1£2.1) (9.3£5.4)
2015-2024 1.4~30.4 0.1~33.9 0.34~7.79 2.5~1,780.3 0.0~119.4 0.0~41.4 0.2~52.9
(17.5+£7.2) (27.946.5) (1.96+0.82) (258.5+294.9) (15.9£13.6) (4.1£5.1) (10.1£6.0)
Values in parentheses indicate min. ~max.(mean + SD)
Table 2. Annual variability of water quality parameters in the yeonsan river estuary (2015-2024)
Year Temp. (°C) Sal. COD (mg/L) DIN (1g/L) DIP (¢g/L) Chl-a (1g/L) SPM (mg/L)
2015 4.9~27.8 15.8~32.0 0.42~3.37 44.4~2,184.3 1.9~32.8 0.7~15.2 2.9~32.0
(16.0£7.1) (29.6+3.1) (1.60+0.76) (332.1£338.7) (13.6+9.3) (5.5£3.9) (10.8+7.0)
2016 5.0~30.3 16.6~32.3 0.99~4.18 6.8~1,511.0 1.1~39.1 0.4~21.1 4.3~40.6
(16.9+8.2) (29.8+3.0) (1.64+0.75) (236.9+298.7) (10.4+9.9) (6.1£6.0) (14.6+8.5)
2017 5.7~27.1 15.2~33.4 0.86~3.30 1.3~481.0 0.4~17.8 0.7~11.7 2.1~85.2
(15.6+7.5) (30.6+3.1) (1.41£0.44) (150.4+102.0) (10.1+4.5) (3.0£2.4) (21.0£20.3)
2018 2.5~30.2 27.2~32.6 0.83~2.45 14.0~451.2 1.7~54.4 0.1~9.4 1.9~91.7
(16.4+9.0) (31.3%£1.2) (1.68+0.35) (154.8+£96.1) (17.5£9.6) (3.7+2.2) (16.3£15.7)
2019 6.0~26.6 27.9~32.5 0.81~4.40 2.8~324.5 0.0~33.6 0.3~16.9 1.0~46.7
(16.4+6.8) (30.7+1.2) (1.96+0.89) (138.7+88.7) (8.8+0.1) (4.1£3.6) (10.1£8.3)
2020 6.4~26.9 23.6~31.7 0.81~3.36 45.3~444.9 0.3~28.6 0.6~10.6 3.0~66.3
(16.3£6.5) (28.9£2.7) (1.87+0.63) (232.3£76.1) (14.4+8.1) (3.843.1) (19.5£16.9)
2021 7.1~28.0 15.2~31.5 0.97~3.40 80.0~2,113.8 1.2~35.6 1.1~7.7 5.0~51.3
(17.3£6.9) (28.7+£3.7) (1.81£0.60) (372.2+439.9) (16.1£10.8) (2.3£1.3) (16.2+11.4)
2022 4.7~27.6 28.1~32.3 0.61~3.24 2.8~312.9 0.7~52.9 0.7~10.2 3.0~62.7
(16.3£7.5) (31.2+1.1) (1.77£0.70) (126.4+76.2) (15.5£12.8) (3.6+2.8) (16.6+13.7)
2023 5.2~27.8 11.1~32.3 0.80~3.93 8.3~1,450.3 0.8~40.9 0.5~39.3 4.7~66.0
(15.5+£7.4) (28.1+4.1) (1.82+0.71) (340.3£293.8) (21.1£8.9) (4.3£7.3) (20.2£15.4)
2024 7.2~29.0 6.3~31.8 0.66~3.33 7.0~1,828.2 0.3~38.0 0.3~23.0 2.8~53.0
(17.8+£7.1) (26.5+5.6) (1.58+0.62) (433.6+378.8) (20.7£9.8) (3.7+4.6) (15.4£10.1)
2015-2024 2.5~30.3 6.3~33.4 0.42~4.40 1.3~2,184.3 0.0~54.4 0.1~39.3 1.0~91.7
(16.5£7.5) (29.5+3.5) (1.71£0.68) (251.8+£279.0) (14.8+£10.4) (4.0+4.2) (16.1£13.8)
Values in parentheses indicate min. ~max.(mean = SD)
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Fig. 2. Annual distributions of salinity shown as boxplots (top) and GAM (generalized additive model) trends (bottom) in the Seomjin river
(left) and Yeongsan river (right) estuaries from 2015 to 2024. In the bottom figures, the solid lines represent smoothed estimates of the effect
of year, while the dashed lines indicate the 95% confidence intervals.
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Table 3. Annual variations in freshwater discharge from the Seomjin
River and Yeongsan River dyke between 2015 and 2024

Seomyjin river Yeongsan dyke discharge

Year discharge (m*/s) (x10°m?)
2015 17,085 763,210
2016 21,345 1,351,978
2017 12,028 496,240
2018 33,221 1,538,343
2019 26,058 1,543,794
2020 65,941 3,127,847
2021 26,145 1,372,428
2022 16,823 583,559
2023 55,680 2,963,456
2024 40,431 1,899,238
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Fig. 3. Annual distributions of COD shown as boxplots (top) and GAM (generalized additive model) trends (bottom) in the Seomjin river

(left) and Yeongsan river (right) estuaries from 2015 to 2024.

3= 201595 E] 20229714 AX1A s $ 543 AR
), 20220 YAF] F7R= 7RO R Q13 Biofilm-f+71 4| H-al =
COD7} A3+ Avz e th(Harjung ef al.[2019]). CODE= A
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Fig. 4. Annual distributions of DIN shown as boxplots (top) and GAM (generalized additive model) trends (bottom) in the Seomjin river
(left) and Yeongsan river (right) estuaries from 2015 to 2024.
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3
AZ7F 3] DIN T E+= 2.5~1,780.3 £18/L(258.5£294.9 yg/
o = 1.3~2,184.3 1g/L(251.8+279.0 pg/L)E B 5
T FASE =520l th(Table 1, 2; Fig. 4). DIN ¥% W3h= 7+
T, 1, TAIE) 5784 9, AEEEAE 5, AR 28, A
FAIZE Sl 28l A7 ¥tk (Middelburg and Nieuwenhuize[2000];
Wu et al.[2016]; Jiang et al[2019]). DINS] Q= HH3ES B,
A7 e 2017d 3} 2022300 AF O R BRE FEE B
o, frgo] gk 21719} dAJeto] 7HE o % QIS DING w1
7} Ask A0 F HATK(Wetz et al.[2011]; Rabby et al.[2024];
Zhang et al.[2024]). T3t 2020%d, 202333} 20243 F3F2] =
213l DINS] F%7} Asst A7=E Kol DINS f-ol| 23]
ZAE 54E Belvh v, 9A s 2015d) HuAE
71538 o] $- AnkA o & FhAdhs AEE Holthrl, 2021del A
AlF o2 F7het 5 2023 d5E] A SR ke o] dEr
Hlsest Aeks el sh5e] Wl wt 2dEe= EA4E B
AT} GAM 447} DINS A7 3F-ollA] 20154 253.9 pg/L
ol A 2024d 359.5 pg/LE Z7F81], 105.64294.9 pg/Le] 721
3t Z71E B TH(p<0.001). FAH 31 8k 20154 331.6 pg/L
oA 2024\ 438.2 pg/LE Z7FF oM, E7F E-2 106.6+£279.0
pg/LE FAHSZE 723813 th(p<0.001)(Fig. 4). 4717 sl-ellA
£ 2015956 20203714 kst S7RAIR YERE oL, 2022+
off §A% 312t & thA] ] &Es AdS Btk AlF ke vl
2 FA| =] AR 7 BARel s WEe] P 22 Flew
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Rt} AP skt 201595 2019970 ashs Aeks
H o, oF 202190l FEIE Z7MAE Bglan, 20243714 ]
Z
2]

WA WEEE FASICR AT 2015437E] 20193714 H
Al ebtor, 20208 ol F el Fobdiz AE ugik

3.1.4 8771”1

A

217 2] DIP 555 0.0~60.2 1g/L(15.9+12.0 pg/L), 3
A} 3= 0.0~ 54.4 pg/L (14.8+10.4 pg/L)E Bt S5 A2
H|S=3tK(Table 1, 2; Fig. 5). DIPS] #¥+&= €4(C) @ A4 N)2}
AR A Holy, &5/ =, 8, -7 B85 &2
o AESA 3} ola) ZH @t (Prastka er al. [1998]; Buzzelli
et al[2013]; Wang ef al[2022]; Shi et al[2025]). DIP= ZHHA © 2
g Fgo| giglont, Gk sltall= 2018d9] slEa) st
67} 2 N F43] T2 Tt YAF S E FHEAE AT GAM
B4 7 srellA 2015 12.9 pg/LollA 2024 15.6 pg/
LE Z7F6k3 01, 57 B8 284120 pg/LE EAHC R 528k
CHp<0.001). B4 3= 2015 122 pg/Loll A 20243 21.1 pg/LE
7l e, T7F F2 8.9+10.4 pug/LE BAIKOZ F-2l3I3ith
(p<0.001)(Fig. 5). DIP 5% F7h= F& 24242 HE ] ¢ &
=l 7IQ1g Zl o7 JetEy, o]yt &= I YA 17
Ho] MRS wf Xt 13k, A% HAEY A= 74 Wl
B 2 5 Tl st AES stk (Shen er al[2008]). G4t
7 sl ERIE DIP 0] T7He ks Tas didolH,

Aol Ffred F e T FAIE AR
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Fig. 5. Annual distributions of DIP shown as boxplots (top) and GAM (generalized additive model) trends (bottom) in the Seomjin river

(left) and Yeongsan river (right) estuaries from 2015 to 2024.
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3.1.
ol 8 4-a 55 0.0~41.4 pg/L(4.1£5.1 pg/L), A7 3ol ]Aﬂ SPM “§%=+ 0.2~52.9 mg/L(10.1+6.0 mg/L),
A7} 3ol M= 0.1~39.3 pg/L(4.0442 pg/L)E B 5= 5 AL 5

BlrollA] FARSE 752 B ATH(Table 1, 2; Fig. 6). 54 -a= 9 Toll4 I 6.0 mg/L iﬂ L‘rE‘rkkE‘r(Tablel 2; Fig. 7) ol“ A
FAFEAE, QD), %9_— AP FEEAHPAR), 7%, B, 7ElY B SAS Hole A4 shtel 224 3] s ekl e
ok 5 tekst 9919] J3ES Wh=t}(Abbate er al.[2017]; Zhang er  GAFE 31 3] 2ol S HEgER= Ao 2 siX3kar ItH(Kwon er

al[2021]; Ma et al[2025]). AEE =402 B A7 3 al[2002]; Park and Sin[2022]). SPM2] AT HS Bd, A7
TollA 2020:d) 0.5~41.4 pg/L M2 BFt 83£11.0 wg/LE B 7 3} tIF-F 20 mg/L 8= A= S st Hepr) e}
oju] 2uff ol ike] F7FE Bl 53] 8o ] w2 AEdE WA Atk whiE, AP SrellAE 20 mg/L oVde] st ¢
Bt} olefgh @2 Al AEEFAES] AT T2 (bloom)?t  SEE FRo] T2 shselx] Mozl ajoelx] Sl o]
Egol &5k gk Akt Agtete] VRt A s %E}(Zhang ZA 2G0T AT HATol AT-RrE Aol FAE e
et al[2024]). TLA17] DIP -5 16~25 48 01A OiF 1 ug/. Sth(Park and Sin[2022]). GAM 244¥} SPM 5%+ A7 5F
Q]2 AR a1 AElR o | o= AEEHAES] 4% 52 ol 20159 10.5 mg/LellA] 202413 9.5 mg/LE 7AErSar, 7
oA QJekedo] Amgle) whel DIP7F Agk QbR Z-get AR A ES _1.0+6.0 mg/LE 23 7H ABES 1B ITh(p<0.05). %
et Jabt sl s stsa A5 A eollA] 201643 A sl A 2015 14.1 mg/LollA] 2024 17.9 mg/LE 57}
202330 104 pg/L, 114 pg/L7 38 w57t BT, A= 61900, 571 Z-8 3.8+13.8 mg/LE 571 43S Bl vk E7
| Bolx] ekttt GAM 412 54-a v e 4l

1-

Ol r

s
o ¢
d
D
(]
N

EWT 25 Ao 7 F2&k OJ'OLE]'(p>O 05)(Fig. 7). Hr=d A% e+
27 sHtelA] 2015 6.2 pg/LollA] 20243 3.1 pg/LE 7HAEkS] oA WskEo] 23 A= FEe A VER /PP AR] AES 1
I, 3 FE 31250 pg/LR fFoIvIsAl AAEItp<0.001).  lom, YAPd shs MEAo] AL AlFlo] Hol 22Aje] ¢
QA Bkl 1*1 2015% 5.6 pg/LolA] 2024 3.9 pg/LZ FAst  Alsh s8] 54o] Yehd A o= st
AL, A T2 -1.7+4.2 pg/LE 73 7HAE YERITH(p<0.05)
(Fig. 6). X7} 3= 20202 A sk, G228 JEHE 1 3.2 E[XEA
owm, YA 3 ] EDF ko] 2.24% Sto} W=t FHiE 32.1 FH%
I2o= A7 sl e 0.9~9.50(6.9£1.79), FAFE sl e 3.7
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Fig. 6. Annual distributions of Chl-a shown as boxplots (top) and GAM (generalized additive model) trends (bottom) in the Seomjin river
(left) and Yeongsan river (right) estuaries from 2015 to 2024.



38 olA)gt - )%, -

BN
oft
Y
Z
o
Hr
oy
Mo
a

Seomijin River Estuary Yeongsan River Estuary

100 100
(o}

80 - 80 .
-y Q o °
\g 60 - > 60
£ 8 £ o
= ] = °
N 40 o o
%) 7))

o ° 8
) ° o L4

o ° 40 8 Q ¢

2 g o 8 8 ° ° .
"tdddleddey o = =

. il e e ol S Sl LN S I e S 1l S
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Year Year

EDF=8.47

Influential effect [SPM(mg/L)]
Influential effect [SPM(mg/L)]

EDF=7.47

101, ! ! | | | } | | | -0 | | | ! | | | | |

T T T T T T T T T T T T T T T
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2015 2016 2017 2018 2019 2020 2021
Year Year

T
2022 2023 2024

Fig. 7. Annual distributions of SPM shown as boxplots (top) and GAM (generalized additive model) trends (bottom) in the Seomjin river
(left) and Yeongsan river (right) estuaries from 2015 to 2024.

~8.90(7.2£1.20)2] AEEFEFULEYE FA= I} F a7 &
FHAE 9 AE) 5A8o] AsH| R A7 skl A4
o7 FRg HAEo| v IEE AL, HH]lE] Ak 7o)

2 e B3 9E H
Wt 15+ (Bayhead),

et

HAE T X

SRRk

Table 4. Annual variability of sediment grain size, COD and AVS in the seomjin and yeongsan river estuaries (2015-2024)

Seomyjin River Estuary

Yeongsan River Estuary

Year Mz (D) COD (mgOy/g-dty) _ AVS (mg S/g-dty) Mz (@)  COD (mgOye-dty)  AVS (mgS/g-dty)
SoLs 4695 5.51~12.38 0.000~1.071 6.6-8.9 5.797.49 0.036-0.235
(7.4+1.4) (9.4122.19) (0.242£0.312) (8.0+0.9) (6.85+0.64) (0.100£0.079)
ol 2.08.9 2.17~14.95 0.001~0.450 5685 737~11.67 0.001~0.254
(6.542.1) (7.79+3.65) (0.138+0.166) (7.4£1.1) (8.84+1.68) (0.066:0.109)
o1 3585 2.97-15.92 0.002-1.326 6.0-8.1 5.90~8.33 0.001~0.262
(6.8+1.7) (7.90+3.40) (0.224+0.361) (7.4+0.8) (6.56+1.02) (0.098+0.102)
2018 3380 5.8023.50 0.001~0.450 6.1-7.6 3.82-9.99 0.000~0.250
(6.5+1.7) (13.75+5.24) (0.139+0.166) (6.9+0.6) (7.7242.34) (0.065£0.107)
010 2985 6.01-22.77 0.001~0.436 6.7-7.6 8.13-17.23 0.020~0.498
(7.0£1.5) (16.27+5.39) (0.152+0.171) (7.240.4) (12.59+3.25) (0.147£0.203)
2020 2485 10.08~14.96 0.001~0.657 4283 427-11.70 0.009-1.068
(6.8+1.7) (12.95+1.23) (0.150£0.219) (7.0+1.6) (8.25+3.37) (0.477+0.435)
o1 3885 14.69-34.28 0.002~0.880 6,785 18.43-34.33 0.009-0.127
(6.9+1.5) (25.26+5.84) (0.259+0.307) (7.740.6) (26.93+6.23) (0.078+0.045)
02 4290 7.02-22.49 0.008~1.871 5.6-8.9 5.75-17.14 0.001~0.149
(7.2+1.6) (15.78+4.78) (0.3950.518) (7.9+1.4) (11.36:4.03) (0.039:0.063)
023 3.879 6.61~40.63 0.002-1.097 3773 1.87-9.80 0.001~0.146
(6.8+1.3) (19.79+8.98) (0.260+0.332) (6.1+1.4) (6.25+3.05) (0.069+0.065)
o4 0.9-8.1 1.75-36.26 0.004~1.848 5178 5.32-18.40 0.001~0.971
(6.742.2) (17.00£8.27) (0.407+0.499) (6.9+1.1) (12.68+4.88) (0.282+0.402)
olso0a 0995 1.75-40.63 0.000~1.871 3.7-8.9 1.87~34.33 0.000~1.068
(6.9+1.7) (14.59+7.52) (0.237+0.342) (7.2+1.2) (10.80+6.79) (0.142:0.247)

Values in parentheses indicate min. ~max.(mean + SD)
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Fig. 8. Annual distributions of Mz shown as boxplots (top) and GAM (generalized additive model) trends (bottom) in the Seomjin river

(left) and Yeongsan river (right) estuaries from 2015 to 2024.

AR AR vk HO= RRgE o) Fwt. o2l o
129 RS L AR B4 9ol AdHe A3

=

X

2 2
9 el 590l Slsh APSAL, SR BT 5 A91H T

ZEo] Q= Aol Aol 2%t sFo|ut 9ol ofgh R
oA S W=tHDouglas er al.[2025]). A7 &7-2] thek
St Y=ot FAE EHe] 60 o) el AIiA Bl FEe Aed, A

¢

=

AL, gt abt el fIRIE A 69 199014 =33k A
FlaHAl BEE I A AR 1M 7St st 27
ﬁo o

3 HAEE 545 Z=d(Meng et

al[2023]), Q12 S} Brenke SAbolA Halo o8] 2y A
2 e dlEARl Kootk GAM

= 7 3l A 2015 6.909014 20243
I, 7 ZE 0.1£1.70% FAACRE 251
AP sl M= 2015 7.700014 20244 6.80%
30, T FL 0.8+030F HAsoy BAHoR f

kel

o5t W3k sheoly] %] ekodth(p>0.1)(Fig. 8). T8, T+ s} 25

FEAHTE(EDFYF 12 e vde Wit s e akex] o
gkom, My AeS YeRth(Hunsicker ef al.[2016]; Jammar et
al[2025]). & A7l ER1E Y% wshk= A AAx1 sk}
HHAGN A shrellA] JE ohekd 2 Al Yo xleol=
BEetA UERt o, A7 Astel A ] mleksl 23t 3RS o
371 oot

3.22 A0

2707F el COD S 1.75~40.63 mg/g(14.59+7.52 mg/g),
A7} SRl A= 1.87~34.33 mg/g(10.80+6.79 mg/g)C =, 4717
Sh-ell A 3t 3.79 mg/go] =2 S I TH(Table 4; Fig. 9).
CODY| AAxd WM3lE B, MZ7 s 201533 20203
A 2 BA7E AA gekont, 2021 Hit gEo] 25.26 mg/gl F
et B8, GAFE skl 20211 B3 0] 26.93 mg/g
o= IA s7khRs A3s Btk ARk o ® FAE U A&
o wsh= R 7], ke 7 vIE Y, ] Ak
), 2 W FAolREE, FEYEE] 21, oY T ook
919 H3talgof oJ&] A E th(Foster ef al.[2019]; Cheng et
al.[2024]; Chen ez al.[2025]). 20219 ¥ 3l-lA #AE CcoD 3
o] A et F2 9918 202032 E5= lko] 2 104
T 7P Eol okl frilEo] HA=el FAH 7] wike|th &
8] B4 AFH7} 280l o] FolA] AR $HAelA f7]EC] a7k
Zd] KA ekgkr] wiitel EAE CcoD o] =A A8

Ao st GAM 24143} B2 CcOD a2 X7 8t
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Fig. 9. Annual distributions of COD shown as boxplots (top) and GAM (generalized additive model) trends (bottom) in the Seomjin river

(left) and Yeongsan river (right) estuaries from 2015 to 2024.

ol A 2015Lﬂ 9.40 mg/golA 20243 17.14 mg/gC = 71813
I, T7F FL 7.74+7.55 mg/g FAINLE 28t THp<0.001).
Aabg kel 20153 6.93 mg/gell A 20243 12.54 mg/gC =
IA SR, F7F BE 5.6246.88 mg/glE EAHOR £
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Fig. 10. Annual distributions of AVS shown as boxplots (top) and GAM (generalized additive model) trends (bottom) in the Seomjin river

(left) and Yeongsan river (right) estuaries from 2015 to 2024.



207 el A AVS SHES 0.000~ 1.871 mg/g(0.237£0.342
mg/g), DA 3ol 493= 0.000~ 1.068 mg/g(0.142+0.247 mg/g) =,
A77F slellA] 1 0.095 mg/gl] =2 TS KUK Table 4;
Fig. 10). AVS g2 Az o 2 A4 B2 53} 77|15 d50]
E Ak B STV, 71 alle)h kel Aks)- 2
;1of wje} WEEch(Jingchun et al[2010]; Hall ef al[2022]). &
T gEly dE HslkE 2, AR e iR 0.2 mg/g
oJate] TS FABIN O, FA 40lM] A&H 0w L FHeo]
A5E AL, A7t wiF FHo| A vEt. i sk s
w3 815
AVS 3] z;
Hhd e A7z s gt

2024 0.371 mg/gC. 2 AA S7V8AAL, S7F 32 0.188+0.343
mg/gC & {25 TV} Adko] FRIEITh(p<0.05). o]l RIEl At
7 3= 2015 0.095 mg/gollA] 2024 0.190 mg/gl = S5}
Qo) ST FL 0.095+0.250 mg/gl® AR o7 FoJskA] oF
grom, nAE =z W3l e B2E=] ekgel(p>0.1)(Fig. 10).
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3.3 375!

Murphy ez al. [2019]°] W=, 322 p-valueS T-E81= 4
& Frejnjgt o] EEE w7k 7|vke)7|Beks vishh A2
7FeAdol Qi AlE 2710 BRIk o] & WO A
sk el fgaichar Akt webA] YAt v
T4 HolelE tldo Rz FAA AS FHst AvE A 7K 5
FO = FEsto] sAlslelet. ehshe o] 2 p < 0.058
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Table 5. Spatial distribution of estimated water quality factors (COD, DIN, DIP, chlorophyll-a, SPM) at each point in the Seomjin and

Yeongsan river estuaries (2015-2024)

Seomjin River Estuary

Yeongsan River Estuary

St. COD DIN DIP Chl-a SPM COoD DIN DIP Chl-a SPM
(mg/L) (ug/L) (1g/L) (ug/L) (mg/L)  (mg/L) (ug/L) (ug/L) (ug/L) (mg/L)

1 0.50 13.4 2.9 1.1 0.6 0.61" 115.9° 6.8° -1.8 13.2°

2 0.61" 14.7 2.1 1.4 12 -0.06 213" 15.1" -1.9 0.3

3 0.96™ 32.0 2.4 0.0 12 0.37" 111.8" 8.4 -1.8° 8.7

4 0.17" 133 4.1 -0.4 -6.7" 0.13 191.1° 6.1° 0.4 5.9

5 1.08" 21.9 4.5 0.3 9.4 0.01 96.7" 7.1° 2.0° 8.8

6 0.92"* 10.5 4.5 0.7 2.1 0.32 274.7° 7.7 0.1 -0.4

7 0.24™ 19.3 2.6 -0.1 1.3 -0.36 9.4* 12.8" -3.5° -1.8

8 0.56" 15.2 0.8 0.2 49 0.08 92.8 9.9° -1.0 7.7

9 0.96™ 0.5 3.7 1.5 3.9° 0.65" 164.6™ 8.3 0.8 5.4

10 0.50 45.4 0.2 0.9 0.8 0.07 153.8™ 9.5° 2.4 42

11 0.79* 14.7 2.8 1.3 4.1 -0.07 100.4* 8.1" 2.7 6.4

12 0.55" 45.0 -3.0 12 2.0

13 0.57" 259 1.6 0.5 -5.5°

14 0.96™ 46.6 -1.1 0.4 9.8™

15 0.80"* 28.9 -1.1 0.5 0.7

16 -0.36 99.2 13 23 0.5

17 -0.06 -76.6 3.6 3.1 -1.5

18 0.19 39.5 4.4 22 0.5

19 -0.08 152.9 4.5 2.6 -13

20 0.05 103.6 3.7 4.2 -0.9

21 0.06 31.1 26 2.3 -13

22 0.09 171.7° 4.5 2.6 3.7

23 0.10 156.3" 1.6 -1.6 1.2

24 -0.01 159.0° 2.5 -1.3 5.1°

25 0.32 186.3™ 4.6 -1.1 -1.0

" p<0.05, *: 0.05<p<0.25
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Fig. 11. Spatio-temporal distributions in water quality parameters (COD, DIN, DIP, Chl-a, and SPM) at the Seomjin and Yeongsan River
Estuaries from 2015 to 2024. Circles indicate trend direction (1 increase, | decrease) and statistical significance(green: p <0.05; yellow:
0.05 <p <0.25; blue: p>0.25).
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