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Origin of dissolved organic
carbon under phosphorus-
limited coastal-bay conditions
revealed by fluorescent
dissolved organic matter
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To determine the origins of dissolved organic carbon (DOC) in a bay of volcanic

Jeju Island, where the discharge of fresh groundwater (FGW) is dominant, we

measured fluorescent dissolved organic matter (FDOM) and implemented a

parallel factor analysis (PARAFAC). The PARAFACmodel identified three humic-

like components (FDOMH) and one protein-like component (FDOMP). DOC

was extremely deficient in the FGW (35 ± 13 mM) and positively correlated with

salinity in the coastal environment, indicating oceanic DOC contribution. The

FDOMP pattern was similar to that of DOC, suggesting that marine biological

production is a primary DOC source in this region. Particularly, significant

FDOMP correlations in the coastal waters with the fluxes of dissolved inorganic

phosphorus (DIP; R2 = 0.31) and dissolved silicon (R2 = 0.46) from the FGW

demonstrated that in situ biological production is facilitated by FGW-borne

nutrient addition. However, the absence of a correlation between the fluxes of

dissolved inorganic nitrogen (DIN) and FDOMP (R2 <0.01) indicated that

anthropogenic DIN is not essential for DOC production under the P-limited

nutrient conditions and diatom-dominant conditions prevailing on the coastal

Jeju Island. Here, we calculated the potential capacity of carbon fixation by

marine biological activity based on the Redfield ratio of carbon and phosphorus

with DIP fluxes. The flux accounts for approximately 2% of the terrestrial carbon

uptake in South Korea. Therefore, optical properties of FDOM may be good

indicators of coastal DOC origin, and nutrient speciation may be linked to the

carbon cycle.

KEYWORDS

dissolved organic carbon, submarine groundwater discharge, fluorescent dissolved
organic matter, Parallel factor analysis, nutrient, carbon fixation, carbon cycle,
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Introduction

Dissolved organic carbon (DOC) is one of the largest oceanic

carbon pools (Hansell and Carlson, 2001). The marine DOC

contains 660 Pg of carbon, comparable to the carbon dioxide in

the atmosphere (Hansell, 2013). Biologically mediated DOC

production sequestrates the atmospheric carbon into the ocean,

followed by a long-term storage of carbon in refractory DOC

driven by the microbial carbon pump (Jiao et al., 2010). DOC

production has an important role in global warming. In the open

ocean, the DOC source is mainly the autochthonous production

of carbon by phytoplankton. Coastal and marginal oceans have a

complex and dynamic organic carbon system. Coastal and

marginal oceans directly receive terrestrial organic carbon

through riverine runoff (Cauwet, 2002) and submarine

groundwater discharge [SGD; Webb et al. (2019)]. As the

terrestrial DOC pool is generally recalcitrant to biological

degradation (Clercq et al., 1997; Stubbins et al., 2010), coastal

DOC behaves conservatively and may be transferred to the open

ocean. In addition, large fluxes of nutrients and iron from land

stimulate primary production and subsequent DOC production in

the water column (Kim et al., 2020). Understanding the organic

carbon cycle in the coastal and marginal oceans is crucial.

Fluorescent dissolved organic matter (FDOM) is a fraction

of the chromophoric dissolved organic matter (CDOM), that

instantly fluoresces by absorbing incoming photons. These

optically active fractions account for 20–70% of marine DOC

and thus contribute significantly to global carbon cycles (Coble,

2007). However, photochemical reactions and microbial

degradation of both chromophoric and non-colored

substances occasionally result in the decoupling of FDOM and

DOC (Skoog et al., 2011). The FDOM optical properties,

manifested in the form of unique spectral patterns and peak

locations, enable the study of biogeochemical mechanisms in

marine environments. FDOM is generally divided into two

groups based on the location of fluorescence peak: protein-like

(FDOMP) and humic-like (FDOMH) components (Coble, 2007).

FDOMP is freshly produced through primary production and

subsequent biological activity (Lønborg et al., 2010). FDOMH is

known to be derived from microbial degradation of organic

debris in the sediment, soil (Laane and Kramer, 1990), and water

columns (Yamashita and Tanoue, 2008).

SGD is a hidden groundwater outflow from the seabed to the

overlying ocean regardless of its composition or momentum

(Burnett et al., 2003). The discharge of groundwater across the

land–ocean interface has been reported to be as equal to or

sometimes significantly greater than the river runoff at extensive

spatial scales. Using an inverse model with 228Ra, Kwon et al.

(2014) reported that the SGD flux in the global ocean is greater

than riverine freshwater discharge by a factor of three to four.

Furthermore, because various biogeochemical reactions modify

the chemical properties of the groundwater within an

underground water-mixing zone, termed the subterranean
Frontiers in Marine Science 02
estuary (STE) (Moore, 1999), coastal groundwater has

significantly enriched concentrations of terrestrial materials

(e.g., nutrients, organic matter, trace elements, and

radionuclides) compared to the adjacent seawater (Beck et al.,

2007; Kroeger and Charette, 2008; Anschutz et al., 2009).

Generally, the flux of SGD-driven materials to the ocean has

been estimated by multiplying the endmember concentration in

coastal groundwater and the water discharge rate of SGD. Thus,

the SGD contribution to the cycle of chemical materials has been

recognized to be significant in coastal regions.

Jeju Island is surrounded by the oligotrophic surface water of

the Kuroshio Current (Kim and Kim, 2017). Various chemical

materials are delivered solely from the groundwater into the

coastal region. The SGD-driven chemical fluxes directly

contribute to the material budgets and promote biological

productivity in marine ecosystems. This includes severe

macroalgal blooms (green tides) in coastal Jeju Island (Kwon

et al., 2017). However, surprisingly, the DOC concentration in

Jeju Island’s fresh groundwater was reported to be very low [26 ±

11 mM in Kim and Kim (2017), 21–56 mM in Kim et al. (2013)],

being lower even than that reported for the deep Pacific Ocean

(33.8 ± 0.4 mM in Hansell and Carlson (1998)), which is the

oldest water mass. This low level was probably due to the

degradation of labile DOC and particulate organic carbon

(POC) in aquifers (Kim and Kim, 2017). In this study, we

demonstrate that the DOC origin is linked to SGD-driven

nutrient fluxes and nutrient speciation. In particular, the

optical properties of FDOM were used as indicators to

understand the DOC origin in this region.
Materials and methods

Study region

Jeju Island is a dormant volcanic island in the South Sea of the

Korean Peninsula (Figure 1). As a result of the East Asianmonsoon

climatic influence, considerable precipitation is concentrated from

June to September (mean annual precipitation of approximately

1900 mm). Because island bedrock is principally composed of

permeable basalt rocks, rainwater recharges groundwater

immediately and is transferred to the coastal region through

aquifer transport. As a result, approximately 1000 artesian

springs and wells are distributed along the coast. Because Jeju

Island is located on a branch of the oligotrophic Kuroshio Current

and SGD is a dominant source of terrestrial substances, it is an

excellent location to determine the influence of SGD-driven

terrestrial materials in the coastal ocean. Sampling campaigns

were conducted in Hwasun Bay, which is located in the

southwestern quadrant of the island (Figure 1). Submarine fresh

groundwater discharge (SFGD) is a significant process, and a

simple water-mixing pattern has been observed in artesian

springs, coastal groundwater, and bay water (Lee and Kim, 2015).
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Sampling

Sampling campaigns were conducted monthly from the

artesian wells, pit dugs, and coastal seawater (SW) in 2019

(Kim et al., 2022). Fresh and saline groundwater samples were

collected from Hwasun Beach during the ebb tide (Figure 1).

Fresh groundwater (FGW) samples were collected near artesian

wells using a plastic beaker. Saline groundwater (SGW) was

sampled from shallow pits (depth: ~50 cm) dug into beach

sediments, representing samples from the STE. The first two pit

volumes of seeping groundwater were discarded, and freshly

recharged water was collected to obtain the SGW samples.

Salinity was measured at the sampling site using a portable

sensor (CyberScan PCD650; Thermo Fisher Scientific, MA,

USA). The sensor was calibrated using a conductivity standard

solution (Thermo Fisher Scientific) before each sampling

campaign. The SW samples of bay water and offshore water

were collected aboard the R/V Je-Ra of Jeju National University,

Korea. The SW temperature and salinity were measured using a

Sea-Bird SBE 9 plus with an SBE Carousel water sampler (Sea-

Bird Scientific, WA, USA).
DOC analysis

DOC samples were vacuum filtered using pre-combusted

(500°C for 5 h) Whatman GF/F filters (pore size: 0.7 mm;

Whatman Inc., NJ, USA). To avoid microbial degradation, the

filtrate was acidified using 6 MHCl and stored in pre-combusted
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EPA amber vials (Fisher Scientific, PA, USA). The DOC

concentration was measured by high-temperature (680°C)

catalytic oxidation (HTCO) using a total organic carbon

(TOC) analyzer (TOC-L, Shimadzu, Japan) equipped with an

ASI-L auto-sampler. Before starting the measurement of the

samples, the system baseline was reduced until the signal from

carbon-free distilled water was stable below the limit of detection

(< 5 mM C). The accuracy of the DOC concentration

measurement was confirmed for each sample batch using

deep-sea reference samples (DSR; 41–44 mM, University of

Miami). The results of our DSR measurements were in good

agreement with consensus values (within 2%).
FDOM analysis

FDOM samples were filtered simultaneously using GF/F

filters and DOC samples. The filtrate was stored in pre-

combusted dark EPA vials (Fisher Scientific, PA, USA) and

maintained in a refrigerator at a temperature below 4°C until

analysis. Three-dimensional fluorescence spectroscopy was

performed using a spectrofluorometer (FS-2; SCINCO,

Republic of Korea) on the day of filtration. The excitation–

emission matrix (EEM) fluorescence was measured using

scanning emission fluorescence over a wavelength range of

250–600 nm at 2-nm intervals with an excitation wavelength

of 250–500 nm at 5-nm intervals. The fluorescence intensities

were normalized to the area under the spectrum of a quinine

sulfate dihydrate standard. All data are reported in quinine
FIGURE 1

Maps showing study area and sampling stations for fresh groundwater (FGW), saline groundwater (SGW), and coastal seawater (SW). Modified
from Kim et al. (2022).
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sulfate units (QSU; 1 QSU = 1 ppb quinine sulfate). Rayleigh and

Raman scattering peaks were removed and replaced with three-

dimensional Delaunay interpolation of the remaining data

(Zepp et al., 2004). The FDOM measurement was conducted

within one day of each sampling campaign. Parallel factor

analysis (PARAFAC) modeling for the compilation of 402

EEM data from the 13 sampling campaigns was conducted

using MATLAB R2020b with the DOMFluor toolbox

(Stedmon and Bro, 2008). The precision of the FDOM

measurement was ± 0.01 QSU, and the detection limit was

0.14 QSU (Kim and Kim, 2016). The inner filter effect was not

corrected because the influence of this artifact was negligible

when using this spectrofluorometer (Kim and Kim, 2017).
Statistical analysis

For the comparison between variables, one-way analysis of

variance (ANOVA) was conducted using Excel Microsoft Office

365 (Microsoft, WA, USA). The reported values of the

measurements were expressed as the average and standard

deviation using Excel Microsoft Office 365. To explore the

relationships between the variables, Pearson correlation

analysis was conducted using SigmaPlot Version 12.0 (Systat

Software, Inc., CA).
Data compilation

To substantiate our arguments, we also compiled data

regarding the Redfield ratio for inorganic nutrients (N, P, and

Si), seepage rate of SGD, and nutrient fluxes in Hwasun Bay.

These have been documented by Kim et al. (2022).
Results

Salinity

The salinity in the FGW varied from 0.01 to 0.12 (avg. 0.10 ±

0.02), and it was consistent with 2019 observations (Table 1). The

salinity in the SGW varied from 0.48 to 33.73 (avg. 15.55 ± 7.71).

The salinity in the SW varied from 21.48 to 34.21 (avg. 29.93 ± 2.57).
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In the SW samples, the salinity was greatest during the winter season

(December–February; 32.76 ± 1.02), followed by that in spring

(March–May; 31.31 ± 1.51), autumn (September–November;

29.69 ± 2.27), and summer (June–August; 28.79 ± 2.64) (Figure 2).
DOC concentration

DOC concentrations in the FGW varied from 19 to 78 mM
(avg. 35 ± 13 mM) (Table 1), and DOC levels were similar to

those reported in previous studies [26 ± 11 mM in Kim and Kim

(2017) and 21–56 mM in Kim et al. (2013)]. The DOC

concentrations varied from 18 to 87 mM (avg. 48 ± 14 mM) in

the SGW and from 53 to 95 mM (avg. 73 ± 9 mM) in the SW.

However, the DOC level in the FGW was found to be

comparable to that of the deep Pacific Ocean [33.8 ± 0.4 mM
in Hansell and Carlson (1998)]. In the SW samples, the DOC

concentrations were higher during the wet season (76 ± 8 mM)

than during dry season (64 ± 7 mM) (Figure 2).
Characteristics of FDOM using the
PARAFAC model

Four components (C1–C4) were identified by correlation

with the fluorescence spectra of components in previous studies

from the OpenFluor database which had Tucker congruence

coefficients exceeding 0.95 [Figure 3; Table 2; Murphy et al.

(2014)]. The FDOM components were distinguished by three

humic-like components (C1, C2, and C3) and one protein-

like (C4) component. This characterization was based on

each peak location and literature characterizations (Table 2).

C1 (Maxex/em = 335/414 nm) and C2 (Maxex/em = 365/464 nm)

resemblehumic-likeorganicmatter fromterrestrial sources (Coble,

2007). Based on the spectral characteristics of the FDOMH

components defined by Coble (2007), both C1 and C2 were

recognized as the C peaks. In addition, the coefficient of

determination between C1 and C2 was 0.98, indicating there

is a similar production mechanism for two components. C3

(Maxex/em = 305/364 nm) corresponded to FDOMH, which has

traditionally been documented to originate from marine organic

matter. C4 (Maxex/em = 280/340 nm) matched the components

from nine models in the OpenFluor database, and the location of
TABLE 1 Salinity, DOC concentration, and fluorescent intensities of FDOM components (C1–C4) in the FGW, SGW, and SW samples.

Salinity DOC (mM) C1 (QSU) C2 (QSU) C3 (QSU) C4 (QSU)

FGW 0.01–0.12
(Avg. 0.10 ± 0.02)

19–78
(Avg. 35 ± 13)

2.30–7.87
(Avg. 4.47 ± 1.71)

1.18–5.23
(Avg. 2.54 ± 1.09)

0.94–4.87
(Avg. 2.07 ± 0.83)

0.28–2.46
(Avg. 0.93 ± 0.43)

SGW 0.48–33.73
(Avg. 15.55 ± 7.71)

18–87
(Avg. 48 ± 14)

0.46–8.77
(Avg. 3.03 ± 1.72)

0.31–6.14
(Avg. 1.77 ± 1.16)

0.33–4.41
(Avg. 1.51 ± 0.74)

0.28–3.26
(Avg. 1.04 ± 0.51)

SW 21.48–34.21
(Avg. 29.93 ± 2.57)

53–95
(Avg. 73 ± 9)

0.32–3.27
(Avg. 1.33 ± 0.63)

0.21–2.30
(Avg. 0.82 ± 0.41)

0.28–2.05
(Avg. 0.95 ± 0.36)

0.50–1.91
(Avg. 1.31 ± 0.37)
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A B DC

FIGURE 3

Excitation–emission matrix spectroscopy contour plots of four components [C1 (A), C2 (B), C3 (C), and C4 (D)] determined by the parallel factor
analysis model.
A B

D

E F

C

FIGURE 2

Comparison of salinity (A), DOC (B), and FDOM components (C–F) in the coastal seawater during different seasons.
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the maximum peak was similar to that of the tryptophan amino

acid-like component of the recognized T peak (Coble, 2007).

In the SW samples, the C1 concentrations were greatest during

summer (1.53 ± 0.56 QSU), followed by those in autumn (1.52 ±

0.67 QSU), spring (0.97 ± 0.19 QSU), and winter (0.58 ± 0.19 QSU)

(Figure 2). In the SW samples, the C2 concentrations were greatest

during summer (0.93 ± 0.34 QSU) and autumn (0.93 ± 0.48 QSU);

in spring and winter, these were 0.62 ± 0.18 and 0.36 ± 0.13 QSU,

respectively (Figure 2). In the SW samples, the C3 concentrations

were greatest during summer (1.07 ± 0.30 QSU), followed by those

in autumn (1.05 ± 0.34 QSU), spring (0.71 ± 0.34 QSU), and winter

(0.52 ± 0.17 QSU) (Figure 2). In the SW samples, the C4

concentrations were greatest during summer (1.49 ± 0.24 QSU),

followed by those in autumn (1.33 ± 0.35 QSU), winter (1.04 ± 0.49

QSU), and spring (0.96 ± 0.29 QSU) (Figure 2).
Discussion

Origins of DOC and FDOM components

DOC in the FGW, SGW, and SW samples was positively

correlated with salinity (R2 = 0.45, p <0.01; Figure 4). Thus, the

DOC content in Hwasun Bay was deduced to be of oceanic origin.
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Subsequently, the enriched marine DOC mixes with the depleted

DOC of the GW in the STE. The fluorescence intensities of FDOMH

were negatively correlated with salinity (R2 = 0.35, p <0.01 for C1; R2

= 0.26, p <0.01 for C2; R2 = 0.24, p <0.01 for C3; Figure 4), indicating

that FDOMH originated from the FGW. The FDOMH showed a

large variation in the FGW and SGW but was quite consistent in the

SW. Because of its bio-refractory behavior, FDOMH is likely to be

conservatively mixed in the STE and coastal regions. Thus, large

scatterings appear to be associated with variations in the FDOMH

content in the FGW. However, the fluorescence intensities of

FDOMH were found to be constant in the sample from the

offshore station. This is possibly a result of the simple FDOMH

origin and photodegradation offshore (Chen and Bada, 1992; Helms

et al., 2013). Although the relationship between FDOMP and salinity

was insignificant (R2 = 0.05, p <0.01), it was marginally positively

correlated with salinity, similar to those of DOC in this region

(Figure 4). Because FDOMP is recognized to be primarily produced

by biological production (Coble, 2007), the FDOMP production

occurred in the coastal SW and mixed into the STE.

The DOC concentration showed no correlation with the

fluorescent intensities of FDOMH (R2 <0.01 for C1, C2, and C3;

Figures 5A–C) in the whole samples, indicating that the DOC

content seems to be unrelated to humic-like organic matter.

However, the relationship in each sample group (FGW, SGW,
A B D EC

FIGURE 4

Scatterplots of the DOC and the FDOM components (C1–C4) against salinity in the FGW, SGW, and SW. The solid lines (A–E) and the dashed
lines (A, E) indicate the regression lines and the prediction intervals of the scatterplots, respectively. The dotted lines indicate the upper and
lower limit of the relationship between FDOMH and salinity (B–D).
TABLE 2 Optical properties of FDOM components identified by the PARAFAC model from Hwasun Bay, Jeju Island.

Component Max. wavelength (Ex/Em, unit: nm) Description Number of matches Previous studies

C1 335/414 Terrestrial humic-like 7 C2 (Dainard and Guéguen, 2013)
C2 (Liu et al., 2019)
C2 (Kim et al., 2020)

C2 365/464 Terrestrial humic-like 3 C1 (Liu et al., 2019)
C3 (Panettieri et al., 2020)
C4 (Søndergaard et al., 2003)

C3 305/364 Marine humic-like 1 C7 (Defrancesco and Guéguen, 2021)

C4 280/340 Protein-like materials
Tryptophan-like amino acid
Primary production

9 C5 (Murphy et al., 2011)
C3 (Defrancesco and Guéguen, 2021)
C4 (Wünsch et al., 2018)
Component matches (> 0.95 Tucker congruence coefficient) were identified from the OpenFluor database (Murphy et al., 2014).
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and SW) showed relatively significant positive correlations

separately (Table S1). The relationships demonstrate that DOC is

composed partially of humic substances, but the ratio of DOC and

substances varies in independent systems. Based on the relatively

high FDOMH to DOC ratio in the FGW compared to that in the

SW, the humification process appeared to be considerably

intensified, or FDOMH accumulated in the coastal aquifer and

sediments. In addition, the coefficient of determination was

increased from the SW (R2 = 0.19 for C1, 0.23 for C2, and 0.13

for C3), SGW (R2 = 0.20 for C1, 0.26 for C2, and 0.16 for C3), and

FGW (R2 = 0.34 for C1, 0.35 for C2, and 0.13 for C3) (Table S1),

suggesting that the DOC is likely to be humified during the

transport from coastal water to groundwater.

Another potential prospective is that the photodegradation of

organic matter induces relatively low FDOMH contents compared

with the DOC level. Sunlight irradiation induces efficient degradation

of FDOMH components and a blue shift of the fluorescence

maximum (Moran et al., 2000; Kowalczuk et al., 2009). This was

demonstrated by the relatively high ratio of the two humic

components with long and short wavelengths (C2/C3) in the FGW

[0.33–1.70 (Avg. 1.25 ± 0.25)] compared to that in the SW [0.39–2.01

(Avg. 0.86 ± 0.26)]. The DOC concentration was significantly

correlated with the fluorescence intensity of FDOMP (R2 = 0.29,

p < 0.01; Figure 5D); in particular, the SW samples showed a strong

positive correlation between these parameters (R2 = 0.53; Table S1).

This indicates that the DOC production is associated with biological

activity in the coastal SW. Because the DOC enrichment was found

in the coastal SW (Figure 4E), the marine DOC is considered to be

freshly produced and transported into the coastal aquifer.
Relationships between production of
organic substances and SGD in the
coastal region

Property of organic matter in the costal sea is closely

connected with land. In the Jeju volcanic island, there is no
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permanent streams and rivers, and freshwater is mostly

transported via SGD into the coastal region. Recently, a

seasonal variation of seepage rate was found to be a similar

trend of East Asian summer monsoon: wet summer and dry

winter seasons (Kim et al., 2022). The DOC and FDOM

components in the coastal Jeju Island may be significantly

dependent on the seepage rate and associated terrestrial

material fluxes. The seepage rate and fluxes of inorganic

nutrients from the FGW were reported previously (Kim et al.,

2022). In this study, we found that the seepage rate of the FGW

was related to the DOC and FDOM components in the coastal

SW. Based on the relationship between the DOC concentration

in the SW and the seepage rate of SGD (R2 = 0.34, p = 0.08;

Figure 6A), SGD is considered to contribute to the DOC increase

in the coastal Jeju Island. This may be a result of the direct

addition of terrestrial DOC derived from the FGW and an

increase in the coastal DOC level by autochthonous biological

activity. As mentioned above, because DOC appears to be

derived from the coastal SW, the direct addition of DOC can

be excluded, or a minor contribution can be made. The

relationships between the FDOMH components and seepage

rate were significant. Moreover, the relationships between C1

and C2 and the seepage rate (R2 = 0.73, p <0.01 for C1; R2 = 0.72,

p <0.01 for C2; Figures 6B, C) were more significant than those

between C3 and the seepage rate (R2 = 0.54, p <0.01). This may

be because the FGW mainly delivers terrestrial organic matter.

C4 also showed a positive correlation with seepage rate (R2 =

0.51, p = 0.01), suggesting that biological production can be

stimulated by the discharge of SGD (Rodellas et al., 2015). The

strong relationship between dissolved organic substances and

SGD was also characterized by seasonal variations. In this

region, owing to the East Asian monsoon climate,

precipitation is concentrated in the summer and autumn.

Therefore, salinity of the SW was comparatively less during

the summer and autumn than that during the winter and spring

(Figure 2). It appears symmetrical to the concentrations of DOC

and FDOM components and is higher in summer and autumn
A B DC

FIGURE 5

Scatterplots between the DOC concentration and the fluorescent intensities for the FDOM components (C1 (A), C2 (B), C3 (C), and C4 (D)) in
the FGW, SGW, and SW. The blue, green, and red colored lines indicate the regression lines of the FGW, SGW, and SW, respectively. The dashed
lines in black indicate the regression lines of the entire data.
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(Figure 2). Therefore, we conclude that the DOC and FDOM

components are intricately connected within the coastal SW.

Based on the above results, we hypothesized that the

biological production of DOC and FDOM was stimulated by

SGD-driven nutrient fluxes, and that both organic substances

mixed with the coastal groundwater. Addition of nutrients can

be consumed and subsequently convert inorganic carbon to

organic matter through primary production in the euphotic

zone. Although primary producers are constrained by various

chemical and physical conditions, the availability of macro

nutrients (N, P, and Si) is a key limiting factor for biological

production. However, the dissolved inorganic nitrogen (DIN)

fluxes derived from the FGW were not correlated with the DOC

concentrations (R2 = 0.06, p = 0.43), C1 (R2 = 0.05, p = 0.45), C2

(R2 = 0.05, p = 0.48), C3 (R2 = 0.06, p = 0.44), or C4 (R2 < 0.01, p

= 0.89) in the coastal SW. Recently, Kim et al. (2022) reported

that FGW-driven DIN fluxes in Hwasun Bay were significantly

greater than those in other volcanic islands, such as Hawaii. In

addition, DIN enrichment in the FGW was found in the western
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part of Jeju Island and was associated with anthropogenic

pollution, such as the use of liquid fertilizer.

However, the fluxes of dissolved inorganic phosphorus

(DIP) and DSi were significantly correlated with the

concentrations for DOC and FDOMH components (Figure 6).

DIP is primarily delivered to the coastal ocean via weathering of

rocks and soil, specifically apatite and P adsorbed to iron-

manganese oxide/oxyhydroxide particles (Paytan and

Mclaughlin, 2007). Although DIP can originate from

anthropogenic activities (e.g., sewage and fertilizer runoff), the

anthropogenic DIP input is negligible in this region (Kim et al.,

2022). Because DSi is naturally produced by chemical

weathering of siliceous rock and sediment or dissolution of

biogenic opal, enrichment of DSi is generally observed in

groundwater (Oehler et al., 2019). In Hwasun Bay, the

concentration of DSi showed a significantly negative

relationship with salinity in each sampling campaign (r2 =

0.66–0.87), indicating a conservative mixing without any

addition or removal processes within the STE (Kim et al.,
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FIGURE 6

Scatterplots of the DOC concentration and the fluorescent intensities of the FDOM components (C1–C4) against the seepage rate (A–E) and
the flux of inorganic nutrients (nitrate (F–J), phosphate (K–O), and silicate (P–T)). The solid and dashed lines indicate the regression lines and
the prediction intervals of the scatterplots, respectively.
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2022). Because Hwasun Bay showed very fast flow rate of the

groundwater, the biogeochemical reaction seems to be

insignificant within STE. These properties may allow the use

of DSi as a chemical tracer to find evidence of coastal

groundwater and to estimate the flux of the FGW and

associated nutrients in the Hwasun region. As the origin of the

DIP and DSi is only linked to natural processes in this region,

DOC and FDOMH are believed to be attributed to natural

sources, and not anthropogenic input. In general, the sources

of natural organic matter in the coastal region include terrestrial

soils, coastal marine sediments, and autochthonous production.

Based on the distribution patterns in Figure 4, the FDOMH may

be associated with terrestrial humic and fulvic acids from

organic debris in land soil.

Furthermore, C4 was significantly correlated with the DIP

flux (R2 = 0.31, p = 0.05) and DSi (R2 = 0.46, p = 0.01) derived

from SGD. This suggested that the active biological production

of FDOMP is related to the addition of DIP and DSi. Based on

the Redfield ratio of inorganic nutrients in this region (Figure

S1), DIP was the most deficient nutrient, which was the primary

limiting factor for productivity, as per the Liebig’s Law of the

Minimum. Since DIP deficiency was observed throughout the

year, DIP is thought to be the ultimate limiting nutrient. The

addition of DIP to DIP-limited regions can fuel marine primary

productivity (Mackey et al., 2007). In addition, diatoms

constituted the dominant phytoplankton taxa on coastal Jeju

Island. The species composition of diatoms varied from 55% to

81% of the total phytoplankton species (Kim et al., 2019). Here,

the relative abundance of diatoms was highest in the summer

season (81% for August) compared to that in the others [56% for

March, 55% for October, 61% for December; Kim et al. (2019)].

This trend corresponds to the relatively high DSi flux derived

from coastal SGD in summer (Kim et al., 2022). As SGD

accounted for 80% of total DSi flux in this region (Kim et al.,

2022), it was a major DSi source for diatoms. SGD-driven DSi

appears to be biologically incorporated into biogenic silica in

diatom species. Thus, the addition of DIP and DSi from SGD,

particularly SFGD in the Hwasun region, increased the

biological production of DOC and C4. The relationships

between DOC concentration and nutrient fluxes showed not

that significant compared to those of FDOMH (Figure 6). The

enriched FDOMH components in the FGW seem to be

conservatively mixed within the STE and directly transported

to the coastal region. However, the production of DOC may be

ultimately attributed by the nutrient addition via SGD followed

by biological activities (e.g., primary production, extracellular

release, excretion, and cell lysis) (Carlson and Hansell, 2015).

This multi-step mechanism can require more time to associate

the DOC concentration with the SGD-driven nutrient fluxes.

The relatively low correlation between DOC and FDOMP is

likely to be derived from the similar reason.

The availability of bio-limiting macronutrients can support

the fixation of atmospheric carbon dioxide in the organic carbon
Frontiers in Marine Science 09
pool (Harrison, 2017). The discharge of DIP-rich coastal

groundwater allows active biological production, followed by

the fixation of atmospheric carbon dioxide into an organic

carbon pool in the ocean. For the growth of marine organisms

involved in the carbon cycle, nutrient speciation is important for

stoichiometric relationships (Tyrrell, 1999). Although the

Redfield ratio for elemental composition exhibits large spatial

variations, the overall stoichiometry of nutrients in most marine

environments is close to the canonical Redfield ratio (C:N:P:Si =

106:16:1:16). Since DIP was the limiting macronutrient in this

region, we calculated the potential capacity of carbon fixation by

biological activity due to SGD-driven DIP addition. The quantity

of incorporated organic carbon was calculated to be 1.5 ( ± 0.7) ×

108 mol C/year [=1.8 ( ± 0.8) × 103 ton C/year] based on the DIP

flux reported by Kim et al. (2022). Assuming the length of the

coastline of Hwasun Bay to be 9 km and that of Jeju Island

to be 258 km and the same DIP fluxes along the coastline,

the biological fixation of the organic carbon accounted

approximately for 4.3 ( ± 2.0) × 109 mol C/year [=5.2 ( ± 2.4) ×

104 ton C/year] on Jeju Island. This corresponds to approximately

2% of terrestrial carbon uptake from South Korea (Yun and Jeong,

2021). Our results highlight that SGD-driven nutrients fuel

biological carbon production and facilitate oceanic carbon

storage in the coastal bay near the Jeju Island.
Conclusions

The DOC concentration in the FGW was low in the Jeju

Island-adjacent bay and was comparable to that in the deep

Pacific Ocean, which is the oldest water mass in the global ocean.

Based on the significant correlation between DOC and FDOMP

and an inverse relationship between DOC and FDOMP and

salinity, DOC originates mainly from biological production in

the coastal environment and mixes the depleted DOC of the GW

in the STE. The FDOMH components were negatively correlated

with salinity, and those in the SW were positively correlated with

the fluxes of DIP and DSi from the SGD, indicating that the

FDOMH originates from a natural source of terrestrial organic

matter. Intriguingly, DOC, FDOMH, and FDOMP were not

correlated with anthropogenic DIN fluxes. However, these

organic substances were significantly correlated with the fluxes

of natural-origin DIP and DSi. Because DIP is the primary

limiting macronutrient, the addition of DIP can enhance

biological production, followed by carbon fixation. SGD-driven

DSi is incorporated into biogenic silica in the diatom species

because of the dominant diatom taxa in the coastal sea. Thus, the

addition of DIP and DSi from SGD increased biological

production of DOC. Using the SGD-driven DIP fluxes and

Redfield ratio, the quantity of incorporated organic carbon was

calculated to be 1.8 × 103 ton C/year, which accounts for 2% of

the terrestrial carbon uptake from South Korea. Extensive

investigations are necessary to evaluate the potential capacity
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of atmospheric carbon fixation by the biological activity of SGD,

including saline SGD. Also, the contribution of carbon sink by

refractory and labile DOC needs to be assessed to understand the

marine carbon cycle and to predict global warming.
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(2015). Submarine groundwater discharge as a major source of nutrients to the
Mediterranean Sea. Proc. Natl. Acad. Sci. 112, 3926–3930. doi: 10.1073/
pnas.1419049112

Søndergaard, M., Stedmon, C. A., and Borch, N. H. (2003). Fate of terrigenous
dissolved organic matter (DOM) in estuaries: Aggregation and bioavailability.
Ophelia 57, 161–176. doi: 10.1080/00785236.2003.10409512

Skoog, A., Wedborg, M., and Fogelqvist, E. (2011). Decoupling of total organic
carbon concentrations and humic substance fluorescence in a an extended
temperate estuary. Mar. Chem. 124, 68–77. doi: 10.1016/j.marchem.2010.12.003

Stedmon, C. A., and Bro, R. (2008). Characterizing dissolved organic matter
fluorescence with parallel factor analysis: A tutorial. Limnol. Oceanogr.: Methods 6,
572–579. doi: 10.4319/lom.2008.6.572

Stubbins, A., Spencer, R. G. M., Chen, H., Hatcher, P. G., Mopper, K., Hernes, P.
J., et al. (2010). Illuminated darkness: Molecular signatures of Congo river
dissolved organic matter and its photochemical alteration as revealed by
ultrahigh precision mass spectrometry. Limnol. Oceanogr. 55, 1467–1477. doi:
10.4319/lo.2010.55.4.1467

Tyrrell, T. (1999). The relative influences of nitrogen and phosphorus on oceanic
primary production. Nature 400, 525–531. doi: 10.1038/22941

Webb, J. R., Santos, I. R., Maher, D. T., Tait, D. R., Cyronak, T., Sadat-Noori, M.,
et al. (2019). Groundwater as a source of dissolved organic matter to coastal waters:
Insights from radon and CDOM observations in 12 shallow coastal systems.
Limnol. Oceanogr. 64, 182–196. doi: 10.1002/lno.11028

Wünsch, U. J., Geuer, J. K., Lechtenfeld, O. J., Koch, B. P., Murphy, K. R., and
Stedmon, C. A. (2018). Quantifying the impact of solid-phase extraction on
chromophoric dissolved organic matter composition. Mar. Chem. 207, 33–41.
doi: 10.1016/j.marchem.2018.08.010

Yamashita, Y., and Tanoue, E. (2008). Production of bio-refractory fluorescent
dissolved organic matter in the ocean interior. Nat. Geosci. 1, 579–582. doi:
10.1038/ngeo279

Yun, J., and Jeong, S. (2021). Contributions of economic growth, terrestrial
sinks, and atmospheric transport to the increasing atmospheric CO2
concentrations over the Korean peninsula. Carbon Balance Manage. 16, 22. doi:
10.1186/s13021-021-00186-3

Zepp, R. G., Sheldon, W. M., and Moran, M. A. (2004). Dissolved organic
fluorophores in southeastern US coastal waters: Correction method for eliminating
Rayleigh and raman scattering peaks in excitation-emission matrices. Mar. Chem.
89, 15–36. doi: 10.1016/j.marchem.2004.02.006
frontiersin.org

https://doi.org/10.1038/s41598-017-08518-5
https://doi.org/10.1038/s41598-020-68863-w
https://doi.org/10.1016/j.seares.2012.12.009
https://doi.org/10.3389/fmars.2022.835207
https://doi.org/10.1016/j.marchem.2009.01.015
https://doi.org/10.4319/lo.2008.53.3.1025
https://doi.org/10.4319/lo.2008.53.3.1025
https://doi.org/10.1038/s41598-017-06711-0
https://doi.org/10.1002/2014GL061574
https://doi.org/10.1016/j.marchem.2010.02.001
https://doi.org/10.1016/0077-7579(90)90052-I
https://doi.org/10.1016/0077-7579(90)90052-I
https://doi.org/10.1002/lno.10057
https://doi.org/10.1016/j.envpol.2018.11.092
https://doi.org/10.4319/lo.2007.52.2.0873
https://doi.org/10.1016/S0304-4203(99)00014-6
https://doi.org/10.4319/lo.2000.45.6.1254
https://doi.org/10.4319/lo.2000.45.6.1254
https://doi.org/10.1021/es103015e
https://doi.org/10.1039/C3AY41935E
https://doi.org/10.3389/fmars.2019.00563
https://doi.org/10.1016/j.agee.2020.106973
https://doi.org/10.1021/cr0503613
https://doi.org/10.1073/pnas.1419049112
https://doi.org/10.1073/pnas.1419049112
https://doi.org/10.1080/00785236.2003.10409512
https://doi.org/10.1016/j.marchem.2010.12.003
https://doi.org/10.4319/lom.2008.6.572
https://doi.org/10.4319/lo.2010.55.4.1467
https://doi.org/10.1038/22941
https://doi.org/10.1002/lno.11028
https://doi.org/10.1016/j.marchem.2018.08.010
https://doi.org/10.1038/ngeo279
https://doi.org/10.1186/s13021-021-00186-3
https://doi.org/10.1016/j.marchem.2004.02.006
https://doi.org/10.3389/fmars.2022.971550
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

	Origin of dissolved organic carbon under pho
sphorus-limited coastal-bay conditions revealed by fluorescent dissolved organic matter
	Introduction
	Materials and methods
	Study region
	Sampling
	DOC analysis
	FDOM analysis
	Statistical analysis
	Data compilation

	Results
	Salinity
	DOC concentration
	Characteristics of FDOM using the PARAFAC model

	Discussion
	Origins of DOC and FDOM components
	Relationships between production of organic substances and SGD in the coastal region

	Conclusions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


