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A B S T R A C T   

The concentrations of nutrients and dissolved organic matter (DOM) in the coastal waters off Jeju Island, Korea, 
are known to be influenced mainly by submarine groundwater discharge (SGD) and fish-farm effluents, in 
addition to the background open-ocean seawater from the Tsushima Current. However, the differentiation of the 
effect of fish-farm effluents from SGD is very challenging since most of the farms in this island utilize ground-
water as a rearing water. Thus, in this study, we measured the concentrations of nutrients and fluorescent DOM 
(FDOM) in seawater, fresh groundwater (FGW), and farm water in two coastal areas off Jeju Island, in May and 
August 2021, in order to determine the effect of SGD versus fish-farm effluents. The results showed that humic- 
like FDOM (FDOMH) and NH4

+ concentrations were greatly enriched owing to organic matter decomposition in 
the farm waters. We used FDOMH, as a tracer for the farm effluent. The end-member mixing model for FDOMH 
and salinity showed that FGW contributed about 73% of NO3

− (avg. 17 ± 20 μM), whereas the farm effluent 
contributed about 95% of NH4

+ (avg. 5.6 ± 4.1 μM) and 71% of FDOMH (avg. 0.86 ± 0.49 R.U.) in the coastal 
waters. Thus, our result shows that fish-farm effluents can be an important source of anthropogenic DOM and 
nutrients in coastal waters, where farms are being operated intensively.   

1. Introduction 

Recent studies showed that the contribution of submarine ground-
water discharge (SGD) to nutrient delivery to coastal oceans is often 
more important than riverine discharge (Cho et al., 2018; Wang et al., 
2018; Santos et al., 2021). In addition, there are many local nutrient 
sources, including effluents from fish farms, livestock farms, and in-
dustrial facilities. In particular, fish-farm effluent is often more impor-
tant as an anthropogenic material source in the coastal ocean. For 
example, Lenzi et al. (2003) estimated the fluxes of anthropogenic 
nutrient sources for fish-farm effluents, urban treatment plants, and 
phytotreatment ponds, in the Tyrrhenian coast of Italy, by multiplying 
the nutrient concentration by the water discharge for each source. This 
study showed that the inputs of dissolved inorganic nitrogen (DIN) and 
phosphorus (DIP) via fish-farm effluents contributed approximately 
80% and 60% of the total anthropogenic source input (Lenzi et al., 
2003). In Hainan Island of China, the nutrient inputs from fish-farm 

effluents accounted for about 30% for DIN and 130% for DIP of 
riverine inputs, based on the LOICZ biogeochemical model (Liu et al., 
2011). Some studies showed enhanced production of particulate organic 
matter in the fish culture water in Minjiang River of China (Wang et al., 
2020) and shellfish culture water in the Aojiang Estuary of China (Lei 
et al., 2021). 

In Jeju Island, Korea, SGD has been recognized as the dominant 
source of nutrients in the coastal waters (Kim et al., 2003; Hwang et al., 
2005; Kim et al., 2011; Kwon et al., 2017; Cho et al., 2019). In Bangdu 
Bay and Hwasun Bay on this island, the fluxes of DIN through SGD are 
estimated to be approximately 14 mmol m− 2 day− 1, contributing >90% 
of the net DIN input (Kim et al., 2011). The source of excess nitrogen in 
groundwater is found to be mainly from agricultural fertilizer in Bangdu 
Bay, based on the radioisotope (222Rn) and stable isotopes (δ15N and 
δ18O) (Cho et al., 2019). Such excess nitrogen inputs via groundwater 
have resulted in a massive outbreak of green tides in this region (Hwang 
et al., 2005; Kwon et al., 2017; Cho et al., 2019). 
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Along the coast of Jeju, the construction of land-based fish farms 
(hereafter referred to as farm) has been increased sharply during the last 
few decades, reaching about 380 farms along the entire coast of the is-
land as of 2021 (https://www.data.go.kr). Most of the farms use a 
mixture of groundwater (~100 m underground) and coastal seawater 
(~500 m from the coastline) as a rearing water to take the advantage of 
a constant water temperature of groundwater, although some farms use 
only coastal seawater (Kim et al., 2022). Since the farms continuously 
pump groundwater or seawater into the fish tank and discharge it to the 
coastal zone, a large amount of farm effluents, which includes nutrients 
and organic matter, may threaten the water quality of coastal water of 
the island. Lee et al. (2020b) reported that the nutrient inputs from farm 
effluents are major sources determining the nutrient distributions in the 
coastal waters off Handong on this island, causing coastal eutrophica-
tion and severe damage to coastal ecosystems. Samanta et al. (2019) also 
demonstrated that the farm effluent is the major contributor of nutrient 
inputs causing the coastal green tides based on stable carbon and ni-
trogen isotopic signatures in Sinyang beach and Seongsanpo on this 
island. 

More recently, Oh et al. (2021) measured nutrients, dissolved 
organic carbon (DOC), dissolved organic nitrogen (DON), and fluores-
cent dissolved organic matter (FDOM) in the coastal seawater and farm 
effluents to determine the effects of farm effluents on seawater in the 
northeastern coast of this island. They suggested that farm effluent is the 
major source of dissolved organic matter (DOM) based on the correla-
tion analysis among DOC, DON, and FDOM. However, they did not 
differentiate the actual effects of SGD on the farm effluents, although 
most of the farms use groundwater as a rearing water. In this study, 
therefore, we attempted to differentiate the influence of SGD or farm 
effluents on inputs of nutrients and organic matter in the coastal waters 
off Jeju Island by determining suitable tracers of farm effluent, and 
quantifying the contribution of SGD and farm effluent to the nutrients 
and DOM in the coastal waters. 

2. Materials and methods 

2.1. Study region 

Jeju Island (total area of 1848 km2) is a volcanic island located in the 
southern part of the Korean Peninsula, and is composed mainly of 
porous basaltic rocks. Groundwater recharge rate of this island is esti-
mated to be ~46% of the average precipitation (1630 mm yr− 1 in 
1992–2011), based on the hydrologic budget analyses (Choi et al., 
2011). However, this high permeability characteristic makes the aquifer 
vulnerable to surface contaminants including synthetic fertilizers, farm, 
and livestock manure (Koh et al., 2017; Kim et al., 2021). Thus, fresh 
groundwater contamination has raised serious environmental concerns 
in this island. The study regions, Pyosun (PS) and Ilgwa (IG), are located 
in the eastern and western part of Jeju Island, respectively (Fig. 1). The 
discharge rates of groundwater in the eastern and western coast of this 
island are estimated to be 9.2 × 109 m3 yr− 1 and 7.3 × 109 m3 yr− 1, 
respectively (Kim et al., 2003). 21 and 14 farms are being operated at PS 
and IG, respectively, along the coastline (https://www.data.go.kr). 

In this island, the open-ocean seawater is affected mainly by the 
Tsushima Current (salinity >34 and DIN <1 μM) originated from the 
oligotrophic Kuroshio Current (Chang et al., 2000). However, in summer 
and fall, the Tsushima Current is influenced by the Changjiang diluted 
water, which has lower salinity (〈32) (Chang and Isobe, 2003). 

2.2. Water sampling 

The water samples were collected from the coastal ocean, ground-
water wells, and farms at PS and IG in May (spring season) 2021 (Fig. 1). 
An additional sampling was conducted only at PS in August (summer 
season) 2021 to examine the seasonal variation associated with heavy 
summer precipitation. The surface seawater samples (~0.5 m depth) 
were collected within 500 m from the coastline on board a small ship. 
Fresh groundwater (FGW) samples were collected from groundwater 
wells along the coastline of each region. The influent water and rearing 
water of farms were sampled at each location. Salinity was measured 
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Fig. 1. Maps showing the sampling stations of the fresh groundwater, the fish-farm water (including influent water, and rearing water), and the surface seawater in 
Pyosun and Ilgwa, Jeju Island, Korea. The black filled areas denote the locations of land-based fish farms. 
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using a portable multimeter (Orion Star A329, Thermo Scientific, USA). 
All water samples for dissolved inorganic nutrients, DOC, and FDOM 

analyses were filtered through a pre-combusted (500◦C for 5 h) glass 
fiber filter (pore size: 0.7 μm). The samples for dissolved inorganic nu-
trients were stored frozen (<− 20◦C) in 15 mL conical tubes until ana-
lyses. The DOC samples were stored in pre-combusted glass ampoules 
and acidified with 6 M HCl (pH ~ 2). The ampoules were then flame 
sealed. The FDOM samples were stored in pre-combusted glass amber 
vials and kept refrigerated (<4◦C) until analysis. The samples of par-
ticulate organic carbon (POC) on the GF/F filter were placed in a petri 
dish and frozen (<− 80◦C) for storage. 

2.3. Chemical analyses 

The concentrations of NO2
− , NO3

− , NH4
+, PO4

3− , and Si(OH)4 were 
analyzed using a nutrient auto-analyzer (QuAAtro39, SEAL Analytical, 

Germany). Here, we define DIN as the sum of NO3
− , NO2

− , and NH4
+, DIP 

as PO4
3− , and dissolved inorganic silicate (DSi) as Si(OH)4. The analytical 

uncertainties were within 2% for DIN, DIP, and DSi based on the ana-
lyses of reference materials (KANSO Technos, Japan). 

The DOC concentrations were measured via high-temperature cata-
lytic oxidation using a total organic carbon analyzer (TOC-L, Shimadzu, 
Japan). Deep-seawater reference materials of DOC (41–43 μM, Univer-
sity of Miami, USA) were run for the verification of analytical accuracy. 
Our measurements agreed well within 5% for the reference concentra-
tion. For POC analyses, the filter samples were fumigated with 
concentrated HCl in a desiccator to remove inorganic carbon and dried 
at 50◦C. The POC concentrations were measured using an elemental 
analyzer (EA 2400 Series II, PerkinElmer, USA). The procedural blank of 
POC was <0.06 μM, and the uncertainty for the POC data was within 
10%. 

The FDOM measurements were conducted using a 

Fig. 2. The averages and standard deviations of nutrients and organic matter (POC, DOC, and FDOM) in the seawater (SW), fresh groundwater (FGW), farm influent 
water (Inf.), and farm rearing water (Rear.) in Pyosun and Ilgwa, Jeju Island, Korea, in May and August 2021. 
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spectrofluorometer (Aqualog, Horiba, USA). The wavelength ranges for 
emission and excitation matrices (EEMs) were set from 252 to 600 nm in 
2 nm for excitation (Ex) and from 211 to 616 nm in 3 nm increments for 
emission (Em) with an integration time of 3 s. Blank subtraction, Raman 
and Rayleigh scattering signals, and inner-filter effect were corrected 
using the Solo software (Eigenvector Research Inc., USA). The fluores-
cence intensity was normalized by the Raman peak area of ultrapure 
water and referred as Raman units (R.U.) (Lawaetz and Stedmon, 2009). 
The FDOM components with the parallel factor analysis (PARAFAC) 
model identified two humic-like fluorescence peaks and one protein-like 
fluorescence peak (Coble, 2007; Murphy et al., 2014). The peaks of the 
components 1, 2, and 3 showed Exmax and Emmax spectra at Ex/Em =
368/460 nm, Ex/Em = 312/406 nm, and Ex/Em = 284/337 nm, 
respectively (Fig. S1). These peaks correspond to a terrestrial humic-like 
peak (component 1; FDOMC), a marine humic-like peak (component 2; 
FDOMM), and a protein-like peak (component 3; FDOMP), respectively 
(Coble, 2007, Murphy et al., 2014). Since the FDOMC concentrations 
were significantly correlated with the FDOMM concentrations (r2 = 0.89, 
p < 0.05, n = 65; Fig. S2), we simply regarded FDOMC as humic-like 
FDOM (FDOMH). Thus, in this study, we focused on FDOMH and 
FDOMP for data interpretations. 

2.4. End-member mixing model 

A three end-member mixing model has been widely applied in 
coastal environments which had different sources (Barros et al., 2010; 
El-Nahhal et al., 2020; Wang et al., 2021) using conservative tracers, 
such as FDOM, radium isotopes, and stable carbon isotopes, suitable for 
each environment. In this study, we utilized a three end-member mixing 
model for the fractions of FGW, farm water, and open-ocean seawater 
using salinity and FDOMH as justified in Section 4.3. The model assumes 
that (1) the system is at a steady state, (2) the source inputs include only 
FGW, farm water, and open-ocean seawater, and (3) salinity and FDOMH 
are conservative in the source water and the coastal ocean. The three 
end-member mixing model can be expressed as follows: 

fFGW + fFarm + fSW = 1 (1)  

[SalFGW fFGW ] + [SalFarmfFarm] + [SalSW fSW ] = SalObs (2)  

[
FDOMH(FGW)fFGW

]
+
[
FDOMH(Farm)fFarm

]
+
[
FDOMH(SW)fSW

]

= FDOMH(Obs) (3) 

where the subscripts FGW, Farm, and SW refer to fresh groundwater, 
farm effluent, and open-ocean seawater, respectively. f represents the 
fraction of the water derived from the three end-members, and the 
subscript Obs represents the observed values for each sample. 

2.5. Statistical analysis 

We conducted a t-test to compare the differences in the average 
concentrations of different sample groups. We also conducted a linear 
regression analysis to evaluate the relationships between salinity, nu-
trients, and organic matter constituents. All statistical analyses were 
performed using Origin 9.0 software (Origin Lab Corporation, USA). A p- 
value <0.05 was considered statistically significant. 

3. Results 

3.1. Distributions of salinity and nutrients 

As mentioned earlier, the data in PS are available for May and 
August, and those in IG are only available for May. The salinities of both 
influent and rearing waters in PS (14.2–30.2) were significantly lower 
than those (34.2–34.4) in IG (p < 0.05, Fig. S3) since the mixture of 
groundwater and coastal seawater is utilized in PS while only coastal 
seawater is utilized in IG. In May, the salinities (22.9–34.4) of the coastal 
seawater in PS were significantly lower than those (25.8–34.7) in IG (p 
< 0.05, Fig. S3). In PS, the salinities (22.6–30.3) of the seawater in 
August were slightly lower than those in May (p < 0.05, Fig. S3). 

In May, the concentrations of DIN, DIP, and DSi in the seawater of PS 
were in the range of 4–110 μM, 0.3–3.3 μM, and 10–219 μM, respec-
tively, which were significantly higher (p < 0.05), except for DIP (p =
0.08), than those (2–69 μM, 0.1–2.9 μM, and 7–57 μM, respectively) in 
IG (Fig. 2). In PS, the concentrations of DIN (2–118 μM), DIP (0.01–5.0 

Fig. 3. Correlation between NH4
+ and FDOMH in the seawater and farm rearing 

water of Poysun and Ilgwa, Jeju Island, Korea, in May and August 2021. 

Table 1 
End-member values of salinity, NO3

− , NH4
+, and FDOMH for three end-members, fresh groundwater (FGW), farm effluent (Farm), and open-ocean seawater (SW) in 

Pyosun and Ilgwa, Jeju Island, Korea.   

Period Pyosun Ilgwa 

Salinity NO3
− NH4

+ FDOMH Salinity NO3
− NH4

+ FDOMH 

(μM) (R.U.) (μM) (R.U.) 

FGW May 0 299 0.1 1.50 0 256 0.1 1.45 
August 340 – – – – 

Farm May 25.99 7.6 23 2.52 34.23 4.5 13 1.62 
August – – – – 

SW May 34.70 0.5 0.2 0.10 34.70 0.5 0.2 0.10 
August 31.46 0.2 0.2 0.50 – – – –  
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Fig. 4. Contour maps of salinity, mixing fraction (f), and concentrations of nutrients and FDOMH contributed by each end-member in the coastal waters off Pyosun, 
Jeju Island, Korea, in May and August 2021. Subscript FGW, Farm, SW, and Obs indicate fresh groundwater, farm effluent, open-ocean seawater, and observation, 
respectively. 
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μM), and DSi (6–210 μM) in the seawater in August were similar to those 
in May (p = 0.08–0.15, Fig. 2). The concentrations of DIN and DSi in the 
seawater for all sampling periods showed significant negative correla-
tions with salinities (r2 = 0.80–0.96, p < 0.05; Fig. S3). In the farms of 
both regions, the concentrations of DIN (22–248 μM), DIP (0.9–3.5 μM), 

and DSi (11–402 μM) in the rearing waters were slightly higher than 
those (5–223 μM, 0.3–2.6 μM, and 9–388 μM, respectively) in the 
influent waters for the same farm (p < 0.05, Fig. 2). The concentrations 
of DIN (109–288 μM), DIP (1.6–3.5 μM), and DSi (272–460 μM) in all 
FGW samples were generally about ~two orders of magnitude higher 

Fig. 5. Contour maps of salinity, mixing fraction (f), and concentrations of nutrient and FDOMH contributed by each end-member in the coastal waters off Ilgwa, Jeju 
Island, Korea, in May 2021. Subscript FGW, Farm, SW, and Obs indicate fresh groundwater, farm effluent, open-ocean seawater, and observation, respectively. 
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than those in the other water samples (p < 0.05, Fig. 2). 
During all sampling periods of both regions, the NH4

+ concentrations 
in the seawater, influent waters, and FGW ranged from 0.1 to 23 μM, 
from 0.2 to 0.5 μM, and from 0.05 to 0.07 μM, respectively, which ac-
counts from 27%, 1%, and < 1% of the DIN on average, respectively 
(Fig. 2). The NH4

+ concentrations (12–43 μM) in the rearing waters were 
about one to two orders of magnitude higher than those in the other 
water samples (p < 0.05, Fig. 2). 

3.2. Distributions of POC, DOC, and FDOM 

In May, the concentrations of POC (23–55 μM) and DOC (38–74 μM) 
in the seawater of PS were slightly higher and lower than those (21–38 
μM and 63–81 μM, respectively) in IG, respectively (p < 0.05, Fig. 2). In 
PS, the concentrations of POC (34–104 μM) and DOC (47–114 μM) in the 
seawater in August were a factor of two higher than those in May (p <
0.05, Fig. 2). In the farms of both regions, the concentrations of POC 
(34–66 μM) and DOC (44–93 μM) in the rearing waters were about two- 
to five-fold higher than those in the influent waters for the same farm (p 
< 0.05, Fig. 2). The concentrations of POC and DOC in all FGW samples 
were in the range of 7–24 μM and 5–48 μM, respectively, which were 
significantly lower than those in the seawater (p < 0.05, Fig. 2). 

In May, the concentrations of FDOMH in the seawater of PS ranged 
from 0.2 to 2.1 R.U., which were similar to those (0.2–1.4 R.U.) in IG (p 
= 0.20, Fig. 2). In the seawater of PS, the concentrations of FDOMH 
(0.6–2.2 R.U.) in August were similar to those in May (p = 0.08, Fig. 2). 
In the coastal seawater, FDOMH concentrations showed significant 
negative correlations against salinities for all study regions and periods 
(r2 = 0.66–0.77, p < 0.05, Fig. S3). For the farm samples in both regions, 
the concentrations of FDOMH (1.8–4.3 R.U.) in the rearing waters were 
about four to eight-fold higher than those (0.4–0.7 R.U.) in the influent 
waters (p < 0.05, Fig. 2). The concentrations of FDOMH (0.3–2.7 R.U.) in 
all FGW samples were significantly higher than those in the seawater, 
but lower than those in the rearing waters (p < 0.05, Fig. 2). 

In May, the FDOMP concentrations in the seawater of PS and IG 
ranged from 0.7 to 1.5 R.U. and from 0.6 to 1.3 R.U., respectively, 
(Fig. 2). In PS, the FDOMP concentrations (1.4–2.1 R.U.) in the seawater 
in August were a factor of two higher than those in May (p < 0.05), 
similar to the trend of POC and DOC (Fig. 2). However, in both regions, 
the concentrations of FDOMP in the influent waters (0.5–0.8 R.U.), 
rearing waters (0.7–0.8 R.U.), and FGW (0.5–0.8 R.U.) were a factor of 
two lower than those in the seawater (p < 0.05, Fig. 2). 

4. Discussion 

4.1. The origins of nutrients in coastal waters off Jeju Island 

Significant negative correlations between salinity and the concen-
trations of DIN and DSi in the coastal waters (Fig. S3) indicate that FGW 
is the main source of DIN and DSi in the seawater, since there is no 
sustained local rivers or streams in the study region. This result is 
consistent with the previous results (Kim et al., 2003, 2011; Cho and 
Kim, 2017; Kwon et al., 2017) that FGW is the dominant nutrient source 
in the coastal water of this island based on the correlations for salinity 
versus nutrients. Both the slope and y-intercept for the concentrations of 
DIN and DSi versus salinities were higher in PS in August relative to 
those in May (Fig. S3). Also, the values of the slope and y-intercept in PS 
were higher than those in IG (Fig. S3). It appears that the nutrient 
concentrations in source groundwater have been changed since they 
vary a few folds depending on sampling locations and periods (Kwon 
et al., 2020). In the influent waters of the farms, the concentrations of 
DIN and DSi matched well with the conservative mixing line (Fig. S3). 
Thus, these results suggest that the concentrations of DIN and DSi in 
both coastal seawater and farm influent waters are determined mainly 
by nutrient concentrations in source groundwater. 

Although there was a significant negative correlation between DIP 

concentrations and salinities in the seawater of PS in May, the DIP 
concentrations were independent of salinity variations in August as well 
as in IG in May (Fig. S3). The DIP concentrations in the coastal seawater 
of both regions were much higher than those expected from a mixture of 
FGW and open-ocean seawater (Fig. S3), indicating the larger contri-
bution of the other sources, such as the diffusion from bottom sediments 
as shown in Kim et al. (2011). 

In the farms, the NH4
+ concentrations were up to two orders of 

magnitude more enhanced in the rearing waters than those in the 
influent waters (Fig. 2). Furthermore, the production of NH4

+ in the 
rearing waters contributed about 75 ± 6% of the total DIN increase (avg. 
28 ± 15 μM). These results suggest that NH4

+ is produced greatly in the 
farms, which could be caused by the decomposition of organic matter 
during fish culture. Such a trend is also observed in the previous studies 
that showed sharp increases in NH4

+ concentrations associated with the 
decomposition of organic matter, such as uneaten food or fish feces 
(Porrello et al., 2005; Ip and Chew, 2010; Herbeck et al., 2013). Thus, 
the high NH4

+ concentrations at stations around the coastline seem to be 
influenced significantly by farm effluent inputs (Figs. 4, 5). 

4.2. The origins of organic matter in coastal waters off Jeju Island 

In the coastal seawater off PS and IG, the concentrations of POC and 
DOC showed large scattering against salinity variations (Fig. S3). 
Furthermore, the concentrations of POC and DOC in the seawater 
showed similar to or higher than those in the FGW, influent waters, and 
rearing waters (Fig. 2). These results suggest that the distributions of 
these components in the coastal waters are affected significantly by in- 
situ biological production rather than terrestrial or anthropogenic in-
puts. As such, the increased concentrations of POC and DOC in the 
seawater of PS in August relative to in May seem to be associated with 
the enhanced in-situ biological production in the summer season 
(Fig. 2). The distributions and seasonal variations of FDOMP in the 
seawater, farm water, and FGW in both regions were similar to those of 
POC and DOC (Fig. 2). Since FDOMP is mainly produced freshly by 
biological production (Mendoza et al., 2012; Fukuzaki et al., 2014), this 
result supports that the concentrations of POC and DOC are associated 
with in-situ biological production in the water column. 

In the coastal water, FDOMH concentrations showed a negative 
correlation against salinity (Fig. S3), indicating that the primary source 
of FDOMH is from freshwater. This correlation suggests that the pro-
duction or removal of FDOMH by photochemically and biologically 
mediated processes, as observed in coastal oceans (Kinsey et al., 2018; 
Kwon et al., 2018a, 2018b; Yang et al., 2019), are negligible. However, 
the source is unlikely from FGW since the extrapolated FDOMH con-
centrations (4.5–5.8 R.U.) were about five-fold higher than the 
measured concentrations in all FGW samples (Fig. 2). The FDOMH 
concentrations in the farm rearing waters were enhanced by up to ten 
times of those in the influent waters, as shown for NH4

+ (Fig. 2). 
Furthermore, FDOMH concentrations showed a good linear correlation 
(r2 = 0.74–0.81, p < 0.05) with NH4

+ concentrations (Fig. 3). Thus, we 
hypothesize that such an enriched FDOMH concentration is produced by 
active microbial degradation of organic matter, such as uneaten food 
and fish feces, in farms (Leonard et al., 2002; Yamin et al., 2017). Since 
FDOMH behaves conservatively in coastal oceans (Del Castillo et al., 
1999; Stedmon and Markager, 2005; Lee et al., 2020a), the high FDOMH 
concentrations in the seawater likely originated from farm effluents 
rather than FGW. Some previous studies (Kim and Kim, 2017; Cho et al., 
2021) that showed FGW as a major source of FDOMH in Jochen Bay and 
Hwasun Bay on this island based on good negative correlations between 
FDOMH and salinity. This could be misleading since they did not 
examine the effect of farm effluents. Thus, our result suggests that farm 
effluent is an important hidden source of FDOMH in coastal waters off 
Jeju Island. 
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4.3. Contribution of fresh groundwater versus farm effluent for nutrients 
and organic matter 

The differentiation of contributions from seawater, fresh ground-
water, and farm effluent in coastal waters is impossible only using sa-
linities of their mixtures. Thus, we attempted to use FDOMH as a tracer of 
farm effluent, since FDOMH is highly enriched in farm effluents and is 
generally conservative in coastal ocean (Del Castillo et al., 1999; Sted-
mon and Markager, 2005; Lee et al., 2020a). In this study, we adopted 
FDOMH in combination with salinity to estimate the relative mixing 
fractions of FGW, farm effluent, and open-ocean seawater in the study 
region based on a three end-member mixing model. For estimating the 
water mixing and their contributions to coastal environment, the end- 
member values for NO3

− , NH4
+, and FDOMH of the farm were obtained 

from the difference in the average concentrations between the rearing 
and influent waters for the same farm, which are the amount of net 
production in the farms (Table 1). For the end-member value of NO3

− in 
FGW, we used the extrapolated concentration since NO3

− is conservative 
based on the salinity plot (Table 1). We used the measured average 
concentrations in groundwater for the end-member values of NH4

+ and 
FDOMH for FGW (Table 1). For the end-member values of all compo-
nents of SW, we used the observed data in the open-ocean seawater in 
each season as the open-ocean seawater is influenced by the Tsushima 
Current as well as the Changjiang diluted water in summer and fall 
(Kwon et al., 2018a, 2018b; Liu et al., 2020; Han et al., 2022). 

All the observed data fell within the triangle formed by the three end- 
members of the salinity and FDOMH (Fig. S4), indicating that the FGW, 
the farm effluent, and the open-ocean seawater are the major compo-
nents in the study region. Based on the three end-member mixing model, 
the average fraction of the FGW, the farm effluent, and the SW was 5 ±
5%, 28 ± 21%, and 68 ± 23%, respectively, with no significant differ-
ence between the two sampling periods (p > 0.70; Fig. 4) in the coastal 
waters off PS in May and August. Overall, the fractions of the FGW and 
the farm effluent were higher at stations near the coastline with a 
decrease toward the offshore (Fig. 4). In the coastal waters off IG in May, 
the fractions of the FGW (avg. 3 ± 6%), the farm effluent (avg. 29 ±
15%), and the SW (avg. 68 ± 19%) showed trends similar to those in PS 
(Fig. 5). In this calculation, there are large uncertainties for the end- 
member values for salinity and FDOMH. Nevertheless, our result show 
that the biogeochemistry of the study region is influenced by both FGW 
and the farm effluent. 

Based on the three end-member mixing model, the contributions of 
NO3

− , NH4
+, and FDOMH from each water mass can be calculated by 

multiplying the water fraction by the end-member value of each con-
stituent. FGW, farm effluent, and SW in the coastal waters off PS during 
all sampling periods contributed 75 ± 21%, 21 ± 20%, and 4 ± 4% of 
the total NO3

− input (avg. 20 ± 21 μM), respectively, with no significant 
seasonal differences (p > 0.35; Fig. 4). Similarly, NO3

− contribution (avg. 
67 ± 23%) of FGW to the total NO3

− input (avg. 10 ± 16 μM) in the 
coastal waters off IG was much higher than that of the farm effluent 
(avg. 23 ± 15%) and SW (avg. 10 ± 12%) (Fig. 5). In contrast, the farm 
effluent in PS and IG contributed 95 ± 7% and 96 ± 2% of the total NH4

+

input (avg. 6.4 ± 4.6 μM in PS and avg. 4.0 ± 1.9 μM in IG), respectively, 
which were much larger than those of FGW (<1%) and SW (avg. 5 ± 7% 
in PS and avg. 4 ± 2% in IG) (Figs. 4, 5). Similarly, the contribution of 
FDOMH from the farm effluent in PS and IG accounted for 67 ± 21% and 
80 ± 8% of the total FDOMH input (avg. 0.98 ± 0.53 R.U. in PS and avg. 
0.62 ± 0.30 R.U. in IG), which was significantly higher than FGW (avg. 8 
± 9% in PS and avg. 6 ± 6% in IG) and SW (avg. 25 ± 21% in PS and 
avg. 14 ± 19% in IG) (Figs. 4, 5). Overall, in both regions, the distri-
butions of the measured results agree well with those of the estimated 
results of FGW for NO3

− and the farm effluent for NH4
+ and FDOMH 

(Figs. 4, 5). The differences in the nutrient concentrations between the 
measured and the modeled values seem to be due to the contribution of 
other sources, such as biological removal and remineralization in 
seawater and the diffusion from bottom sediments (Fig. S5). 

5. Conclusions 

We successfully evaluated the relative contributions of fresh 
groundwater, farm effluent, and open-ocean seawater to nutrients and 
DOM concentrations in the coastal waters off Pyosun and Ilgwa, Jeju 
Island, using FDOMH and salinity as tracers. We used a three end- 
member mixing model for salinity and FDOMH. The fractions of FGW 
and the farm effluent in the two coastal waters contributed about 4 ±
6% and 28 ± 19%, respectively. We found that FGW contributed about 
73 ± 22% of NO3

− , while the farm effluent contributed about 95 ± 6% of 
NH4

+ and 71 ± 19% of FDOMH in both coastal waters. This result sug-
gests that the farm effluents could be an important source of anthro-
pogenic DOM and nutrients in coastal waters off Jeju Island. Our 
approach using fluorescent DOM as a tracer will be useful for tracing 
anthropogenic pollutants from coastal farms worldwide, where land- 
based fish farms are being operated intensively. 
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