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In this study, we newly investigated surface water samples collected in two contrasting Korean estuary
systems (i.e., closed Geum and open Seomjin estuaries) along a salinity gradient in winter (December) in
2016. The main objectives were to determine the source of particulate organic carbon (POC) in winter and
to assess the environmental factors inducing seasonal differences in POC characteristics. Concentrations
and dual carbon isotopes (§3C and A'¥C) of POC were analyzed together with concentrations and stable
carbon isotopes (§'3C) of dissolved inorganic carbon (DIC) and compared with those obtained in summer
(August) in 2016. Our study provided a new insight that for both estuarine systems, the seasonal contrast
in POC characteristics was associated with stronger wind-induced estuarine sediment resuspensions in
winter than in summer providing a greater contribution of aged POC to the total POC pool in winter.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Rivers are the vital link between land and sea (e.g., Hedges
et al., 1997; Bauer and Bianchi, 2011). Riverine carbons are trans-
ferred to the sea in various forms, such as dissolved and particu-
late organic carbon (DOC and POC), largely because of soil leach-
ing and erosion (Meybeck, 1982). World rivers transport approx-
imately 0.4 x 10" g C yr~! from land to sea, primarily through
estuaries, out of which approximately 38% is in particulate form
(Meybeck, 1982; Ludwig and Probst, 1996; Hedges et al., 1997).
Estuarine POC may be derived from allochthonous (i.e., terrestrial
plant detritus and soils and marine primary production) and au-
tochthonous (i.e., in situ aquatic production) sources (Bauer et al.,
2013). The stable carbon isotope (§'3C) has been used for trac-
ing the source of POC in estuaries combined with the radiocar-
bon isotope (A'™C) which provides additional information on the
source and the reactivity of POC (e.g., Raymond and Bauer, 2001).
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Organic carbon (OC) delivery via the river-estuary-sea contin-
uum may vary seasonally due to biotic and abiotic processes in-
cluding primary productivity, river discharge, and physical mixing
(e.g., Bianchi and Duan, 2006; Cai et al., 2016; Guo et al., 2015;
Hoffman and Bronk, 2006). For instance, thermal and saline strati-
fications prevent a vertical mixing in summer due to a large tem-
perature difference between warmer surface water and cold bot-
tom water and a stronger episodic riverine freshwater input under
the Asian monsoon system (Lee et al., 2010).

The Geum River is the third largest river in South Korea flow-
ing into the mid-eastern Yellow Sea. It has a length of 398 km and
a drainage area of 9914 km? (Water Resources Management In-
formation System, WAMIS, http://www.wamis.go.kr). Its mean an-
nual water discharge was 324 m3 s~!, ranging from 102.4 m3 s!
in February to 841.1 m3 s~! in July 2016 (Water Environment In-
formation System, WEIS, http://water.nier.go.kr). The Seomjin River
discharges into the South Sea of Korea (northern extension of the
East China Sea). The length of the Seomjin River was 222 km with
a drainage basin area of 4914 km? (WAMIS). Its mean annual wa-
ter discharge was 55.5 m3 s~!, showing a minimum value of 21.9
m3 s~! in August 2016 and a maximum value of 140.5 m3 s~! in
October 2016 (WEIS). An estuary dam was built in the Geum estu-


https://doi.org/10.1016/j.watres.2020.116442
http://www.ScienceDirect.com
http://www.elsevier.com/locate/watres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2020.116442&domain=pdf
mailto:jhkim123@kopri.re.kr
mailto:shinkh@hanyang.ac.kr
http://www.wamis.go.kr
http://water.nier.go.kr
https://doi.org/10.1016/j.watres.2020.116442

S. Kang, J.-H. Kim, J.H. Hwang et al.

ary in 1990. In contrast, the Seomjin estuary was an open estuary
without a dam.

A previous study of the Geum and Seomjin rivers showed that
the catchment area-normalized fluxes of POC were 4.0 x 10~ tC
km=2 yr~! in the Geum River and 5.2 x 1074 tC km~2 yr~! in
the Seomjin River between May 2016 and May 2018 (Kang et al.,
2019). The POC flux was more weakly associated with the water
discharge in the Geum River than in the Seomyjin River, indicating
that the estuary dam of the Geum River influenced the POC fluxes
into the estuary by modifying the water residence times through
an artificial drainage control in the reservoir. Higher 8§3Cpoc and
AMCpoc values in the surface water samples collected along a
salinity gradient in the Geum estuary than those in the Seomjin
estuary in August 2016 indicated that phytoplankton-derived POC
was the main contributor to the total POC pool in the reservoir of
the Geum estuary due to an enhanced phytoplankton bloom asso-
ciate with an increase in water residence time by the estuary dam,
whereas terrestrial-derived POC was predominantly transported by
the Seomjin River (Kang et al., 2020). Accordingly, the estuary dam
of the Geum River altered the source and reactivity of POC in the
reservoir in summer, which could have been exported to the ad-
jacent estuary when the water gate was open. However, the sea-
sonal contrast of POC characteristics along a salinity gradient has
not been yet determined in either estuary system.

In this study, we newly investigated surface water samples
collected along a salinity gradient from the Geum (closed) and
Seomjin (open) estuary systems in winter (December) in 2016. We
analyzed the concentrations and dual carbon isotopes (§13C and
A™C) of POC together with the concentrations and stable carbon
isotopes (813C) of dissolved inorganic carbon (DIC) and compared
them with those obtained in summer (August) in 2016. The main
objectives of this study were to determine the source of POC in
winter and thus to evaluate the environmental factors inducing the
seasonal differences in POC characteristics in two contrasting Ko-
rean estuary systems.

2. Materials and methods
2.1. Sample collection

Surface water samples were collected along a salinity gradient
from the land (i.e., last gauging station of each river) to sea sites
in the Geum and Seomjin estuary systems in August and December
2016 (Figs. 1 and 2). Surface water was taken directly into a high-
density polyethylene carboy through Tygon tubing using an aspi-
rator system at or near high-tide conditions. Approximately 0.1-2
L of water was filtered through a pre-combusted (450°C, 5h) and
pre-weighed 0.45 um glass fiber filter (Macherey-Nagel, Dueren,
Germany). The filters were freeze-dried and then weighed to cal-
culate the total suspended matter (TSM) concentration. They were
also used for the concentration and isotope (813C and A4C) anal-
ysis of POC. Filtrates were collected in high-density polyethylene
bottles for the analysis of total alkalinity and 125 mL glass bottles
with 85% H3PO, for the §13C analysis of DIC.

2.2. Hydrological and water parameters

The river water discharge and monthly mean precipitation data
for the Geum and Seomjin basins in 2016 were obtained from
WEIS and the Korea Meteorological Administration (KMA, http://
www.kma.go.kr), respectively. The daily averaged wind speed data
were obtained from the Gunsan and Gwangyang stations in Au-
gust and December 2016 (KMA, http://www.kma.go.kr). In situ wa-
ter parameters (temperature, salinity, pH, and turbidity) were mea-
sured using a Hydrolab DS5 multi-parameter water quality sonde
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Fig. 1. Location of the sampling sites in (A) the Geum estuary and (B) the Seomjin
estuary.

(OTT Hydromet, Kempten, Germany) during the sampling cam-
paigns in August and December 2016.

2.3. Chemical parameters

Total alkalinity was measured using a T50 titrator (Met-
tler Toledo, Schwerzenbach, Switzerland). The DIC concentration
was calculated using PHREEQC (computer program for speciation,
reaction-path, advective-transport, and inverse geochemical calcu-
lations, U.S. Geological Survey, Earth Science Information Center,
Denver, USA), which considered the measured water temperature,
pH, and total alkalinity (cf. Shin et al., 2015). The stable isotope ra-
tios of DIC (813Cp,c) were analyzed with extracted CO, gas using
a dual-inlet isotope ratio mass spectrometer (Isoprime, GV Instru-
ment, Manchester, UK). The POC concentrations and the stable car-
bon isotopes of POC (813Cpoc) were analyzed following the same
procedure of Kang et al. (2020). The radiocarbon analysis of POC
(A™Cpoc) was conducted at the National Ocean Science Accelera-
tor Mass Spectrometry Facility of the Woods Hole Oceanographic
Institution (NOSAMS, Woods Hole, USA) and the Alfred Wegener
Institute (AWI, Bremerhaven, Germany), following their standard
routines.

2.4. Conservative mixing model calculation

The DIC and POC concentrations and the isotope compositions
of §B3Cpjc, 813Cppoc, and AMCpgc resulting from a mix of freshwa-
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Fig. 2. Variation in (A) water discharges (m? s—') and monthly precipitations (mm) in the Geum and Seomjin estuaries in 2016 and (B) daily wind speeds (circles) and
average wind speeds of 14 days (lines) (km h~') in the Geum and Seomjin estuaries in August and December 2016. Note that the water discharge and precipitation data

were taken from Kang et al. (2019).

ter and seawater were calculated using the following equations (cf.
Samanta et al.,, 2015; Wang et al., 2016; Bhavya et al., 2018),

Sm,'x=SfFf+Sm(1—Ff) (1)
[Clmix = [C]fFf + [C]m(1 - Ff) (2)
Inix = [Cl el gFy + [Clinkn (1 = Fp) /[C]4Fr + [Cl (1 = Fp) (3)

where S, is the measured salinity at each site and Sy and Sp
represent the freshwater and seawater end member values of
the salinity, respectively. [C] is the concentration of DIC and POC
and I indicates the isotopes of each carbon species (i.e., §3Cpc,
813Cpoc, and AM™Cpgc). Subscripts mix represents the expected
value through conservative mixing, whereas f and m indicate fresh-
water and seawater, respectively. The data from GR1 in the Geum
River and SJR1 in the Seomjin River were used as the freshwater
end-member values, whereas the data from GR6 and SJR5 were
used as the seawater end-member values for each estuary system
(Tables 1 and 2, see also Fig. 1). The concentration and isotope
deviations between the measured and modeled values (A[C] and
Al[l], respectively) were calculated as follows (cf. Samanta et al.,
2015),

AlC] = ([C]sample - [C]mix)/[c]mix (4)

A[I] = Isample — Inix (5)

where [Clsgmpie and Iggmple are the measured values and [C]p;, and
Imix are the modeled values.

2.4. Statistical analysis

To determine the relationship among the different data sets, the
Pearson test (R) was performed using IBM SPSS 25 (SPSS Inc., IBM
Corp., Armonk, New York, USA). Probabilities (p) were determined,
and a p value of < 0.05 was considered to be significant.

3. Results
3.1. Geum estuary

At the time of sampling in December 2016, the wind speeds
were higher than those in August 2016 (Fig. 2), and the water
masses were characterized by a temperature range of 4.9-9.7°C, a
salinity range of 0.3-35.0 psu, a pH range of 6.5-9.7, and a tur-
bidity range of 261-450 NTU (Figs. 3 and 4). The surface water
temperature in December 2016 (on average, 8.6 & 1.5°C) was much
lower than in August 2016 (on average, 30.9 4 1.1°C) showing simi-
lar temperatures before and after the dam (Fig. 4A). However, other
water parameters (i.e., salinity, pH, and total alkalinity) were dras-
tically changed before and after the dam in two sampling periods
(Figs. 4B-D). The turbidity in December 2016 (on average, 436 +
16 NTU) was much higher than in August 2016 (on average, 48
+ 18 NTU) showing a similar before and after the dam (Fig. 4E).
In general, the TSM concentrations were lower before the dam
than after the dam, showing similar ranges in summer and winter
(Fig. 4F). The DIC concentrations (11.1-27.1 mgC L™! in August 2016
and 17.2-28.2 mgC L' in December 2016) were also lower before
the dam than after the dam for both sampling periods, but with
higher concentrations in the reservoir in winter than in summer
(Fig. 5A). In contrast, the POC concentrations in December 2016
(0.3-2.7 mgC L) were slightly higher before the dam than after
the dam, showing a smaller contrast compared to that in summer
(Fig. 5B). The 8§3Cpc values were lower before the dam than af-
ter the dam for both sampling periods, ranging from —12.0%. to
0.3%. (Fig. 6A). The 8§3Cpoc values in December 2016 were be-
tween —32.5% and —25.3%., showing different trends along the
salinity gradient for two sampling periods (Fig. 6B). The ACpgc
values in December 2016 (—351.0%. to —87.0%.) showed a larger
difference between before and after the dam compared to that in
August 2016 (Fig. 6C).

3.2. Seomjin estuary

The average wind speed of previous 14 days at the time of sam-
pling was higher in December 2016 than in August 2016 (Fig. 2B).
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Sample information and environmental parameters considered in this study. Note that the water temperature, salinity, pH, and TSM data from all sampling sites in
August 2016 were taken from Kang et al. (2020) and from GR1 and SJR1 in December 2016 were taken from Kang et al. (2019).

Study area Sampling date  Sampling Latitude Longitude Water temperature Salinity pH Total alkalinity Turbidity TSM

(YYYY-MM-DD) site (°C) (ppt) (meq L) (NTU) concentration
(mg L)

Geum estuary  2016-08-17 GR1 36.0899 126.8741 31.6 0.2 9.9 1.34 71 25.19+4.1
2016-08-17 GR2 36.0187 126.7551 31.6 0.1 9.2 1.18 51 12.20+0.4
2016-08-17 GR3 36.9993 126.7269 31.6 26.7 8.0 1.97 67 95.87+4.1
2016-08-17 GR4 36.0242 126.6385 31.5 334 76 213 33 57.00+£5.4
2016-08-17 GR5 36.0596 126.5235 30.2 334 7.8 2.18 29 24.67+5.2
2016-08-17 GR6 36.6327 126.1112 29.0 34.0 7.8 2.19 38 10.45+2.6
2016-12-22 GR1 36.0899 126.8741 9.4 0.3 8.9 1.47 451 7.724+0.7
2016-12-22 GR2 36.0187 126.7551 9.7 0.3 7.7 1.41 445 6.59+0.5
2016-12-22 GR3 36.9993 126.7269 6.9 26.5 7.6 1.67 429 20.89
2016-12-22 GR4 36.0242 126.6385 6.5 324 76 216 408 70.15+5.8
2016-12-22 GR5 36.0596 126.5235 9.7 335 77 222 445 29.77+£1.3
2016-12-22 GR6 36.6327 126.1112 9.2 34.9 77 222 435 29.55+0.2

Seomjin estuary 2016-08-20 SJIR1 35.1825 127.6246 29.9 0.0 9.0 0.88 72 2.20+0.2
2016-08-20 SJR2 35.0257 127.7785 29.9 219 7.2 1.63 78 33.49+0.5
2016-08-20 SJIR3 34.9444 127.7733 27.2 343 7.4  2.09 6 27.17+£0.9
2016-08-20 SJR4 34.8891 127.7979 26.5 35.2 76 213 53 31.614+9.0
2016-08-20 SJR5 34.8084 127.7979 27.5 34.8 7.8 2.14 51 21.05+7.5
2016-12-19 SJR1 35.1825 127.6246 7.7 0.1 84 0381 75 2.28+2.3
2016-12-19 SJR2 35.0257 127.7785 7.2 14.7 7.7 1.34 467 17.90+0.4
2016-12-19 SJR3 34.9444 127.7733 11.0 32.6 7.8 2.02 289 26.10
2016-12-19 SJR4 34.8891 127.7979 11.8 34.8 7.8 2.18 309 25.83+1.4
2016-12-19 SJIR5 34.8084 127.7979 11.7 35.2 79 219 273 31.88+1.3

Table 2

Results obtained in this study. The nd abbreviation denotes “not determined”. Note that the POC concentration, §3*Cpoc, and A™Cpoc data from all sampling sites in
August 2016 were taken from Kang et al. (2020), and the POC concentration and §'3Cppc data from GR1 and SJR1 in December 2016 were taken from Kang et al. (2019).

Study area Sampling date Sampling site DIC POC 8B Cpic 8B Cpoc AMCpoc

(YYYY-MM-DD) concentration concentration (%o VPDB) (%o VPDB) (%o)
(mgC L1) (mgC L-1)

Geum estuary 2016-08-17 GR1 11.08 12.70+2.05 -9.18 —-19.36+0.14 -51.12
2016-08-17 GR2 12.84 4.20+0.83 —12.04 —22.87+0.24 —-81.65
2016-08-17 GR3 23.87 4.83+0.46 -1.02 —20.97+0.12 -98.20
2016-08-17 GR4 26.93 2.26+0.19 —0.78 —23.94+0.29 -82.44
2016-08-17 GR5 26.84 1.72+0.15 0.10 —21.35+0.48 —74.46
2016-08-17 GR6 27.08 0.19+0.04 0.28 —23.48+0.21 —48.11
2016-12-22 GR1 17.18 2.65+0.11 -8.31 —28.73+0.29 —87.03
2016-12-22 GR2 17.96 2.18+0.15 -8.74 —32.49+0.07 -101.84
2016-12-22 GR3 21.70 1.13+0.04 nd —30.68+0.10 -221.83
2016-12-22 GR4 27.68 1.03 nd —26.32 —298.04
2016-12-22 GR5 28.14 0.36 -1.86 —26.35 —351.00
2016-12-22 GR6 28.24 0.26 -1.83 —-25.33 -202.27

Seomjin 2016-08-20 SIR1 9.89 0.76+0.22 -12.65 —29.10+0.16 —188.25

estuary
2016-08-20 SIR2 22.27 1.04+0.02 —4.02 —23.04+0.36 —105.03
2016-08-20 SIR3 27.06 0.79+0.07 -1.54 —22.28+0.33 -51.41
2016-08-20 SIR4 27.00 0.90+0.11 —0.47 —21.05+0.42 —81.62
2016-08-20 SIR5 26.38 0.90+0.05 0.00 —21.80+0.10 —103.44
2016-12-19 SIR1 9.72 0.33+0.02 -9.29 —26.61+0.02 -187.27
2016-12-19 SIR2 16.99 0.49+0.09 —5.44 —28.96+0.27 —302.19
2016-12-19 SJIR3 25.20 0.48+0.07 -1.81 —26.62+0.51 —241.06
2016-12-19 SJR4 27.22 0.32+0.02 -1.34 —26.63+0.19 —261.54
2016-12-19 SIR5 27.12 0.324+0.02 -1.24 —26.55+0.23 —263.43

Vertical profiles of the water temperature, salinity, and turbidity
indicated variations of 7.2-11.8°C, 0.1-35.2 psu, and 78-467 NTU
in December 2016 (Figs. 3C and D). The surface water temperature
showed a decreasing trend in August 2016 but an increasing trend
in December 2016, with the much lower average value of 9.9 +
2.3°C in December 2016 (Fig. 4A). However, other water parame-
ters (i.e., salinity, pH, and total alkalinity) showed the same trends
for both sampling periods (Figs. 4C and D). The turbidity and
the TSM concentration showed a gradual increase toward the sea
sites in both sampling periods (Figs. 4D and E) but the turbidity
showed a larger difference between August 2016 (on average, 52
+ 28 NTU) and December 2016 (on average, 283 + 140 NTU). The

DIC concentration also showed an increasing trend toward the sea
sites, having a similar range of 9.9 to 27.1 mgC L' in August 2016
and 9.7 to 27.2 mgC L! in December 2016 (Fig. 5A). In contrast,
the POC concentrations did not reveal a clear trend, with the lower
average concentration of 0.4 & 0.1 mgC L-! in December 2016 than
in August 2016 (Fig. 5B). The 813Cpc values increased toward the
sea sites for both sampling periods, ranging from —12.7%. to 0%o
(Fig. 6A). In December 2016, neither §'3Cpgc nor A™Cpgc showed
a clear trend, with generally lower values (—29.0 to —26.6%o
and —302.2 to —187.3%., respectively) than those in August 2016
(Figs. 6 B and C).
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Fig. 3. Vertical distribution pattern of water parameters (water temperature (°C), salinity (psu), and turbidity (NTU)) in (A) August and (B) December 2016 in the Geum
estuary and in (C) August and (D) December 2016 in the Seomjin estuary. The in situ measurement sites are indicated by black dotted lines.

4. Discussion
4.1. Riverine POC sources

At the Geum River sites (GR1 and GR2), the POC concentrations
were higher in August 2016 than in December 2016 (Fig. 5B). In
a natural river system, the POC concentration associated with soil
erosion is commonly related to the TSM concentration, which is
strongly controlled by hydrodynamic processes (e.g., Wood, 1977;
Beusen et al., 2005; Bouchez et al, 2011; Guo et al, 2015;
Wu et al., 2018). At GR1 and GR2, the TSM concentrations were
slightly higher in August 2016 than in December 2016 (Fig. 4F),
which is consistent with the higher water discharge in August
2016 compared with December 2016 (Fig. 2A). Thus, it appears
that the input of soil-derived POC into the Geum River was higher
in August 2016 than in December 2016. Notably, the POC concen-
tration was lower at GR2 than at GR1 in August 2016, whereas
both sites showed similar POC concentrations in December 2016
(Fig. 5B). The POC concentration at GR2 was also much lower than
the modeled value in August 2016. This suggests that in addition
to the soil-derived POC supply, an additional input from other POC
sources might have contributed to the total riverine POC pool. In-
deed, a previous study at GR1 showed that a heavy riverine al-
gae bloom occurred in the Geum River in August 2016 (Kang et al.,

2019). Hence, it appears that the contribution of phytoplankton-
derived POC to the total POC pool was higher at GR1 than at
GR2 in August 2016, associated with the estuary dam, which al-
tered the natural land-sea continuum (Kang et al., 2020). At the
Seomjin River site (SJR1), the POC concentration was also higher
in August 2016 than in December 2016 (Fig. 5B), although the TSM
concentrations and water discharges were similar in both seasons
(Figs. 2B and 4F). This might be due to a higher contribution of
plant-derived POC to the TSM pool in August 2016 than in Decem-
ber 2016, whereas the variation in soil-derived POC was minor in
both seasons.

The §B3Cpoc values at GR1 and GR2 were higher in August
2016 (-22.9 to -19.4%.) than in December 2016 (-32.5 to —28.7%s,
Fig. 6B). The fact that the §3Cpoc values were higher in August
2016 than in December 2016 appears to be associated with the
higher contribution of autochthonous POC due to increased pri-
mary phytoplankton production (Kang et al., 2019, 2020). In con-
trast, the lower §'3Cpgc values in December 2016 are compara-
ble with the signatures of the terrestrial C3 plants, which use
the Calvin pathway of carbon fixation with §'3C values of average
—28%o in the range of -32 to -24%. (e.g., Peterson and Fry, 1987;
Meyers, 1997; Marwick et al., 2015). Indeed, C3 plants such as
Phragmites spp., Salix spp., and Rubus parvifolius are dominant in
the Geum River watershed in spring and summer (S. Lee et al.,
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2018). Thus, lower §3Cpgc values of winter samples suggest that
influence of C3 plant debris inputs to the total POC pool was
stronger in winter in the absence of a phytoplankton bloom. No-
tably, the §13Cpoc values at GR2 for both seasons were lower than
those at GR1 as well as the modeled values (Fig. 6B). This seems to
be associated with higher contributions of phytoplankton-derived
POC with enriched §3Cpgc values to the total POC pool at GR1
than GR2 in both seasons. At SJR1, the §'3Cpgc value was lower in
August 2016 (-29.1%.) than in December 2016 (-26.6%., Fig. 6B).
Considering the fact that the POC concentration in August 2016
was higher than in December 2016 (see Fig. 5B) with similar TSM
concentrations and water discharges (Fig. 2B), as mentioned above,
the lower §3Cpoc value in August 2016 as compared with that

in December 2016 seems to be due to the higher contribution of
fresher plant-derived POC to the total POC pool, whereas the soil-
derived POC contributions were similar in both seasons. In fact, the
813Cpgc value in August 2016 was in the range of the signatures of
the common C; reed (Phragmites australis, -27 to -29%.), which is
dominant in the Seomjin River in spring and summer (Min and
Je, 2002; Choi et al., 2005; Kang et al., 2020). Hence, it seems that
the contribution of C3 plants to the total POC pool in the Seomjin
River was higher in August 2016 than in December 2016.

Evidence supporting the §13Cpg¢ signatures discussed above can
be found in the §3C characteristics of DIC, which play a critical
role in the primary productivity as a source of bioavailable car-
bon for aquatic plant photosynthesis (e.g., Sand-Jensen et al., 1992;
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Maberly and Madsen, 2002). In general, the §3C value of phy-
toplankton depends on the aquatic 83Cpc and subsequent car-
bon isotope fractionation (on average —21%.) during the assimi-
lation process (e.g., Chanton and Lewis, 1999; Guo et al., 2015;
Mackensen and Schmiedl, 2019). At GR1 and GR2, the calcu-
lated §13C values of phytoplankton based on the measured §'3Cpc
and carbon isotope fractionation (—21%.) values (cf. Guo et al,
2015) were —30.2%0 and —33.0%. in August 2016 and —29.3%. and
—29.7%0 in December 2016, respectively. Thus, this was within the
range (—23%. to -32%.) of the typical freshwater phytoplankton
observed in the various aquatic systems (e.g., Bade et al., 2006;
Chanton and Lewis, 1999; Finlay and Kendall, 2007). However, the
measured 83Cpoc at GR1 and GR2 in August 2016 (-22.9%. and
—19.4%o, respectively, see Fig. 6) was much higher than the calcu-
lated §3C of phytoplankton, whereas the measured §'3Cpgc values
in December 2016 (-28.7% and —32.5%., respectively, see Fig. 6)
was similar or slightly depleted compared with the calculated val-
ues. Interestingly, the 13C values of phytoplankton can be enriched
during the assimilation owing to an increase in water temper-
ature and shift in carbon source from dissolved CO, to HCO3~

when dissolved CO, is exhausted due to a heavy phytoplank-
ton bloom, particularly when the Chlorophyta and Cyanophyta are
dominant. This is because the §'3C of HCO3" is higher than that of
CO,, and the Chlorophyta and Cyanophyta can directly use HCO3~
(Wang et al., 2013 and references therein). Although there is no di-
rect information regarding phytoplankton assemblages at our study
sites, Chlorophyceae and Cyanophyceae are dominant in the mid-
dle reaches of the Geum River in summer (Han et al, 2016).
Thus, it seems that the phytoplankton bloom observed at GR1
during the sampling campaign in August 2016 (Kang et al., 2019,
2020) could also be linked to the occurrence of Chlorophyceae and
Cyanophyceae, which might have caused a shift from dissolved CO,
to HCO3™ in the DIC pool at GR1 and GR2. Accordingly, the higher
measured §3Cpoc values as compared with the calculated values
at GR1 and GR2 in August 2016 were associated with the enhanced
contribution of 3C-enriched phytoplankton-derived POC to the to-
tal POC pool. Furthermore, the lower DIC concentrations (on av-
erage 12.0 + 1.2 mgC L!) at GR1 and GR2 in August 2016 than
those (on average, 17.6 + 0.6 mgC L™!) in December 2016 (see
Fig. 5A) were supportive of the phytoplankton bloom in summer,
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as the in situ photosynthesis would result in a decrease in the
DIC concentration through the consumption of dissolved CO, (e.g.,
Samanta et al., 2015; Bhavya et al.,, 2018). In contrast, the seasonal
differences in DIC concentration at SJR1 were minor, suggesting the
negligible influence of the in situ photosynthesis on DIC concentra-
tion for the two sampling periods (see Fig. 5A).

Another piece of evidence supporting the §3Cpgc signatures
discussed above can be found in the A™Cpoc characteristics, which
have been commonly used to constrain the source of POC (e.g.,
Raymond and Bauer, 2001; Wu et al., 2018). Riverine ACpg¢ val-
ues depend on the mean time elapsed because of biosynthesis
and the integrated effect of transport or deposition of POC in the
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watershed (e.g., Raymond and Bauer, 2001; Hilton et al., 2015;
Marwick et al., 2015). Recently fixed terrestrial plants have a high
A™C value of 40%, to 200%., consistent with the A™C of atmo-
spheric CO, (e.g., Marwick et al., 2015; Wu et al,, 2018), whereas
ancient OC from bedrock weathering and fossil fuels has a A™C
value of —1000%. (e.g., Marwick et al, 2015; Xue et al., 2017;
Wu et al., 2018; Yu et al,, 2019), and the A™C of soil-derived OC
has a wide range between that of ancient OC and that of modern
biomass-derived OC (Marwick et al., 2015). Because phytoplank-
ton uses DIC as a carbon source, the A™C of riverine phytoplank-
ton depends on the A™C of DIC in water (Mortazavi and Chan-
ton, 2004; Zigah et al.,, 2012; Tao et al., 2018). The global mean
riverine A™Cp;c value was 2%, although the riverine A™Cp;c can
be much lower, e.g., —164 to —125%, in the Yellow River and
—137 to —164%. in the Changjiang River (Marwick et al., 2015;
Wang et al., 2016; Tao et al., 2018). The A™Cpoc values at GR1 and
GR2 were higher in August 2016 (—81.7 to —51.1%.) than in Decem-
ber 2016 (—101.8 to —87.0%o, Fig. 6C). Moreover, the A™Cpgc values
were lower at SJR1 (on average —187.8 £+ 0.7%.) than at GR1 and
GR2 in both seasons (Fig. 6C). To the best of our knowledge, the
A™C values of soil OC in the Geum and Seomjin watersheds have
not yet been reported; however, the A%Cpoc value observed in the
Seomjin River was slightly higher than the AC values of soil OC
from the Yellow River basin (—510 to —174%.) and the Changjiang
River basin (—306 to —246%.) (Xue et al.,, 2017; Wu et al.,, 2018;
Yu et al,, 2019) and, thus, from the Changjiang River (-436 to -
103%0; Wang et al., 2012; Wu et al., 2018) and the Yellow River
(-635 to -243%0; Wang et al., 2012; Tao et al.,, 2018). Note that the
input of soil-derived OC is higher in the yellow River than in the
Changjiang River, resulting in lower A™Cpgc values (Wang et al.,
2012). Accordingly, the A™Cpgc values at the Geum River sites in-
dicate that the contribution of phytoplankton-derived POC to the
total POC pool was higher in August 2016 while a higher input of
plant debris decreased the A™Cpgc values in December 2016. In
contrast, for both seasons, the soil-derived OC was the dominant
source at the Seomjin River site.

4.2. POC sources within the estuarine region

In general, the POC in the estuary results from the mix-
ing of several OC sources, including riverine (i.e., soils, plants,
and freshwater phytoplankton detritus) and in situ phytoplankton
(Bianchi and Bauer, 2011 and references therein). After the dam
in the Geum estuary system (GR3 to GR6), the POC concentra-
tions were slightly higher in August 2016 than in December 2016
(Fig. 5B). Notably, the TSM concentration at GR3 was much higher
in August 2016 than in December 2016, whereas those of other
sites were similar for both seasons (Fig. 4F). Considering that the
water discharge was higher in August 2016 than in December 2016
(Fig. 2A), it seems that the GR3 site located just after the estuary
dam was more strongly influenced by the input of the riverine-
derived POC than the other estuary sites. It is also worthwhile to
note that the measured POC concentrations were higher than the
modeled ones (Fig. 5B). This suggests that in addition to the terres-
trial and in situ POC sources, an additional source appears to con-
tribute to the total POC pool in the estuarine region. In the Seomjin
estuarine region (SJR2 to SJR5), the POC concentrations were also
higher in August 2016 than in December 2016 (Fig. 5B), whereas
the TSM concentrations and the water discharges were similar for
both seasons (Figs. 2B and 4F). Notably, the measured POC concen-
trations were, in general, higher than the modeled values in the
mixing zone (Fig. 5B). This suggests that besides the riverine and
in situ POC sources, an additional POC source contributed to the
total POC pool in the Seomjin estuarine region, similar to the case
in the Geum estuarine region.
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In the Geum estuarine region (GR3 to GR6), §13Cpoc was
higher in August 2016 (—22.4 £+ 1.5%.) than in December 2016
(=27.2 + 2.4%o, Fig. 6B). Similarly, in the Seomjin estuarine re-
gion (SJR2 to SJR5), §13Cpoc was higher in August 2016 (—22.0
+ 0.8%0) than in December 2016 (—27.2 + 1.2%., Fig. 6B). Ma-
rine phytoplankton has a 813Cpoc range of —17 to —24%. (e.g.,
Chanton and Lewis, 1999; Lamb et al., 2006; Kim et al., 2019;
Mackensen and Schmiedl, 2019), which is higher than that of
terrestrial-derived POC (e.g., Peterson and Fry, 1987; Meyers, 1997;
Marwick et al., 2015). Hence, our results suggest that in both estu-
arine systems, the contributions of in situ phytoplankton-derived
POC were generally higher in August 2016 than in December 2016.
It is worthwhile to note that in natural estuaries, an increasing
813Cpgoc trend toward the marine sites was observed due to mix-
ing between 3C-depleted terrestrial and 3C-enriched marine POC
sources (Wu et al., 2013; Guo et al.,, 2015). In the Geum estuar-
ine region, such an increasing trend was not observed in August
2016 (Fig. 6B), owing to the high §'3Cpoc signature associated with
the increased freshwater phytoplankton production before the es-
tuary dam, as discussed in Section 4.1. In contrast, an increasing
813Cpgc trend was observed in December 2016 (Fig. 6B). However,
the §13Cpoc of GR3 was much lower than the modeled value but
similar to that of GR2 located just before the estuary dam, indicat-
ing a strong influence by the GR2 signature at GR3. In the Seomjin
estuarine region, §'3Cpgc increased toward the marine sites in Au-
gust 2016 (Fig. 6B). However, such a trend was not observed in
December 2016, with similar §13Cpgc values along the estuary gra-
dient, which indicates that the riverine-derived POC was dominant
in the total POC pool. Nonetheless, the §13Cpgc value was lower
at SJR2 than at other sites, suggesting an additional source besides
the riverine- and in situ phytoplankton-derived POC.

Another piece of evidence supporting the enhanced in situ
phytoplankton-derived POC contribution in August 2016 over that
in December 2016, as discussed above, can be found in the DIC
signatures. The 813Cpjc value in seawater is higher than that of
the riverine DIC (—12 to —15%.), ranging from 0 to 2.4%. (e.g.,
Chanton and Lewis, 1999; Campeau et al., 2017; Mackensen and
Schmiedl, 2019). In natural estuary systems, similar to the case of
81B3Cpgc, an increasing §'3Cpc trend (—15 to 2.4%.) was observed
(e.g., Chanton and Lewis, 1999; Kaldy et al., 2005; Bhavya et al.,
2018; He and Xu, 2017). In both estuarine regions, 8§3Cpc was
higher in August 2016 than in December 2016, showing an increas-
ing trend toward the marine sites (Fig. 6A). Thus, the calculated
813C of phytoplankton (cf. Guo et al, 2015) was slightly higher
in August 2016 than in December 2016, with values of —21.4 +
0.6%0 and —22.8 + 0% in the Geum estuarine region, respectively,
and —22.5 + 1.8%. and —23.5 + 2.0%o in the Seomyjin estuarine re-
gion, respectively. Thus, the §'3Cpc signatures are consistent with
the measured §'3Cpoc, suggesting that the contribution of in situ
phytoplankton-derived POC was higher in August 2016 than in De-
cember 2016 in both estuarine regions.

The AM™Cpoc characteristics in both estuarine regions also ex-
hibited seasonal differences, showing higher values in August 2016
than in December 2016 (Fig. 6C). This is in good agreement with
the §3Cpoc signatures discussed above, indicating that the contri-
bution of in situ phytoplankton-derived POC to the total POC pool
was higher in August 2016 than in December 2016 in both estuar-
ine regions. Notably, in August 2016, the measured A#Cpoc values
were slightly lower than the modeled values in the Geum estuar-
ine region, whereas they were slightly higher in the Seomjin estu-
arine region (see also Fig. 6C). This suggests that a contribution of
fresher POC to the total POC pool was larger in the mixing zone of
the Seomjin estuary, as previously suggested by Kang et al. (2020).
In contrast, in December 2016, the measured ACpoc values were
generally lower than the modeled values in both estuarine regions.
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They were also lower than the global median signature of —230%o
in the estuaries (Marwick et al., 2015). This suggests that besides
the riverine- and in situ phytoplankton-derived POC, an additional
POC source seems to contribute to the total POC pool.

4.3. Environmental factors influencing POC sources

As can be seen in Figs. 3 and 4, water parameters such as salin-
ity showed an abrupt change from before the dam to after the dam
in the Geum estuary system for the two sampling periods, whereas
a gradual change was observed in the Seomjin estuary system for
both seasons. Hence, it is evident that the Geum estuary dam reg-
ulated the salinity diffusion to the upstream region (Cho et al.,
2016). Consequently, the upstream of the estuary dam was con-
verted into a lacustrine system (Jeong et al., 2014; Yang, 2014),
promoting a phytoplankton bloom in August 2016, as discussed
in Section 4.1 (see Figs. 5 and 6). It seems that the phytoplank-
ton bloom caused a pH increase (see Fig. 4C) owing to the fixa-
tion of CO, by the phytoplankton (Verspagen et al., 2014), which
converted the DIC pool into an HCO3~ dominant one (Wang et al.,
2013 and their referencein). A shift in the carbon source from dis-
solved CO, to HCO3~ could have promoted a Chlorophyceae and
Cyanophyceae bloom, increasing the §13Cpgc values in August 2016
(see Fig. 6B). Accordingly, it appears that the Geum estuary dam
plays an important role in altering the characteristics of POC trans-
ferred to the estuarine region.

The OC degradation increases the DIC concentration and de-
creases 813Cp;c because of the selective loss of 13C-enriched la-
bile carbohydrate and amino-acids fractions (e.g., Bellanger et al.,
2004). Thus, the deviation of the measured DIC concentration or
813Cpyc from the modeled values can represent an input or removal
of carbon within a system (e.g., Loder and Reichard, 1981; He and
Xu, 2017; Oliveira et al., 2017). The differences between the mea-
sured and modeled values of the DIC concentration and §'3Cpc
were illustrated as a scatter plot in Fig. 7A. In general, the small
deviations from zero of A[DIC] and A[§13Cpc] suggested that the
0OC degradation was less important at most of the sites in both the
Geum and Somjin estuary systems in August and December 2016.
However, the sample at GR2 collected in August 2016 was sepa-
rately plotted from others in the right lower quadrant, suggesting
the occurrence of the OC degradation at this site. The degradable
OC at GR2 might be supplied from GR1 where a heavy phytoplank-
ton bloom occurred in August 2016 (Kang et al.,, 2019; 2020). The
A[POC] and A[8"3Cpoc] values of the sample at GR2 collected in
August 2016 were also separately plotted in the lower left quad-
rant (Fig. 7B), supporting the removal of OC by degradation. Ac-
cordingly, it appears that the OC degradation at GR2 was promoted
owing to the longer residence time of OC in the Geum reservoir
associated with the estuary dam.

Interestingly, the A[813Cpoc] and A[A™Cpoc] of the samples
collected in both the Geum and Seomjin estuarine regions in De-
cember 2016 were mostly negatively plotted (Figs. 7B and C). Fur-
thermore, for both the Geum and Seomjin estuarine regions, the
relatively modern POC%, estimated using a simple binary mixing
model between the fossil and recently fixed modern (terrestrial,
riverine/estuarine, and marine) POC (cf. Kang et al., 2020), was
much smaller for the samples collected in December 2016 than
those collected in August 2016 (Fig. 8). In contrast, at the Geum
and Seomjin river sites, the relatively modern POC% was similar for
both sampling periods. As mentioned in Section 4.2, an additional
POC source seems to contribute to the total POC pool in the estuar-
ine regions besides the riverine and in situ phytoplankton-derived
POC. The resuspension of POC in the estuary occurs related to
tidal and wind processes, such as tidal-induced upwelling, wind-
induced upwelling, and overturning eddies (e.g., Demers et al.,
1987; Bianchi and Bauer, 2011). Indeed, in the Geum and Seomjin
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estuaries, the resuspension of bottom sediments occurs in associ-
ation with tidal currents (Jeong et al., 2014; M. Lee et al., 2018).
However, a tidal-derived mixing has a relatively short cycle of
about 15 days (Cho et al., 2020), and thus would not be respon-
sible for the seasonal contrast in POC characteristics observed in
this study. In the study areas, north winds generate large waves,
especially during the winter season (Jeong et al., 2014; Wells and
Park, 1992; Yang et al., 2003). The average wind speed of previous
14 days at the time of sampling which affected the sediment re-
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suspension (Tammeorg et al., 2013) on the sampling day in Decem-
ber 2016 was higher than that in August 2016 in both Geum and
Seomjin estuaries (see Fig. 2B). The stronger wind speed in win-
ter thus resulted in a stronger resuspension of bottom sediments
as shown by the enhanced turbidity in December 2016 than in Au-
gust 2016 (see Figs. 3 and 4). Accordingly, our results suggest that
resuspended sediments, which have lower AC values than those
of riverine suspended particulate matter provided a stronger con-
tribution to the total POC pool in both estuarine regions in winter
than in summer, owing to the stronger wind-related processes in
winter.

5. Conclusion

We investigated surface water samples collected in the two
contrasting Korean estuary systems (i.e., closed Geum and open
Seomjin estuaries) along a salinity gradient in August and De-
cember 2016. The POC concentration, §'3Cpgc, and A™Cpgc were
higher in August 2016 than in December 2016 at the Geum
River sites, which was due to the higher contribution of the
phytoplankton-derived POC to the total POC pool in August 2016
associated with the estuary dam. However, at the Seomjin River
site, the 813Cpgc value was lower in August 2016 than in Decem-
ber 2016, while the TSM and DIC concentrations, water discharge,
and AM™Cpoc were similar for both the seasons except for the
POC concentration. This suggests that the contribution of fresher
plant-derived POC to the total POC pool was higher in August
2016 than in December 2016 at the Seomjin River site, which was
related to the occurrence of local C3 plant (i.e., Phragmites aus-
tralis). In both estuarine regions, the POC concentration, §3Cpgc,
and A™Cpoc were higher in August 2016 than in December 2016.
Furthermore, the relatively modern POC% estimated using a sim-
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ple binary mixing model between fossil and recently fixed modern
(terrestrial, riverine/estuarine, and marine) POC was much higher
in August 2016 than in December 2016. Given that the relatively
modern POC% was similar for both sampling periods, an additional
POC source seems to contribute to the total POC pool, along with
the riverine and in situ phytoplankton-derived POC, especially in
winter. Accordingly, our results suggest that the seasonal charac-
teristics of POC at the river sites were strongly influenced by the
presence of the estuary dam. However, wind-induced sediment re-
suspensions played a more important role in causing the seasonal
contrast in POC characteristics in both estuarine regions. Accord-
ingly, our results provide valuable background information on effi-
cient management and preservation of the Geum and Seomjin es-
tuarine ecosystems.
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